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The cover image is a schematic representation of a lithium metal anode (bottom) and
solid electrolyte (top) at the atomic scale. Scanning transmission electron microscopy
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1 INTRODUCTION

Electrical energy storage is of growing importance to energy — with increasing use in transportation and on the
electrical grid. Batteries are used in all types of vehicles, but have increased in importance with the growth of
hybrid and all-electric powered vehicles. For the electrical grid, batteries have a wide diversity of applications
from grid stability to storage of electricity generated when the load is low so it is available when there is more
demand. Distributed generation of electricity by solar panels and wind generation are also drivers for
enhanced energy storage. In both industries, a key enabler will be low-cost batteries with long life, excellent
safety, and superior performance. In addition to these two big markets, consumer electronics powered by
rechargeable batteries continues to grow into new areas with the advent of wearable technology, internet-of-
things, and virtual reality. Today’s energy storage technologies fall far short of the requirements for many of
these growing applications. Because of these technology gaps, advances in energy storage are expected to
play a critical role for a secure energy future.

The requirements for batteries for these different applications vary, sometimes widely. Consumer batteries for
laptops and cell phones require high volumetric energy density, while the cycle and calendar life are not as
critical, considering the typical 2-year lifespan of these devices. Although better batteries are needed that can
meet the increasing demands of consumer electronics, the lower life requirements and the ability to handle
higher costs mean that this application serves as the first market for many new technologies before they can
mature to other more stringent applications such as vehicles and the grid. Wearable technology adds additional
layers of constraint because of the miniature nature of these devices; in such systems, the packaging imposes
a large volume and weight penalty, and some require the storage to be integrated into curved structures.

Fully electrified vehicles share the requirement for high energy requirements of consumer batteries; however,
the need for long cycle and calendar life, the stringent safety constraint, and the newly emerging fast charge
requirement adds additional constraints. More important, as devices become bigger, the need for lower cost
increases dramatically. Moving toward hybrid systems, such as plug-in hybrids, non-plug-in hybrids, and start-
stop hybrids, changes the primary requirement from high energy capacity to increased power capability. This
spectrum of vehicle applications means that many kinds of storage devices start to come into play: from higher
energy Li-ion batteries, to high power Li-ion systems, to electrochemical capacitors and hybrid capacitors.

The need for a spectrum of storage concepts is even more pronounced on the grid, where the requirements
range from short time storage for frequency regulation, to few hours of storage for time shifting, all the way to
many weeks of storage for seasonal adjustments. This means that many systems, ranging from capacitors, to
container batteries, to flow batteries start to come into focus. The need for very high cycle and calendar life
becomes an even more critical need for stationary storage devices considering the large and expensive nature
of these installations.

This document was produced in preparation for a Department of Energy (DOE) Office of Basic Energy
Sciences Workshop titled “Basic Research Needs for Next Generation Electrical Energy Storage.” This
workshop will identify key basic research directions that could provide revolutionary breakthroughs needed for
meeting future requirements for electrical energy storage. This document was intended to provide a high-level
assessment of current technologies used for electrical storage—focusing specifically on batteries and
electrochemical capacitors—and to define requirements that are foreseen for the future application of these
technologies in transportation vehicles, stationary storage applications, and consumer electronics. Thus, it
provides a common background for the workshop participants and sets the technological basis for the
workshop.

INTRODUCTION 1
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2 ELECTRICAL ENERGY STORAGE
APPLICATIONS

2.1 Electrical Power for Transportation -
Introduction to Challenges
for Vehicle Technology

The development of energy storage for vehicles is being pursued by the DOE Energy Efficiency and
Renewable Energy, Vehicle Technology Office, and the automotive industry with several overarching goals in
mind:

e increasing vehicle energy efficiency,

e reducing the cost and improving the performance of energy storage for electric vehicles (EVs), plug-in
hybrid electric vehicles (PHEVs), and hybrid electric vehicles (HEVs), including 12-V start/stop
systems, and

e decreasing vehicle emissions with harmful environmental impacts.

Electrical energy storage technology is an important component of all major approaches for advanced vehicle
technology (see Table 2-1).

TABLE 2-1: The functional role of electricity storage in vehicles

Vehicle Type Functional Role of Energy Storage Top Level Requirements

12-V Start/Stop Vehicle Power for ancillary services during vehicle  Lower cost, high cycle life, cold starts
stops, frequent engine starts

Strong HEV Stop-and-go power plus propulsion assist Lower cost, high cycle life
Plug-in HEV Propulsion over 40- to 60-mile all-electric Lower cost, high energy density, high
range deep discharge cycle life
All-electric vehicle Vehicle propulsion Lower cost, high energy density, fast
charge, improved low temperature
performance

As shown in Table 2-1, electrochemical energy storage technologies can enhance the efficiency of vehicles in
various vehicle architectures; from 12-V start stop systems through long range (300 mile) EVs. Over the past
several years, all of these advanced technologies have become much more widespread, with 12-V start/stop
systems becoming very common in Europe. Many car manufacturers predict that this technology will be
ubiquitous by 2020.

At the same time, the cost of high-energy Li-ion batteries for propulsion applications (EVs and PHEVSs) has
dropped by approximately five times in the past seven years. This, along with government incentives and
consumer demand, has led many automakers to introduce PHEVs (20-40 mile electric range) like the Chevy
Volt, Ford Fusion, and Toyota Prius Prime, or pure EVs like the Nissan Leaf, Chevy Bolt, and Tesla Model S.

2 ELECTRICAL ENERGY STORAGE APPLICATIONS
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Although the cost of Li-ion batteries has decreased faster than almost anyone predicted five years ago, the
technology is still more expensive than a standard gasoline internal combustion engine (ICE) vehicle, which is
limiting market adoption of EVs and PHEVs to under 1% to date. Thus, the main thrust of current R&D efforts is
to discover and develop technologies that will result in reduced cost for energy storage.

2.1.1 VEHICLE TECHNOLOGY USING ELECTRIC OR HYBRID PROPULSION

2.1.1.1 Hybrids

Hybrid electric vehicles are based upon combining an ICE, an electric motor, and an electrical storage system
in a flexible architecture: the drive train operates either with electrical power from the battery or with power from
the ICE. HEVs achieve higher fuel efficiency by

e use of battery power to allow the ICE to avoid operating conditions and transients in which the ICE
operation is inefficient (idling, acceleration, deceleration), and

e recuperation of braking energy to replenish the energy storage system.

The ICE sustains the charge level of the battery. During periods when combustion engine operation is
inherently inefficient and the vehicle operates on battery power, the engine is turned off. The key HEV systems
include efficient electric motors and energy storage systems capable of long cycle life in a charge-sustaining
mode—a mode in which the state-of-charge does not undergo large swings because the ICE is used to
recharge it.

Historically, nickel metal hydride (Ni-MH) battery technology has been used in the majority of HEVs due to its
relatively low cost and excellent shallow-cycling cycle life. However, recently, most major automakers have
begun to introduce Li-ion batteries into their HEV lineups due to their reduced weight. Research into high-
power Li-ion batteries has subsided over the past five-seven years because the relative maturity of the
technology has advanced and because the consensus in the battery industry was that the next major cost
reductions would occur through manufacturing scaleup, as opposed to new chemistries.

Start-stop systems permit the ICE to be turned off each time the vehicle comes to a stop, which improves
mileage approximately 5-10%, especially in city driving; but start/stop systems do not provide traction assist.
Start/stop batteries perform two main functions: 1 — power the auxiliary systems in a vehicle when the engine is
off, such as radio, lights, and air conditioning or heating; and 2 — frequently re-start the engine, estimated to be
450,000 times over the vehicle’s life. Thus, a recent focus has been on Li-ion chemistries for 12-V start/stop
systems that can compete with traditional lead-acid batteries on cost, but significantly outperform them on life
(both calendar and cycle life). Toward that end, new couples that offer significantly enhanced power, and
reduced cost, are of interest. Recent developments in this area include the lithium titanate (LTO) anode and the
5-V nickel manganese spinel cathode. A continued challenge with this application is the requirement for engine
start at -30°C.

ELECTRICAL ENERGY STORAGE APPLICATIONS 3
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2.1.1.2 Plug-in Hybrids (PHEVs)

PHEVs function in a manner similar to EVs except that the ICE acts as range extender for the battery. High
power is demanded from the energy storage system during acceleration, passing maneuvers, and braking.
High energy is demanded from the energy storage system to maximize the all-electric range of the vehicle. In
addition, it is anticipated that the PHEV battery will undergo more charge/discharge cycles than an EV as the
battery can and will often be at least partially recharged by the ICE. Thus, a cycle-life requirement of 5,000
cycles is imposed on PHEV batteries.

Expansion of the usable state-of-charge window for electricity storage operation, along with long electricity
storage system life over many deep discharge cycles, is a critical requirement for reducing the costs of PHEVSs.
The desire to run in “all electric” mode, and the relatively small size of the PHEV battery (compared to the EV
battery, which provides an all-electric range of 200-300 miles vs. 20-40 miles for a PHEV) results in much
higher power/energy (P/E) ratios for the PHEV battery. This much higher P/E ratio results in an incrementally
higher cost battery (on a $/kWh basis).

2.1.1.3 All-Electric Vehicles (EVs)

Development of EVs started in the early 1970s, and initially lead—acid batteries were used for energy storage.
Storage levels for EVs were nominally 30 kWh because of weight considerations and cost. A range of 60 miles
to over 100 miles, depending on driving conditions and ancillary loading, was typical for EVs.

Recently, cost has come down significantly, approximately five times over the past five to seven years, and as
a result, range has increased. The General Motors Bolt provides over 230 miles of range and is offered in the
mid- $30,000 price range. Nissan recently announced that the next generation Leaf will provide over 200 miles
of range, and the Tesla Model 3 promises a similar range.

Although these gains at the battery and vehicle level are impressive, it is still important to recognize that a
vehicle comparable to the Bolt, but with an ICE, would likely cost in the mid-$20,000 range or less, although
direct comparisons are difficult. In addition, consumers have come to expect flexibility from their vehicles,
enabling them to pick up children from school and to drive 500 miles for a family vacation. To enable similar
functionality from an EV, fast charge (on the order of 5-10 minutes) would be necessary. All automakers are
working on this capability, in addition to the continued drive to reduce cost.

2.1.2 COMPARISON OF BATTERY REQUIREMENTS FOR VEHICLE ENERGY STORAGE

Energy storage technologies and their respective applications are summarized in Figure 2-1. The vertical axis
corresponds to the energy discharged in a cycle. HEVs are shallow discharge systems and thus lie beneath
PHEVs and EVs on the chart. The horizontal axis corresponds to power needed from the battery. The U.S.
Advanced Battery Consortium (USABC) has published requirements for energy storage systems for a large
number of vehicle types. Sample requirements for 12-V start-stop batteries are shown in Table 2-2, sample
requirements for PHEV batteries are shown in Table 2-3, and those for EV batteries and cells are shown in
Table 2-4.

4 ELECTRICAL ENERGY STORAGE APPLICATIONS
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Figure 2-1. The total power and discharge power requirements for HEVs, including PHEVs and EVs. The deep
discharge cycles required for PHEVs and EVs, combined with the requirements for long battery life, are now
attainable with current Li-ion batteries, but high cost, relative to ICE, remains an issue. From J.B. Goodenough et
al., Basic Research Needs for Electrical Energy Storage (2007).

TABLE 2-2: Sample storage requirements, as published by the USABC for 12-V start/stop
(http://www.uscar.org/guest/article_view.php?articles_id=85)

Target

End of Life Characteristics Units Under Hood Not Under Hood
Discharge Pulse, 1 s kw 6
Cold Cranking Power at -30 °C kw 6 kW for 0.5 s followed by 4 kW for 4s
Min. Voltage under Cold Crank V (dc) 8.0
Available Energy (750-W accessory load power) Wh 360
Peak (sustained) Recharge Rate, 10 s w 2200 (750)
Cycle Life Engine starts/miles 450k/150k
Calendar Life Years 15 at 45°C 15 at 30°C
Peak Operating Voltage, 10 s V (DC) 15.0
Maximum System Weight kg 10
Maximum System Volume L 7
Maximum System Cost (@250k units/year) S 220 180

ELECTRICAL ENERGY STORAGE APPLICATIONS 5
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TABLE 2-3: Sample electricity storage requirements, as published by the

USABC for PHEV40

(http://www.uscar.org/guest/article_view.php?articles_id=85)

End of Life Characteristics Target
Electric Range miles 40
Peak Pulse Discharge Power (2 sec/10 sec) kW 46/38
Peak Regen Pulse Power (10 sec) kw 25
Available Energy kWh 11.6
Cold Cranking Power at -30°C kw 7
Deep Discharge Cycle Life Cycles 5,000
Calendar Life, 35°C year 15
Maximum System Weight kg 120
Maximum System Volume Liter 80
Production Price @ 100k units/yr S $3,400

TABLE 2-4: Sample electricity storage requirements, as published by the USABC
for EVs (http://www.uscar.org/guest/article_view.php?articles_id=85)3

End of Life Characteristics Units System Level Cell Level
Peak Discharge Power Density W/L 1000 1500
Peak Specific Discharge Power W/kg 470 700
Peak Specific Regen Power Wh/L 200 300
Usable Energy Density (C/3) Wh/L 500 750
Calendar Life Year 15 15
Dynamic Stress Test Cycle Life Cycles 1000 1000
Cost S/kWh 125 100

2.1.3 MAJOR UNMET REQUIREMENTS

As mentioned above, Li-ion chemistries have advanced significantly over the past several years; energy
densities and life have gone up, and costs have come done. It is notable that there are both 200 and 300 mile
EVs on the market today. Thus, it is not immediately obvious that significantly higher energy densities are
needed. However, it is generally accepted that higher energy cells will result in reduced number of cells in the
full pack, with reduced interconnects, voltage and current sensors, etc., thus reducing the full pack cost.

Partially as a result of that, and the realization that further major improvements may be realized through the use
of other chemistries, the battery R&D community has intensified efforts to solve major issues with both next-
generation Li-ion chemistries — like silicon anodes and very high voltage cathodes — and beyond Li ion (BLI)
chemistries that use Li metal anodes and non-intercalation cathodes, including sulfur and air. Table 2-5
presents the major remaining unmet requirements in three categories.

6 ELECTRICAL ENERGY STORAGE APPLICATIONS
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TABLE 2-5: Sample unmet performance requirements for three storage technologies
(http://www.mass.gov/eea/docs/doer/state-of-charge-report.pdf).

Unmet
Requirement

Lilon

Next Gen Lilon

BLI

Energy and Reasonable Relatively slow kinetics of Poor power of solid state
power silicon anodes could limit cells. Reduced energy
densities power. High voltage density of Li/S cells due to

operation leads to the use of excess

increased cell impedance electrolyte.

over time, thus limiting

power.
Cycle and Reasonable Cycle life 2x-3x too low, Cycle life 10x too low.
calendar life calendar life 3x-10x too low. | Lithium metal SEl instability;

Poor silicon solid-electrolyte
interface (SEl) stability,
reduced electrolyte stability
at high voltage, cathode
surface instability at high
voltage.

sulfur self-discharge limits
calendar life; severe

impedance increase limits
solid state cells’ cycle life.

Extreme fast
charge (XFC)

Li ion can support XFC, but not

without major cost increase

introduced through use of thin

electrodes. Lithium plating

Relative slow kinetics of
silicon anodes could be an
issue.

Unknown. Poor conductivity
of solid state electrolytes
could be a major
impediment to fast

remains a major concern. charging.
Low Severe reduction in EV range, Severe reduction in EV Unknown.
temperature lack of cold start in 12-V system. | range.
operation
High Poor high temperature life, Poor high temperature life Unknown. High
temperature perhaps related to the use of is an issue with most next temperature performance
life LiPF¢ salt. High temperature gen Li-ion cells. High could be better than room
excursions can also lead to temperature excursions can | temperature performance
thermal runaway. also lead to thermal in solid state cells
runaway.
Abuse Flammability of carbonate Flammability of carbonate Lithium dendrites remain a
tolerance electrolytes continues to be an electrolytes will likely be an | major abuse tolerance

issue with Li-ion cells. Internal

short circuits are the least
understood abuse issue.
Extreme fast charge may

increase likelihood of Li plating

and internal short circuits.

issue with next gen Li-ion
cells, Extreme fast charge
may increase likelihood of Li
plating and internal short
circuits.

concern for Li metal
batteries. Solid state cells
should have better abuse
tolerance than Li-ion and
next gen Li-ion cells.

ELECTRICAL ENERGY STORAGE APPLICATIONS
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Unmet
Requirement Lilon Next Gen Li lon BLI
Cost Manufacturing cost of active Manufacturing cost of Si is Current solid state
materials, electrodes, and cells. | currently high. It is electrolytes are
Raw material costs of Co and Ni | unknown whether this will unacceptably expensive.
are concerning. come down with increasing

volumes. Raw material
costs of many transition
metal cathodes are
concerning.

2.2 Electrical Power for Grid

2.2.1 BACKGROUND ON GRID SCALE STORAGE

The electricity grid is central to the nation’s infrastructure and security. Energy storage is emerging as an
integral component to a resilient and efficient grid through a diverse range of potential applications across the
grid infrastructure. The modernization of the grid will result in a greater need for services best provided by
energy storage, including energy management, backup power, load leveling, frequency regulation, voltage
support, and grid stabilization. Energy storage is also becoming increasing necessary to accommodate large-
scale integration of distributed generation into the grid. The increase in demand for specialized services will
further drive energy storage research to produce systems with greater efficiency at a lower cost.

Advanced energy storage solutions have become increasingly critical with growing demands for a more
resilient and reliable grid with improved power quality and the ability to accommodate an increasingly diverse
portfolio of electric generation technologies. The growth in the numbers of hybrid, fuel cell, and electric
vehicles, and an aging grid infrastructure with serious bottlenecks in transmission and distribution infrastructure
can also be accommodated with grid energy storage. Energy storage provides an intelligent buffer between
generation and demand that provides grid operators an essential tool for a reliable, resilient, and flexible power
grid. Thus, energy storage becomes an enabling technology that can supply energy when it is needed and
provides enhanced flexibility under the increasingly dynamic generation and demand needs to ensure the
resiliency of the grid infrastructure when severe disruptions occur.

Worldwide, the electric grid with an installed generation capacity is about 7 TW with a generation mix largely
consisting of coal, natural gas, nuclear, and hydro. In 2014, worldwide electricity generation was 24 trillion
kilowatt-hours with an operating storage reserve of less than 170 GWh.! More than 95% of the existing energy
storage capacity is in the pumped hydro plants that were built as part of the expansion of the nuclear power
plants in the 1970s and early 1980s. Figure 2-2 captures historical growth of energy storage around the world.
Over the last few years, deployment of battery-based energy storage has begun to get traction in the
marketplace. Recent data from the DOE Global Energy Storage Database, shown in Figure 2-3, indicate that
the pace of battery energy storage deployments is accelerating. In fact, 2016 is the first year when the annual
deployment of battery-based storage crossed the 1 GWh mark.

8 ELECTRICAL ENERGY STORAGE APPLICATIONS
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Figure 2-2. Worldwide energy storage installations: 171 GW installed in 1267 projects?

Figure 2-3. Grid-scale battery-based energy storage deployments across the world (MWh)?

Electrochemical energy storage via battery storage systems offers the greatest flexibility in power and power
capacity across the vast majority of application markets; from the kWh class behind the meter applications, to
50-100 MWh peaker replacements, to large projects to support transmission and distribution infrastructure
deferrals. The U.S. and global market for energy storage technologies is set to expand quickly, with most
market studies pointing to rapidly increasing deployments across all market segments.® According to BNEF, the
world-wide grid storage market is expected to increase over tenfold by 2025, with nearly 80% of the growth
outside of the U.S. Further reductions in cost and improved understanding of economic benefits can
dramatically accelerate this adoption.

2.2.2 CHALLENGES FOR STATIONARY ENERGY STORAGE TECHNOLOGY

The use of energy storage within the U.S. electrical system has long been championed by DOE as a critical
and enabling element of a smarter, more flexible, and resilient future grid. In 2013, DOE outlined the current
status of grid energy storage* and identified four primary challenges:

e Cost-Competitive Energy Storage—Develop material and system enhancements to resolve key cost
and performance challenges with respect to novel flow, lithium, sodium, magnesium, and thermo-

ELECTRICAL ENERGY STORAGE APPLICATIONS 9
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electrochemical batteries and associated electrodes, dielectrics, membranes, electrolytes,
interconnects, and supporting power electronics.

o Validated Reliability and Safety—For energy storage systems to be ubiquitously accepted, the
technology must be demonstrated to be safe and reliable. This activity’s goal is to develop a
scientifically derived knowledge base that will improve understanding and predictability, engineer safer
and more reliable systems, and ultimately lead to the development of new protocols, codes, and
standards for safety and reliability.

e Regulatory Environment—Value propositions for grid storage depend on reducing institutional and
regulatory hurdles to levels comparable with those of other grid resources. To accomplish this
objective, the DOE Office of Electrical Delivery and Energy Reliability’s Energy Storage program has
partnered with Federal, state, and municipal entities to analyze the use, benefits, and costs of energy
storage systems and to develop tools for utility customers and regulatory agencies for planning and
implementing the effective deployment energy storage. This accelerates the community’s ability to
overcome regulatory hurdles and provides an environment where energy storage deployment and
service opportunities are recognized, appropriately valued, and implemented.

¢ Industry Acceptance—Demonstrating the value, performance, and reliability of energy storage
systems in both controlled and fielded deployments is critical to achieving industry acceptance. DOE
support of these effort enables confident development, deployment, and operation of grid energy
storage through controlled testing of prototype commercial storage and installation, commissioning,
monitoring, and reporting of results from field demonstrations of grid storage systems. The
development of tools for utility customers and regulatory agencies for planning, deployment, and use
of energy storage also plays a critical role in enabling industrial acceptance of energy storage
technology.

Ultimately, the value proposition for grid-scale energy storage comes down to the fundamental tradeoff
between storage costs and the economic benefits. The costs for energy storage systems have been steadily
declining over the past 5 years, primarily driven by the availability of lower cost Li-ion technologies developed
for automotive EV applications. The capital cost of the battery system, however, is only part of the overall cost
equation. Along with the storage device, there are costs associated with the battery management system,
power conditioning, integration, and installation soft costs. In general, the battery pack accounts for > 40% of
the overall systems cost, as shown in the Figure 2-4 cost distribution for a typical 1 MW/L, MWh Li-ion
installation.

Levelized costs for all battery technologies have decreased over the past several years, making the capital cost
of battery-based storage comparable with pumped hydro storage for large utility class applications.> However,
in addition to the capital costs, the entire lifecycle cost must also be considered for projects to be economically
viable.

A number of recent market studies have made an effort to develop a uniform framework to evaluate energy
storage across large market segments. For example, Lazard has developed levelized cost of storage as a
metric that effectively captures capital costs and overall performance of the system based on delivered
energy.® The Lazard analysis shows that the levelized costs for energy storage systems are still too expensive
for most applications and further cost reductions of 2-3X are still required for storage to replace, for example,
gas peaker facilities.
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Figure 2-4. Projected cost line items for a 1 MW/L MWh Li-ion energy storage system ($600/kWh and above depending on
the system configuration)

There is the opportunity for storage to have a greater role in the grid infrastructure; however, the current cost
structure does not allow for implementation of storage at the scale needed. Most large-scale deployments have
been limited to select markets, where the essential services that energy storage can provide have been
adequately monetized. For example, storage has found application for regulation services where market
mechanisms exist that pay for faster response storage assets. Since 2011 when storage was allowed to
compete in the PJM Regulation Market, over 300 MW of new energy storage systems has been deployed,
resulting in a fourfold decrease in the cost of regulation services.’ In numerous other applications, energy
storage can provide faster or better than conventional resources; however, markets mechanisms are not in
place. Unlike frequency regulation, bulk applications in other markets such as infrastructure deferrals,
generation optimization, and resiliency are not economically viable with the relatively high cost of current
technology. For example, energy storage can effectively be used to defer a portion of the nearly $100B in
annual upgrades to the transmission and distribution infrastructure required. The same can be said about
applications in outage mitigation where energy storage can be utilized to reduce the $50-100B in annual
economic losses for commercial and industrial customers from power outages while providing backup power
and islanding capability during natural disasters.

Further advances are needed to move lower-cost technologies toward large-scale manufacturing, improve the
overall system safety and reliability, and develop the engineering and market solutions to make large-scale
deployments attractive for utilities in the U.S. and around the world.

2.2.3 FUTURE OUTLOOK

Over last five years, there has been tremendous across-the-board price reduction in the cost of energy storage.
So far, most of the cost reductions have come through improvements in battery technologies. Further cost
reductions will yield additional value realization through advances in power electronics and power conversion
systems, sensors, and software and control systems. In addition, there is greater opportunity to reduce soft
costs through improved plant layouts, system level standardization, streamlined permitting processes, and
lower construction and startup costs. Greater deployment and operational experience will help to make
continued improvements in the safety, reliability, and operational performance of energy storage systems. This
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will lead to predictable maintenance schedules and improved operational performance, further enabling greater
adoption of energy storage by utilities and grid operators.

Energy storage technology is at a stage where further research is needed to ensure that the technology
becomes cost-effective and reaches the technical maturity needed to become viable across all application
markets. Unlike other technologies, energy storage is a complex system that requires advancements from
materials science and manufacturing, to applications that are beyond the scope of many in industry.
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2.3 Consumer Electronics

2.3.1 INTRODUCTION

Over the last two decades, consumer electronics (laptops and cell phones) have been the main market for Li-
ion batteries. Indeed, the tremendous progress in Li-ion energy densities, the cost reductions, and the
engineering advances have all been driven by the growing requirements in the consumer market. This access
to this early market, with much less stringent requirements compared to the vehicle and grid markets described
above, provides a testing ground for new technologies. In addition, new markets that will require newer
batteries, including wearables, virtual and augmented reality headsets, and internet of things (I0T), are
emerging. This section briefly describes the battery requirements for these applications and the challenges
ahead.

2.3.2 TECHNOLOGY AND CHALLENGES
In all consumer applications, the run time (i.e., energy density and specific energy) remains the most important
metric. While run time is maximized, the battery has to meet a number of second tier requirements, including:

e Enough power achieving peak computing needs

High temperature range of operation

Fast charge

e Intrinsically safe

Long cycle life
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In addition, smaller devices such as wearables and IOT require batteries that are not curved and can be
integrated into the rest of the device (e.g., watch bands). In addition, as the devices become smaller, the weight
and volume of the packaging become a bigger fraction of the total weight and volume of the cell, dramatically
decreasing energy density. Figure 2-5 plots the energy density of the battery with increasing height of the cell.
While the energy density limit is 750 Wh/L for today’s Li-ion cells, the energy density can be an order of
magnitude lower for smaller devices, if the same architecture is used. This suggests that newer ways to
improved battery architecture are needed to decrease the penalty of the packaging in small dimension devices.

2.3.3 BATTERY REQUIREMENTS AND PRESENT STATUS

Table 2-6 describes the technology needs for various consumer electronics applications and the present status
of battery technology. All the consumer devices described below use Li-ion batteries with a graphite anode,
LiCoO:2 cathode, and a liquid organic electrolyte in a pouch cell configuration.

Package Penalties : Z-height (PC, phone, tablet size)

1200Wh/I
1000Wh/I

800Wh/I

600Wh/I

400Wh/I —O—Industry (wound)

—O— New Materials

200Wh/I
—O—Industry thin Cu, Al, sep

OWh/I
0.00mm 1.00mm 2.00mm 3.00mm 4.00mm 5.00mm 6.00mm 7.00mm 8.00mm 9.00mm 10.00mm

Figure 2-5. Energy density of Li-ion batteries and the penalty of decreasing height of the cell while maintaining the packaging
the same. The plot demonstrates the importance of new architectures to minimize the penalty of packaging in small dimension
devices. Courtesy: Andy Keates, Intel Corp.

TABLE 2-6: Battery status and targets for various consumer electronic applications. Courtesy: Jerry Hallmark,
Enovix Corp. and formerly from Motorola Corp.

Energy Density Energy Density Power Density
(Wh/I) (Wh/kg) (W/kg) Charge Rate Discharge Rate Cycle Life
Status Status Status Status Status Status

Market 2017 Target 2017 Target 2017 Target 2017 Target 2017 Target 2017 Target
loT 200-300 500 100 200 200 400 1C 2C 2C 4C 500 1000
Wearables 450-500 | 600-700 150 300 200 400 1C 2C 2C 4C 400-500 | 500-700
Cell Phones 700-720 | 800-1000 150 300 200 400 1.5C 3C 2C 3C 500 800-1000
Tablet/Laptop 710-730 | 800-1000 150 300 200 400 1.5C 3C 2C 3C 800 1000
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3 ELECTRIC ENERGY STORAGE SYSTEMS:
PRESENT AND NEXT GENERATION

3.1 Overview of Rechargeable Electrochemical
Energy Storage

Electrochemical energy storage devices store energy either in an electrical double layer or in the form of
chemical energy which is converted to electrical energy, on demand. While the former mode of charge storage
is referred to variously as an “electrochemical capacitor,” “supercapacitor,” or “double layer capacitor,” the latter
is referred to as a “battery.” Rechargeable batteries reversibly convert from electrical to chemical energy, with
the voltage of each half cell dictated by the thermodynamics of the respective electrochemical reaction. The
more positive half-cell is referred to as the positive electrode (or cathode), and the more negative potential as
the negative electrode (or anode), with the cell voltage being the difference between the positive and negative
half-cell reactions.

During charge, external energy is provided to allow reactions to proceed at each electrode, with the positive
electrode undergoing oxidation and the negative electrode, reduction; and the chemicals are now in an
unstable state. Upon discharge, the process is reversed, the chemicals are moved back to the ground state,
and energy is provided to the external circuit for useful work. As the electrons are moved away from the
reactant sites to the external circuit, ions move across the electrolyte to complete the circuit. While the
thermodynamics provides the potential of the battery under an infinitely small load, the actual cell potential and
the level of utilization of the chemicals in the reaction are dictated by the ion and electron transport and
conductivity in the various phases, as well as the rate of charge transfer at the electrode/electrolyte interface.

There are four basic mechanisms to store energy in electrochemical systems:

¢ Inthe electrochemical double layer, as described above, wherein no electrochemical reaction occurs.
lons need only to move small distances (i.e., the Debye length), allowing fast charge/discharge. No
structural changes occur, allowing long cycle life; however, relegating charge storage to the surface
results in low energy density.

e By reacting at the interface and storing the products in the bulk of the electrode material, via
intercalation or alloying. Examples include Li-ion intercalation systems and the Ni-MH battery. The bulk
charge storage allows high specific energy compared to capacitors. Intercalation systems, especially,
allow the possibility of little structural change and long life. However, storing a large amount of charge
can result in degradation of the materials due to volume expansion and/or structural changes. In
addition, storing products in the bulk requires diffusion in solid phases, which can limit power capability
as the diffusion length increases.

e By reacting at the interface and converting from one form of matter to another, such as conversion,
electroplating, or dissolution/precipitation. Examples include the lead-acid battery, the cadmium and
zinc electrode, sulfur and oxygen cathodes, metal-anode batteries, and Li-ion conversion cathodes.
Such systems allow very high capacities because of the possibility of continuous conversion without
increasing the diffusion length. However, this mechanism relies on changes in the physical
morphology, which can be a detriment to achieving long cycle life.
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e By storing the reactants and the products in the electrolyte in the form of a redox molecule. The
amount of storage capacity is dictated by the solubility of the redox molecule in the electrolyte, which
can be significantly smaller than what is possible in the solid state. This constraint can be
circumvented by storing the reactants outside the electrochemical cell, and is used in a flow battery
configuration. Examples include vanadium, iron, and chromium. Reactants are also stored in the
gaseous phase, such as the hydrogen electrode.

The choice of material dictates the mechanism of charge storage. The design of the electrode and of the
cell is influenced by the mechanism of storage and the thermodynamic, kinetic, and mass transport
characteristics of the electrode and electrolyte materials. The following sections explore different
materials choices that are presently being pursued, the status of the chemistry, and the challenges that
remain to be solved. Also explored is the assembly of materials into electrodes and cells with some of the
recent developments in the last decade.

3.2 Pre Li-lon Electrochemistries

The remainder of this chapter is a review and assessment of present and future electrical energy storage
systems.

3.2.1 LEAD-ACID BATTERIES

Introduction

Lead—acid batteries (~2 V per cell) are based on the reversible electrochemical conversion of lead to lead
sulfate (anode) and quadrivalent lead oxide to lead sulfate (cathode) in a concentrated sulfuric acid electrolyte.
The electrodes are generally formed by a detailed process to give a thick coating (~1 mm) of lead compounds
and additives on current collectors (grids) of lead, alloys, or carbons. For good cycling, the active electrode
materials must remain connected electrically to the current collectors and wetted by the electrolyte. The many
morphologies that can form upon cycling complicate the reactions at the electrodes. Most common lead—acid
batteries are formed as stacked electrode plates, whereas some advanced designs are spiral-wound. The half-
cell reactions for the cell discharge, the open circuit potential for a charged cell, and the theoretical energy
density based on the cell reactions and mass of active material are shown in the following formulas. The
reactions are reversed upon charge of the cell.

2

Anode: Pb+S04“ —> PbSO4+2e”

2

Cathode: PbO, + 4 H' + SO, + 2 e~ —>PbS04 + 2H20 2.1 V; 252 Whikg

State of the Art

Lead—acid batteries have complete acceptance for automobile starting, lighting, and ignition (SLI), tasks for
which low cost has been the most compelling factor. Batteries for SLI applications in ICE vehicles operate from
a state-of-charge (SOC) of about 90% and are required to provide power for engine cranking of up to 10 kW.
This translates to a specific power of up to 600 W kg, normally sustained for less than 1 second.! SLI batteries
can provide a cumulative energy throughput of about 100 times the nominal capacity, and an end-of-life
condition is reached after 5,000 to 10,000 cranking events (4—6 years in temperate climates). Lead—-acid
batteries reliably meet the requirements for SLI applications. The end-of-life failure is due to either corrosion of
the grid or shedding of the active material from the positive plate. This limited lifetime is tolerated because of
the low cost of the replacement batteries. The poor specific energy of the lead—acid battery is not sufficient to
offset the cost advantage for the SLI applications.
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Electric and Hybrid Vehicles

Batteries for EVs must be capable of being discharged to a rather low state of charge and then being fully
recharged. For lead—acid batteries, cycling over a wide SOC range maximizes the volume change of the active
material and exacerbates the tendency for active material to be shed from the plates. Full cycle duty can also
lead to corrosion of the positive grid.

Such failure mechanisms can be held at bay in valve-regulated lead—acid (VRLA) batteries by the use of high
levels of compression to the plate stack and by the use of corrosion-resistant alloys in the manufacture of the
grids. Deep cycle lives of up to 1000 cranking events have been achieved by using these methods. The
specific energy of lead—acid batteries is limited to around 35 Wh kg; however, if the weight of batteries is to be
held within reasonable bounds, it is unlikely that the range of an EV with lead—acid batteries could exceed

100 miles. This was the maximum range achieved by the lower-cost version of the GM EV1.

Neither conventional 12-V SLI batteries nor present-generation deep-cycle batteries can provide the
performance required by the new high-power HEV systems for an acceptable life. Batteries for these high-
power systems will operate from a partial-SOC baseline and will be discharged, and particularly recharged, at
extraordinarily high rates (albeit within a small SOC range). Under such conditions, the life-limiting mechanism
appears to involve the progressive accumulation of lead sulfate on the negative plate. This failure mode
appears as a result of the very high rates of recharge and persists because the battery is not routinely returned
to a full state of charge in the required duty cycle.

To offer an acceptable life in such applications, conventional designs of VRLA batteries must be revised. The
battery must be able to sustain the negative plate charge reaction at very high rates, overcoming diffusion
limitations (leading to reduced lead sulfate solubility, etc.) that would otherwise lead to the onset of secondary
reactions, such as hydrogen evolution, and charge inefficiency.

Two straightforward design modifications offer the potential to redeem this situation and to allow the lead—acid
battery to perform successfully in the high-rate partial (HRP) SOC routine demanded in HEVs. Providing an
appropriate grid design allows the plates in the battery to accept the high charge rates required, and
incorporating elevated concentrations of carbon (a few wt % instead of the traditional 0.2 wt %) alleviates the
tendency for sulfate to accumulate and appears to offer the route to a long operating life in the HRP-SOC
regime.

Batteries assembled with these relatively straightforward design elements are generally able to match the DOE
FreedomCAR peak power goals for minimum power assist (625 W kg?) and, in some cases, to approach the
peak power goals for maximum power assist (1000 W kg?). Such batteries are also able to perform

300,000 simulated HEV cycles without failing, thus achieving the FreedomCAR lifetime goal.?

Batteries rated at 144 V of all three types shown in Table 3-1 have been running successfully in Honda Insight
HEVs from which the original Ni-MH batteries have been removed.? In the medium hybrid application (offering
regenerative braking and power assist but little or no all-electric range), the specific energy of the battery is less
important than its ability to provide adequate power for an acceptable life.
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TABLE 3-1: Batteries specifically designed for high-rate partial-state-of-charge operation—as in power-assist
HEVs

Battery type, manufacturer Design elements
“RHOLAB” (8 Ah), Enersys Twin-tab to boost power, spiral wound
Bipolar (7 Ah), Effpower Bipolar plate of porous ceramic impregnated withlead
Ultra (7 Ah), Furukawa/CSIRO Additional carbon capacitive element in common with negative plate

A frequent mistake is to point to the SLI battery as evidence that lead—acid batteries are unable to satisfy the
performance requirements of other, quite different, applications. In fact, when designed specifically for that
purpose, batteries that make use of the lead—acid chemistry are capable of providing useful service in deep
discharge and, particularly, in HRP-SOC regimens.

Technical and Cost Barriers
Although a list of critical technological barriers will differ for different applications, the following are the main
issues limiting development and expanded use of lead—acid batteries.

Technical barriers and needs Component(s)

e Lowspecific capacity and energy e Active materials and grids
* Progressive buildup of a resistive lead sulfate layer with cycling * Negative electrode

* Corrosion of current collector with cycling * Positive electrode

* Loss of active material due to shedding as the result of volume e Active materials

changes for the active materials
* Need for lightweight grids that can operate at extremely high rates *  Grids

* Need for a way in which elevated levels of carbon (graphite) inthe ® Negative electrode
negative plate can dramatically improve the performance of VRLA
batteries in the high-rate partial-state- of-charge duty required by
HEVs

3.2.2 NICKEL BATTERIES

Introduction

Nickel batteries of approximately 1 V all share the same cathode, which is nickel oxyhydroxide in the charged
state. In an aqueous KOH electrolyte, the cathode discharges to form nickel hydroxide. The anodes are either
metals that oxidize to form a hydroxide, or metal hydrides that lose hydrogen when discharged. In the following
general half-cell reactions, M indicates the metal or alloy at the anode. The theoretical specific energy is also
listed.

Cathode: 2 NiOOH + 2 H,0 +e~ —> 2 Ni(OH), + 2 OH~

Anode 1: M+2O0OH —> M(OH), +2e 1.35-1.7 V, 244-372 Wh/kg
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Anode2: 2MH+20H —> 2M+2H0+2e 1.35V, 240 Wh/kg
where M = Cd or Zn

The open-circuit voltage and other specifications for this family of batteries are listed in Table 3-2. A
complication with this cell chemistry arises from the formation of oxygen gas at the cathode upon recharge of
the cell. After ~80% charge, oxygen is generated via this formula (Figure 3-1):

20H —> H,O0+%0,+2¢e

TABLE 3-2: Overview of the performance characteristics of nickel battery systems

System Ni-Cd Ni-Cd Ni-MH | Ni-zn | NiFe Ni-H,
(pocket) (sealed) (pocket)

Open-circuit volt. 1.2 1.2 1.2 1.6 1.4 1.2
Wh/L 40 100 75 60 55 105
Wh/kg 20 35 240 120 30 64
Power Low High High High Low Med
Discharge Flat Flat Flat Flat Flat Flat
Cycle life 2000 700 600 500 4000 6000

In a sealed cell, with a minimum amount of electrolyte,
this oxygen can diffuse back to the anode, where it
reacts to generate water and prevent any buildup of gas
pressure. In a vented cell, also known as a pocket cell,
the cell is flooded with excess electrolyte and includes a
gas barrier to prevent this occurrence. This
arrangement is described in more detail in the following
section. The capacities of the anode versus cathode
are adjusted to control reactions. All systems in

Table 3-2 have a flat discharge voltage characteristic
and must use electronic controls for SOC

determination Figure 3-1. Oxygen forms at the cathode after 80% cell

recharge

State of the Art
Nickel-Cadmium (Ni-Cd)

Cd + 2 NiOOH + 2 H,0 = Cd(OH), + 2 Ni(OH),

Ni-Cd batteries have two incarnations. One is the Edison construction with nickel or nickel-plated-steel pocket
plates to hold the active mass, or reactants, with conductive KOH media. This was the basis for the original
Edison cell that has excellent low-rate performance with extremely long cycle life and a calendar life of 30 or
more years. It is used today mainly in railroad cars in Europe and was incorporated in a recent utility energy
storage demonstration in Alaska. The initial cost is significantly more than for lead—acid batteries, but the
overall cost is lower when increased reliability, maintenance, and length of service are considered.

The second incarnation was a sealed cell developed for jet planes in Germany during WWII. The active mass
was vacuum-impregnated into original sintered carbonyl-powdered nickel to form the electrode structure. Cells
are flat plate or spiral wrap construction. Today, high-performance electrodes use an open nickel fiber or nickel
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foam structure impregnated with high-density spherical Ni(OH),. For portable power applications, Ni-Cd was
the original mobile phone and notebook battery but lost out to Li-ion with its lighter weight and higher energy
storage capability. It is characterized by an excellent high-rate and low-temperature capability, as well as
resistance to abuse and overcharge. For full charge, the nickel electrode operates above the oxygen potential;
and for full charge, oxygen is liberated. Oxygen then diffuses through the porous separator structure and
recombines on the cadmium electrode. The high-surface-area nickel provides a good reaction surface to
recombine oxygen formed during charge and on overcharge. It can be overdischarged without damage. Ni-Cd
batteries are used universally for starting and emergency power on jet aircraft because of their reliability and
wide temperature operating range.

The depiction of the overcharge mechanism is shown in Figure 3-2. For sealed Ni-Cd, a simple charger can be
used, and charge can be terminated by temperature or voltage measurement. Cadmium is toxic and, because
of environmental issues, is banned in several countries in Europe. Recycling processes are in place but do not
recover the materials for reuse in the Ni-Cd cell assembly.

Nickel-Metal Hydride (Ni-MH)

(M)H + 2 NiOOH = M + Ni(OH),

The Ni-MH cell was first proposed at COMSAT and Bell 1 H. o,
Laboratories as a substitute for Ni-Cd in satellite caiom) o 100%

applications. It does not have the same environmental > 100% i z

restrictions as Ni-Cd. Ni-MH is used in all HEVs on the E ol o
market today. Basically, Ni-MH has the Ni-Cd cell é Cdl NIOCH 0%

construction and replaces the cadmium electrode with an 3 CdlOH],
AB5 hydride storage electrode composition, where A is Ni E 0% S Cd

and B is lanthanum (or another rare earth element). The e -

AB, alloy with a different structure has found acceptance (= i+) =) (*
for its higher hydrogen storage capability. Most commercial (&) (b)
systems use the ABs alloy, as it has better high rate and Figure 3-2. Cell balance for (a) sealed and (b) vented Ni-Cd
longer cycle life. Recently, a new alloy, A,B;, based on a cells. In sealed cells it is essential to prevent H, evolution on
combination of structures, has been developed that has charge and essential that only O, be evolved. The oxygen

greater performance The change also allows a evolved from the nickel electrode diffused to the Cd electrode,
’ where it reacts to form cadmium metal. From J.B.

rebalancing of the capacities of the anode and cathode to Goodenough et al., Basic Research Needs for Electrical Energy
deliver a higher-performing system. The composition of the  Storage (2007).

hydride electrode is a complex mixture, with additives to

prolong cell life, reduce self-discharge, etc. The composition has been referred to as a “kitchen sink” alloy
because of its many components.

The flat discharge characteristic, excellent high rate, long cycle life, and abuse tolerance has made Ni-MH the
first choice for use in HEVs. The flat discharge makes determination of the state of charge more difficult.
Performance falls off quickly below 0°C and becomes rate sensitive because of the hydride electrode. The Ni-
MH system has a self-discharge rate of about 15-30% per month, depending on the hydride alloy composition.
The Ni-MH has the same ability to withstand overcharge and overdischarge as does the Ni-Cd system, along
with a significant increase in energy storage capability. As a result, the Ni-MH is a high-performance system
that is very robust and can tolerate abuse without damage. The charge process for Ni-MH is depicted in

Figure 3-3. Significant research activity on alloy compositions and new higher-performance spherical nickel
hydroxides have improved performance considerably.
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Figure 3-3. Charge and overcharge processes for a sealed Ni-MH cell. The different cell balance for Ni-MH
results in a higher capacity for Ni-MH over Ni-Cd for the same size cell. From J.B. Goodenough et al., Basic
Research Needs for Electrical Energy Storage (2007).

Nickel-Zinc (Ni-Zn)
Zn + 2 NiOOH + 2 H,0O = Zn(OH), + 2 Ni(OH),

The Ni-Zn battery has a spiral wrap construction similar to that of the sealed Ni-Cd, but the cadmium electrode
is replaced by a zinc electrode. The result is a higher-voltage unit cell than in either the Ni-Cd or Ni-MH,
coupled with the excellent high-rate capability of the zinc electrode. Zinc has faster kinetics than cadmium for
better high-rate performance. Past issues with Ni-Zn center around the tendency of zinc electrodes to undergo
shape change (densification), passivation, and dendrite formation. At one time, GM had a sizable Ni-Zn battery
development effort aimed at use in EV and SLI applications. Recently, PowerGenix has addressed these
issues and has developed new electrolyte compositions that prolong the integrity of the zinc electrode to
increase cycle life and minimize passivation, dendrite formation, and shape change. The high-rate capability of
the zinc electrode leads to excellent power capability for Ni-Zn. There are no resource limitations on zinc, and it
can be lower in cost than the Ni-Cd or NiMH.

Nickel-Iron (Ni-Fe)

Fe + 2 H,0 + 2 NiOOH = Fe(OH), + 2 Ni(OH),
3 FE(OH)Z + 2 NiOOH =2 Nl(OH)2 + Fe;0,4 + 2 H,O

The Ni-Fe battery has a two-plateau discharge characteristic. This system is not in general use except in the
former Soviet Union. The batteries use the pocket plate construction, which has an extremely long service life
and is virtually indestructible. Their main use has been for lighting on railroad cars. The cells must be vented,
as hydrogen is evolved on recharge as a result of the low hydrogen overvoltage on the negative electrode.
Since the iron electrode operates near the hydrogen potential, it also releases hydrogen on storage, creating
potentially hazardous conditions. Although the Ni-Fe battery was initially viewed as a less expensive substitute
for Ni-Cd, the hydrogen gassing problems limited its use. The cost lies between those of lead—acid and Ni-Cd
batteries.

20 ELECTRIC ENERGY STORAGE SYSTEMS: PRESENT AND NEXT GENERATION



ELECTRICAL ENERGY STORAGE FACTUAL STATUS DOCUMENT

Nickel-Hydrogen (Ni-H,)

Hg + NiOOH = Nl(OH)g

The Ni-H, system was developed for space power. It couples a hydrogen fuel cell anode with an NiOOH
cathode. It has good high-rate capability, extremely long cycle life, and resistance to abuse but is an expensive
construction with a titanium pressure vessel containment. For long life, the nickel positive electrode is
fabricated by using an electrochemical impregnation process. The hydrogen negative electrode uses a
platinum catalyst on a nickel substrate hydrogen electrode construction. The cells have extremely long life but
are expensive. The H, pressure provides an accurate state of charge determination. The cell can tolerate
overcharge and overdischarge without damage.

Technical and Cost Barriers

In general, nickel battery technology would benefit from a better understanding of the mechanisms associated
with the operation of the porous electrode. This should be feasible, as electrochemical modeling of the
electrode operation is now becoming fairly sophisticated. The most urgent issue requiring attention is the low-
temperature performance of the hydride anode. Here, a better understanding of hydrogen in the alloys,
including the diffusion and bonding, might identify new alloy compositions. For zinc electrodes, the technical
concern is the tendency to form dendritic and mossy deposits and also undergo passivation in certain
electrolyte compositions. Identifying new electrolytes or additives might provide a way to avoid this process
during cycling. Finally, the energy efficiency and stability of nickel cathodes should be improved.
Nanostructured materials or additives may improve the rate capability, while electrolyte additives may be used
to raise the oxygen overvoltage.

Technical barriers and needs Component(s)

* Poor rate performance at temperatures below 0°C; new alloys needed * Hydride anode
for —30°C operation with good efficiency (no. 1 need)

* Need for higher storage capacity * Hydride anode

* Need for increased stability and corrosion resistance e Hydride anode

* Tendency to form dendritic, mossy, and passivating deposits at zinc e Zinc anode, electrolyte
surface

* Energy efficiency of nickel oxide cathodes needs to be improved, * Ni oxide cathode,
particularly against oxygen generation during the last 20% of the charge electrolyte

* Need to improve stability of crystalline structure * Nioxide cathode

* Need to improve high rate capability * Nioxide cathode

Additional Reading:

D. Linden and T. Reddy, Handbook of Batteries, 3rd ed., McGraw Hill, New York, 2002; R. Brodd, Batteries for
Cordless Appliances, Research Studies Press, Lechworth, 1987; J. Dunlop, W. Earl, and G. Van Ommering,
U.S. Patent 3.850,694, November 26,1974; D. Feder and D. Mauer, U.S. Patent 3,980,501, September 14,
1976; www.powergenix.com (web site for PowerGenix, maker of nickel-zinc rechargeable battery); M.
Fetcenko, presentation at the 23rd International Battery Seminar, Ft. Lauderdale, FL, March 15, 2006.
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3.2.3 HIGH-TEMPERATURE SODIUM BETA BATTERIES

Introduction

Beta batteries employing Na/S or Na/NiCl, (ZEBRA) unit cells are rechargeable energy storage systems
utilizing sodium-ion conducting, polycrystalline B"-Al,O5 solid electrolytes (BASE) stabilized with either Li,O or
MgO.* These batteries operate at moderate temperatures (i.e., ~270-350°C) using liquid sodium as anodes.
Cathodes are either molten S/Na,S, in porous graphite felts or, in the case of ZEBRA cells, molten NaAICl,
impregnated in porous Ni/NiCl, structures. Impervious BASE membranes separate molten electrodes and
provide a transport medium for Na* ions. During discharge, sodium ions migrate through BASE ceramic
membranes from anodes to cathodes, where they react with sulfur to form sodium polysulfide (see cathode 1),
or alternatively, reduce NiCl, to Ni via migration of sodium ions in NaAICl, (see cathode 2).

Anode: 2Na—> 2Na' +2e”
Cathode 1: 2Na' +2e” +XxS —> Na,Sx 2.08-1.78 V; 755 Whikg
Cathode 2: 2Na' +2e” +NiCl, — Ni+2NaCl 258V; 787 Wh/kg

State of the Art

Tubular Design

BASE membranes are manufactured in cost-effective processing operations from spray-dried powders formed
into tubular shapes by automatic isostatic pressing and sintered/annealed in gas-fired furnaces. Fully dense
with diametral strengths of ~320 MPa and sodium-ion resistivities of *3 Qecm @ 300°C, BASE ceramics exhibit
long-term durability in operating cells and batteries. Structural components in tubular Na/S cells with central-
sodium configurations include (1) cylindrical thin-walled BASE tubes, closed at one end, encapsulating liquid
sodium; (2) dense a-Al,O; ceramic headers glass-sealed to open ends of BASE tubes, providing electrical
insulation between anode and cathode compartments; and (3) tubular cathode containers fabricated from
corrosion-protected metals or alloys, closed at one end, serving as current collectors for sulfur electrodes. Because
sulfur and sodium polysulfide are electronic insulators, molten cathodes are encapsulated in porous graphite felts
serving as electronic shunts.

Unit cells in ZEBRA batteries are similar to Na/S cells in that they include liquid sodium anodes, central
impervious BASE tubes, and electrically-insulating ceramic seal headers. However, the porous, central Ni/NiCl,
cores impregnated with molten NaAICl, auxiliary electrolytes are placed inside BASE tubular membranes.
Liguid sodium metal anodes are located outside tubular BASE ceramics (not inside, as in Na/S cells) with
clover-leaf cross sections (required to improve power densities in unit cells) in mild steel containers with
rectangular or square cross sections. Inverted tubular-cell designs effectively eliminate corrosion of cathode
containers by molten cathode reactants, a significant problem that gradually degrades performance and limits
effective lifetimes of Na/S cells. In ZEBRA cells, auxiliary liquid electrolytes, sodium tetrachloroaluminate
(NaAICl,;) melting at 154°C, are required. They permit sodium ions passing through BASE membranes to reach
various reaction sites in porous nickel chloride structures. Formation of metallic nickel during discharge of
ZEBRA cells provides effective electronic shunts between central metallic cores and BASE ceramic
membranes.

Significant numbers of batteries have been manufactured and tested successfully in EVs and load-leveling (LL)
energy storage systems. Several million thin-walled (1-3 mm) BASE tubular membranes of various sizes—i.e.,
diameters of between 25 mm (for EV cells) and 60 mm (for LL cells) and lengths of up to ~ 500 mm—have
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been fabricated in pilot-scale operations in North America, Europe, and Asia. A variety of large-scale Na/S LL
battery systems varying in size between 400 kwh (50 kW) and 64 MWh (8 MW) with cumulative energy-
storage capacity of several hundred MWh have been manufactured and placed into operation in Japan by NGK
Insulators. Manufacturing operations capable of fabricating ~ 400,000 632-Ah LL Na/S cells and ~400,000 30-
Ah EV ZEBRA cells per year have been installed by NGK Insulators in Japan and MES-DEA in Switzerland,
respectively.

Electric Vehicle Batteries

Since they can store significant quantities of energy and generate relatively high peak power per unit of battery
weight and volume, beta batteries are attractive energy storage systems for power sources in EVs. State-of-
the-art EV batteries up to 130 kWh in size with required endurance characteristics have been successfully
demonstrated in ~1000 road tests with EVs in North America and Europe. Calendar lifetimes of ~11 years have
been demonstrated in ZEBRA batteries. Cycle lives equivalent to ~3500 complete discharge/charge cycles
have been achieved in EV battery modules, and more than 1450 cycles have been achieved in full-scale EV
batteries. Vehicle performance parameters—i.e., acceleration capabilities and driving ranges between charging
cycles, which are characteristic of EVs propelled by beta batteries—are substandard compared with motor
vehicles powered by conventional ICEs. However, state-of-the-art performance characteristics of unit cells and
batteries summarized in Table 3-3, which meet mid-term requirements of the USABC, should be acceptable for
many urban applications. For beta batteries in EVs to be fully competitive, substantially improved cell designs
are required. They will involve planar or multi-tube unit cells with significantly higher ratios of the active
electrochemical area to cell volume (A/V) and, consequently, a lower area-specific resistance (ASR).
Redesigned unit cells are projected to have stored energy ratios of over 300 Wh/L and 200 Wh/kg and peak
power ratios over 600 W/L and 400 W/kg.

TABLE 3-3: Optimum performance of beta cells and batteries with tubular cell
designs. From J.B. Goodenough et al., Basic Research Needs for Electrical Energy

Storage (2007).
EV batteries (25-40 kWh)
EV cells (30-40 Ah) ~ 360 cells per EV battery
Stored energy ratios
Wh/L Wh/kg Wh/L Wh/kg
Na/s? 360 180 151 105
Na/NiCl,®° 340 145 183 118
Peak power ratios
wW/L W/kg wW/L W/kg
Na/S 727 390, 0% DOD 234 210, 0% DOD
337, 80% DOD 181, 80% DOD
ZEBRA 613 271, 0% DOD 276 185, 0% DOD
Na/NiCl, 146, 80% DOD 170, 80% DOD

& ASEA-BBC (Germany).

b MES-DEA (Switzerland).

ELECTRIC ENERGY STORAGE SYSTEMS: PRESENT AND NEXT GENERATION 23



ELECTRICAL ENERGY STORAGE FACTUAL STATUS DOCUMENT

Batteries for Load Leveling

Beta batteries, because of their high volumetric energy density and small footprints, can also be used
effectively in stationary LL energy storage systems in electric utilities and at industrial facilities in
urban/suburban locations. A variety of LL systems up to 64 MWh in size (i.e., 8 MW delivered over 8-hour
discharge cycles) have been demonstrated successfully with acceptable degradation in performance in field
tests lasting several years. LL Na/S modules and batteries have been produced that satisfy all performance,
lifetime, endurance, and safety requirements. These batteries have been constructed from self-contained
battery modules 400 kWh (50 kW) in size. These 400-kWh modules have specific energies of ~120 Wh/kg,
energy densities of ~160 Wh/L (~370 Wh/L at the unit cell level), and very small footprints, =100 kWh/m?.
Energy efficiencies are ~87% initially, declining to ~81% after ~2500 cycles. Very large LL battery systems
have been operated continuously for periods of more than 8 years, compiling more than 1800 discharge and
charging cycles. Individual LL unit cells have demonstrated lifetimes of >4500 cycles with ~10% reduction in
capacity. Since LL Na/S batteries can be discharged rapidly at five times base-load rates for short periods of up
to 10 seconds, they can also be employed in power quality applications.

Advanced Cell Designs in R&D

High-performance, durable unit cells with planar/bipolar designs are projected to have (1) relatively high open-
circuit voltages (22 V); (2) lower ASRs; (3) failure modes with low electrical resistance; (4) increased depths of
discharge compared with Na/S cells; (5) liquid-phase cathodes, which are mixed ionic and electronic
conductors and chemically compatible with iron-based metal alloys; and (6) operating temperatures consistent
with metallic components employed in cell interconnections and flexible seals, all self-contained in stainless
steel enclosures.®

A vapor-phase process has been developed for fabricating strong (~900 MPa), fine-grained (several microns),
thin-walled (150—-300 microns), and flat plates of BASE membranes suitable for planar/bipolar beta cells with
high power and energy densities.® Electrolytes are formed by reaction of Na,O vapor with impervious, cast
sheets of a-Al,Os/zirconia composite precursors. Reasonably rapid and direct conversion to conductive p"-
Al,O3; phases at 1450°C occurs without loss of Na,O. BASE membranes formed by this potentially economical
process are very resistant to attack by moisture. Another advantage of vapor-phase processing is formation of
substantial crystallographic texture, wherein conduction-planes in p"-Al,O3 align themselves perpendicular to
walls of flat BASE membranes. Planar BASE electrolytes—which have been produced previously by tape
casting followed by sintering and annealing in conventional processing operations—are relatively weak
mechanically and possess undesirable conduction anisotropy.

Technical and Cost Barriers

Commercial state-of-the-art beta batteries have a variety of limitations, which are summarized in the list below.
In view of problems related to containment of cathode reactants, corrosion of metallic containers, brittle glass
seals, and failure of cells in modes with high electrical resistance, development of Na/S batteries with
planar/bipolar and other advanced cell designs will be very challenging. Evolving designs for beta cells with
higher A/V ratios, lower ASRs, and higher-capacity cathodes will eventually replace unit cells with tubular
designs. Advanced cathodes will be improved alternatives to sulfur, and NiCl, and will be more compatible
chemically with iron-based metals used in cell construction. Advanced vapor-phase processing will produce flat
BASE membranes, which are strong, fine-grained, and tolerant to water exposure and have high sodium-ion
conductivities in preferred directions.
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Technical barriers and needs Component(s)

Relatively high ASR and low A/V of tubular unit cell, which severely limits *  Unitcell
EV battery performance

Restricted energy storage capacity and limited energy densities * Na/Sunit cells
Long-term corrosion of metallic cathode containers * Na;S, containers
Failure of Na/S cells with high electrical resistance in relatively small EV * Unitcellsin EV
batteries (ZEBRA cells do not have this problem) batteries

Need for cost-effective techniques are needed for manufacturing thin (150- *®  Planar BASE

300 um), flat BASE membranes with optimum mechanical and electrical membranes
properties
Expensive carbon felts in cathode structures of Na/S cells * Cathode structure

Expensive encapsulation devices to prevent loss of Na,O during sintering ~ ®  BASE fabrication
of BASE membranes at 1585°C

Water sensitivity of polycrystalline BASE membranes fabricated by * BASE storage
conventional liquid-phase sintering

Brittle glass seals e Seals

Corrosion in ZEBRA cells between NiCl, and mild steel cell components *  Mild steel cell
(avoided in tubular cells with central cathode designs) components
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3.3 Li-lon Systems
3.3.1 CURRENT GENERATION

Introduction

Lithium-ion batteries (LIBs) are preferred power sources for portable electronic devices and are increasingly
being adopted for electric vehicles (EVs) and other large-scale applications due to higher energy density and
longer life span than most other batteries.’ 2 The LIB is first of all an electrochemical system with high
complexity; while at a fundamental level, it can be simply depicted as three layers, the anode, electrolyte, and
cathode. LIBs operate via a “rocking-chair” mechanism, with Li ions moving back and forth between anode and
cathode (through the electrolyte) during charge/discharge cycles. A distinguishing feature of Li ion cells is that
at assembly, the Li ions are stored in the cathode, i.e., at the discharged state. The cells are activated via
charging, wherein Li ions move from the cathode to the anode and so Li ions will be stored in the anode by this
step. During discharge of a cell, Li ions move from the anode to the cathode through the electrolyte, and
electrons generated from the anode migrate through the external circuit to supply electricity. Most rechargeable
LIBs on the market today are based on intercalation reactions, that is, insertion and extraction of Li ions in and
out of the crystalline lattices of solids without causing significant change to lattice structure.

An important parameter of performance for LIBs is their specific or volumetric energy density, which is
determined by two factors: 1) the specific capacity of the anode and cathode, namely, the amount of Li that can
be stored per unit weight or volume and 2) the difference of the electrochemical potentials between the anode
and cathode. The practical energy density of today’s LIBs is typically below 150 Wh/kg. For LIBs to be widely
adopted for EV applications, an energy density of 300 Wh/kg or above is desired in order to meet the
requirements for cost and driving range. Low capacity of electrodes is currently the limiting factor, and so
extensive efforts have been devoted to searching for new materials with higher Li storage capacity. In addition,
further effort is needed for better understanding of the basic science associated with the gap between the
usable output of batteries and their theoretical energy contents.®

State of the Art

Conventional LIBs were initially based on hard carbon and lithium cobalt oxide (LiCoOz2; LCO) as anode and
cathode, respectively, in the first cells commercialized by Sony Corporation in 1991. Graphite was soon
introduced to replace hard carbon, for its flat working potential, high theoretical capacity (372 mAh/g), and high
stability in the non-aqueous electrolyte via forming an interfacial layer, the so-called solid-electrolyte interphase
(SEI). Over the decades, graphite/LCO based cells have been dominant in the market even until today. Due to
the low capacity (156 to 165 mAh/g), high cost and thermal instability, among other issues that limit its use in
EVs and other large-scale applications, LCO is now phasing out and being gradually replaced by different types
of cathodes for greater energy density. On the anode side, graphite is still dominant, but LisTisO12 and Si have
now been preferentially used for some applications with specific requirements; see Figure 3-4 for the anodes
and cathodes on the roadmap of development for the start-of-the-art and next-generation LIBs.

Ni-rich NMC

Following the commercialization of LCO, transition metal (TM) layered oxides have been extensively studied
over the past two decades. LiNiO: attracted immediate attention in the initial search for alternatives to LCO
because of its isostructural characteristics, low cost and even higher practical capacity (~200 mAh/g). However,
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stoichiometric LiNiO: is hard to synthesize, and its thermal instability at high SOC is a safety concern.
Therefore, strategies were developed to mitigate these issues, such as adding a second and even third cation
into the transition metal layers to construct solid solutions of LiNizxMxO2 (M=Co, Mn, Al, ...), which has been
widely taken an effective way of stabilizing the layered structure and further tailoring their electrochemical
properties. For example, in the second generation of LIBs, LiNio.sC00.15Al0.0s02 (NCA) and LiNiwsMn13C01302
(NMC) were developed, with substitution of Co to improve the structural ordering, and Al or Mn to strengthen
the thermal stability. NCA and NMC are now starting to find applications in EVs and other large-scale
applications; however, their capacity is still low, ~160-180 mAh/g.

Figure 3-4. Anodes (red-shadowed) and cathodes on the roadmap of developing lithium-
ion batteries. From J.B. Goodenough et al., Basic Research Needs for Electrical Energy
Storage (2007).

Research efforts are now increasingly focused on developing Ni-rich NMC (1-x > 0.5), aiming for even higher
capacity (>200 mAh/g); however, cycling stability and safety are compromised as a result of high Ni reactivity
and structural reconstruction on the particle surface.* Some of these issues may be solved or mitigated by
surface protection via coatings, or the synthesis of particles with core-shell structure or concentration gradient
(at either primary or secondary particle levels).>¢7 In a recent development, high capacity (up to 215 mAh/g)
and long cycling stability (> 1000 cycles) have been demonstrated in full-concentration-gradient Ni-rich NMC
cathodes composed of micron-sized secondary particles with Ni (Mn) concentration continuously decreasing
(increasing) from the center towards the outer surface. However, due to the complexity of synthesis and
processing, implementation of those strategies in large-scale production is difficult, especially under the
requirement of high structural ordering in particles with such high compositional heterogeneity.

Li/Mn-rich (LMR)-NMC (xLiMnOs *(1-x)LiMO;; M=Mn, Ni, Co)

LMR-NMC oxides are generally modeled as composite materials with monoclinic Li2MnOs integrated with
hexagonal LiMO> to form layered-layered structures.®® LMR-NMC is attractive for its high capacity (up to 300
mAh/g), low cost, and high thermal stability. Recent experimental and first principles studies demonstrated that
excess capacity may come from oxygen redox reaction induced by local configurations associated with partial
Li substitution in the TM layers.1%! This is an exciting finding in that it may open new opportunities for battery
research aimed at increasing capacity through both cationic and anionic redox processes. However, there are
some critical issues of this type of cathode, including voltage fade and the correlated voltage hysteresis, first-
cycle efficiencies, and rate capabilities, which prevent their use in practical applications. These phenomena are
aresult, in part, of phase transitions into spinel-like configurations, or more precisely, migration of cations ions
into Li layers, triggered by oxygen involvement during the first-cycle “activation” process. In addition, surface
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oxygen loss and electrolyte interactions further hinder high-rate performance. Among many proposed solutions,
incorporating a lithiated spinel component has been shown most promising for addressing these issues. There
are potential advantages such as inherent stability against TM migration, improved rate capability, and offset of
first-cycle irreversible capacity losses.'?2 However, the drawbacks of this approach can be related to precise
control over structural and elemental compositions when using general solid-state reaction methods, which
may prove difficult from a thermodynamic point of view. In addition, voltage fade may not be sufficiently
mitigated by using this approach, especially when excess Li and Mn concentrations are high (e.g., >~0.3).

There are two other large categories of cathodes in the second generation of LIBs, spinel (LiMn20a4) and olivine
(LiFePQa4), both being featured by low cost and high safety. A number of cathodes have now been made
commercially available (Figure 3-4, left), providing flexibility of choices for different applications. However, when
paired with a graphite anode, neither of them have met the target miles of all-electric-range within the weight
and volume constraints as defined by DOE in the EV Everywhere Blueprint.*3

New cathodes with even higher energy density are needed before LIBs can be widely commercialized for EV
and other large-scale applications. One active area in battery research is to develop high capacity anodes and
cathodes that can accommodate more than one Li /redox center; some of the promising cathodes under this
category are given in Figure 3-4 (right), including high-voltage cathodes, cation-disordered oxides, multiple-Li
polyanionic compounds, and conversion-type cathodes. Recent progress in this research area is summarized
below, along with perspectives on the challenges and opportunities.

3.3.2 NEXT GENERATION

Anodes

Graphite is an excellent anode, with capacity two times of most commercial cathodes, and thus not easily
replaceable by other materials.'* One alternative that is being explored is in the use of alloying materials,
predominantly silicon, which is capable of delivering up to 10 times higher capacity since Si can bind as many
as 4 Li (forming LisSi), in contrast to LiCs, which binds 1 Li with 6 C. The use of Si is also advantageous due to
its abundance and cost. However, the Si anode suffers from large volume change during lithiation and
delithiation, leading to deformation of the electrode, and an unstable SEI layer. In recent years, extensive
investigations have been made into increasing the life-time through fabricating nano or porous materials and
composites with carbon or other materials; however, irreversible loss in capacity due to the repeated
reformation of SEI layer during cycling remains a major problem, and so its application has been limited to LIBs
for potable electronics.® Much progress has been made recently in identifying the phase
transformation/reactions at electrode/electrolyte interfaces; nevertheless, the mechanisms of
electrode/electrolyte interaction leading to forming stable SEI layer are far from being understood, limiting
efforts in the rational design of new electrolytes and electrodes that are required for assuring the viability of Si
anodes in commercial LIBs.

Lithium titanate (LiaTisO12), with advantages of long-term stability, extraordinary high-rate capability, and
inherent safety, has become an appealing alternative for large-scale applications, grid storage, in particular.
However, one main limit in using Li4TisO12 as the anode in full cells is the high redox potential, which may be
compensated by pairing with a high-voltage cathode for achieving relatively high energy density.

28 ELECTRIC ENERGY STORAGE SYSTEMS: PRESENT AND NEXT GENERATION



ELECTRICAL ENERGY STORAGE FACTUAL STATUS DOCUMENT

Cathodes

High-Voltage Cathodes

Layered NMC cathodes can be charged to high voltages, thereby providing even higher energy density. But
issues related to cycling and thermal stability arise as a result of phase transformations and oxygen release. An
alternative option is spinel LiNiosMn1.5s04 (LNMO), which can be taken as Ni-substituted LiMn20Oa, with operating
voltages of 4.7 V or above. Although the practical capacity is moderate (only 130 mAh/g), LNMO has attracted
great attention and may deserve further investigation due to the inexpensive and environmentally benign
constituents, good safety properties, and excellent rate capability. The commercial use of LNMO for LIBs is
primarily hindered by the oxidative instability of the electrolyte, Mn dissolution, leading to severe capacity fade
with cycling, especially at elevated temperatures (> 60°C).

Cation-Disordered Oxides

The cation-disordered oxide (Li-M-O2; M= Mn, Nb, Mo, Ti, Fe, etc.) is a recent addition to high-capacity
cathodes, with demonstrated capacity up to 300 mAh/g. The materials have a rock-salt like structure, with
partial or complete cation disordering.® In contrast to restrictive requirements of high cationic ordering for high
Li diffusivity in traditional layered oxides, a percolation network of “0-TM” channels for Li diffusion can be
created by ~10% Li-excess in the cation-disordered oxides. This new discovery is exciting as it points to a new
way of designing high-capacity cathodes with non-typical metal elements (Mn, Nb, Mo, Ti, Fe, etc.), which is
advantageous from resource and cost perspectives.'”'8 In addition, cation-disordered electrodes are
dimensionally stable with low volume expansion, a desired feature for achieving long life and safe battery
operation. Since it is still in the early stage of development, more studies of material optimization (i.e.,
composition, structure) are needed in order to further improve the energy density, lifetime, and kinetics.
Strategies developed for NMC cathodes, such as surface treatment and/or coating, may also be applicable to
this cation-disordered cathode.

Multiple-Li Polyanionic Compounds (LixMPO4: M=V, Mo...)

The polyanionic compounds are of great interest for use as cathodes due to the high voltages induced by
phosphate groups, and the possibility of accessing multiple redox states of the metals. These two factors
represent potential routes to accessing phases with very high energy density. One representative is monoclinic
&-LixVOPOQa, with theoretical capacity of ~310 mAh/g (almost double that of LiFePOs4) through V redox at 3.9 V
for V5*/V# and ~ 2.5 V for V¥*/V®*, It has the same safety feature as olivines (no release of Oz on charge). More
than one Li intercalation/extraction in e-LixVOPO4 has recently been demonstrated.'® However, one issue is the
long cycling stability in the electrolyte due to the side reactions: e-VOPO4 — orthorhombic HYOPO4 —
tetragonal H2VOPO.. Surface coatings could be helpful to further improve cycling stability.

Conversion-Type Cathodes

In contrast to intercalation electrodes, wherein guest ions (i.e., Li*) move through the relatively open lattice of
the host without significant modification of lattice structure, in conversion electrodes the guest ions react
directly with the host material to form new chemical compounds of completely different structures. The
conversion cathodes, specifically the fluoride-based materials, are particularly interesting for their intrinsically
high redox potentials and extremely high specific capacity (~ 3 times greater than commercial cathodes),
enabled by more than one electron transfer per transition metal: M™Xy + nLi* + ne’= yLinyX + M° (n>2).20-21
Although there are long-known issues related to low reversibility, poor cycle life, and energy efficiency in
conversion electrodes, significant progress has been made in fundamental understanding of the conversion
mechanisms over the past several years. In particular, recent work revealed formation of a percolating network
of metallic nanopatrticles for electron transport, which is crucial to enabling the high cycling reversibility in
FeF2.22 However, due to the insulating nature of FeF», the electronic transport is a main limit to the kinetics of
conversion process, with slow propagation of the reaction front, “layer-by-layer”, into the bulk, during which the
Fe percolating network is gradually built up to provide the pathway for electronic transport.2® In addition,
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substitution of O for F to form iso-structural FeOF increases deliverable energy, with raised working voltage
and improved cycling stability by introducing covalent M—O bonds into the ionic fluoride structure.?* 25

Compared to FeF2, CuF: is more attractive for use as cathodes because of its high theoretical potential
(~3.55V) and specific capacity (528 mAh/g), offering an exceptionally high energy density (1,874 Wh/kg).
However, the electrochemical activity of CuF2 is low, and utilization of its full capacity was only recently
achieved by embedding CuF: into a conductive matrix.?6 Unfortunately, CuF2 only found application in primary
batteries due to the irreversibility of the Cu?*® redox reactions. The conversion reactions in CuFz involve highly
mobile Cu?* ions, which lead to coarsening and growth of large, isolated Cu particles during lithiation, making
reconversion difficult. In addition, Cu dissolution during charge results in considerable loss of capacity.?” By
incorporation of Cu into the FeF: crystal lattice to form solid solution CuyFe:-yF2, the redox reactions of
Cu®/Cu® were enabled.?® Although the reversible capacity of Cu conversion fades rapidly due to Cu
dissolution, the low hysteresis and high energy density suggest that a Cu-based fluoride cathode remains an
intriguing candidate for rechargeable LIBs.

Electrolyte and Interface/Interphases

In the past decade, extensive research efforts were devoted to the characterization of SEI on graphite anodes,
leading to significant improvement in our fundamental understanding of the SEI formation and associated
interfacial reaction processes in LIBs. On the other hand, the never-ending development of cathode materials
with increasing capacity, higher operating voltages, and distinct surface chemistry/morphology and
nanostructure continues to present new challenges to our understanding of, and approaches to, stabilizing the
cathode-electrolyte interface, and hence the viability of new cathodes. 2° Non-aqueous electrolytes with the
skeleton composition of LiPFs salt and organic carbonate solvents remain dominant in today’s LIBs since the
graphite anode and most cathodes can operate within their stable voltage window. But this may have to change
as high voltage (>4.5 V) cathode materials are now being considered for commercial application. In addition,
organic electrolyte is flammable, which has always been a safety concern.

Due to their tunable physical properties and generally low flammability, ionic liquids (ILs) are becoming an
appealing alternative to hazardous organic electrolytes in LIBs and other battery systems.3% 3! In addition, ILs
can work over a wide voltage window and help to form a favorable electrode—electrolyte interface. For example,
by using IL electrolyte, high capacity retention (>90% over more than 750 cycles) even at the 1C rate has been
demonstrated in Si/LMR-NMC full cells.3? The use of LIBs with IL electrolyte in the extreme environment of
space has also been demonstrated recently.®® ILs incorporating lone-pair-donating ether functionalities are
especially studied because such groups increase the solubility and mobility of lithium ions.
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3.4 Solid-State Li-Metal Batteries

Introduction

Use of a metallic Li anode, with 3840 mAh/g, has the potential to increase the energy density over that of Li-ion
batteries. However, it has been hotly debated whether this improvement justifies the safety risk associated with
replacing the graphite anode used in consumer batteries with metallic lithium. Achieving a stable Li anode will
also enable development of batteries with sulfur and air cathodes, providing low cost and sustainable batteries
with energy densities approaching liquid fuels. This section presents the challenge of using solid electrolytes to
protect the Li metal anode.

It is well understood that Li anodes can provide enhanced energy density only when the lithium capacity is
balanced with that of the cathode. If excess Li inventory must be included in the battery to compensate for a
gradual consumption of lithium by side reactions, the higher specific energy density promised by the lithium is
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essentially negated. Put to numbers, if side reactions or processes leading to physical isolation of lithium
reduce the lithium inventory by just 0.1% of the cell capacity for each cycle, then to achieve 1000 cycles
requires that the battery be assembled with a three-fold excess lithium. There is no gravimetric advantage to
use Li in this scenario.

The use of commercial Li metal batteries is limited largely because of historical safety problems when

Li rechargeable batteries were first commercialized in the 1980s. Although the prototype lithium batteries were
subjected to extensive testing, consumers used the batteries in unexpected ways, resulting in formation of
roughened Li, which led to catastrophic failures.* Current studies have identified ingenious approaches,
including electrolyte additives, engineered barriers, and self-healing interface coatings and host structures, to
improve control of Li plating in a liquid electrolyte,? but clearly a better solution is to replace flammable liquids
or gels with a nonflammable solid electrolyte. As described below, synthesizing the optimum solid electrolyte
and fabricating a thin robust membrane are difficult, and success is not assured.

To balance the capacity of a good high-energy Li-ion cathode, of say 6-7 mAh/cm?, requires moving ~30 pm of
Li per deep cycle over a few hours. To avoid excess Li, the thickness remaining at full discharge should be just
a few um to serve as the current collector. Further, pulse rates to strip and plate Li at 10-20 nm/s are needed
for the EV application. Such aggressive cycling in a solid state cell with good control of the Li inventory is rarely
demonstrated in practice. This has become a key performance metric for the Advanced Research Projects
Agency-Energy (ARPA-E) IONICs program® seeking demonstration of an accumulated Li plating exceeding

2 Ah/cm? at 3 mA/cm?, which approaches 700 h. Few room-temperature Li batteries have come close, although
cycling polymer electrolyte batteries at elevated temperature is promising,* as is room temperature cycling of
some thin film batteries with a Lipon electrolyte.®

Strong R&D efforts are underway at many locations to identify robust solid electrolytes that can be
manufactured as thin, cost-effective membranes; have high electronic resistivity; have low bulk and interface
ionic resistance; can achieve current densities of >1 mA/cm?; and are chemically and mechanically stable for
protecting the Li metal over the lifetime of the device.

State of the Art

The Solid Electrolyte

Many different classes and families of materials are being studied to meet this need, including some with Li* ion
conductivities as high as typical liquid electrolytes (> 1 mS/cm), considered superionic paths or sublattices.
Others are more traditional with ionic conduction via point defect carriers. A later section will discuss thin film
solid electrolytes, one example being Lipon, which in a thin-film lithium battery provides good cycle life and
stability.® While valuable for smaller devices, this is not cost effective for grid and vehicle application.

Lithium polymer electrolytes” are among the first and still most successful solid electrolytes demonstrated in
rechargeable lithium batteries. For better mechanical stability, block copolymers replaced homopolymers and
blends.® Because the ionic conductivity is low, commercial batteries with these electrolytes generally operate at
60-80°C. Gradual roughening of the lithium interface is still a concern, as are nodules formed in the lithium
perhaps due to impurities that can puncture a thin polymer membrane.® Single-ion conducting polymer
electrolytes with good mechanical properties are being sought. For most polymer electrolytes, the Li*
transference number is just 0.2-0.5; with a much higher t.i+, the requirement for very high conductivity is relaxed
by about an order of magnitude.

Ceramic electrolytes with a variety of structures, including polyanionic materials, can provide extraordinarily
high Li* lattice conductivities,*° although grain boundaries often limit the total conductivity. Because
stoichiometries vary, but also need to be precisely controlled for optimum transport, the electrolytes are simply
abbreviated as LAGP, LATP, LLTO, LLZO, LizOX, etc., for oxides containing P, Ge, Al, Ti, La, Zr, and
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halides X. Similarly, the families of ceramic sulfide and thiophosphate electrolytes are abbreviated as LPS and
LMPS, where Si, Ge, As, and Sn are common substitutions. Insight from theory and simulation has examined
different anion-host structures, demonstrating that lattices with interconnected tetrahedral sites provide lower
activation barriers for ion motion.'! Cation substitutions that minimize the energy barrier were also examined in
this work. Anion substitutions are less examined, although substitutions of S and N for O,? and substitutions of
halides for S,'2 are yielding better conductivities and Li and air stability. Much attention is directed to the
electrochemical stability windows for these electrolytes.'* As discussed further below, only a few prove either
stable or readily passivated for Li anodes. Most of the sulfide electrolytes appear to form thick reaction layers
with lithium metal. The choice of oxides versus sulfides presents other tradeoffs in membrane fabrication,
elastic shear modulus, and fracture toughness, which require more attention.

Glasses and glass-ceramic electrolyte have been synthesized by melts and recently by mechanochemical mill
processing.'® Because of the quenched amorphous structure, glasses offer greater compositional flexibility for
materials design. The Lipon solid electrolyte composition, for example, exists well outside of the normal glass
forming region.® Some of the most highly conductive electrolytes are thiophosphates and thiogermanates
partially substituted with oxide phosphates.*6:17

Although there are promising oxide, sulfide, polymer, ionomer, and glassy electrolyte materials at hand, no
single solid electrolyte can so far serve all the functional roles and practical manufacturing needs to enable
long-lived, room-temperature, solid-state Li batteries. Pragmatically, thin membranes formed as a composite*®
or laminate®® of multiple electrolytes are an attractive solution, yet the interfaces between different electrolytes
may greatly impede the Li* ion conductivity and perturb the uniformity of the current distribution. There are few
publications of the interface resistance between different electrolytes, and the results differ by many orders of
magnitude.?° Using single-ion polymers may eliminate some polarization at polymer/ceramic interfaces??; also
a composite electrolyte which is self-healing was formed by penetrating the void of a porous electrolyte
compact.?? To achieve high shear modulus for a polymer-ceramic composite requires either ~60 vol % ceramic
for randomly packed ceramic particles or less if the ceramic phase forms a continuous 3D network.?® A 3D
mesh of fused LLZO fibers was recently fabricated.?*

Interface with Lithium Metal

Recent assessments of the electrochemical stability for a variety of Li electrolytes!* provide a computational
method to evaluate the interfacial phases that may form at a Li/solid electrolyte interface. For many proposed
solid electrolyte materials, a thick reaction layer forms at the Li interface and/or the electrolyte is reduced
leading to electronic conductivity. Only a few solid electrolytes, one being lithium lanthanum zirconate (LLZO),
are expected to be stable with Li metal. Furthermore, LLZO is predicted to have a wide electrochemical
window, consistent with experiments finding a 6-V band gap.2>2% Interestingly, Lipon, on the other hand, is
predicted to have a small electrochemical window yet thin film batteries cycle with exceptional stability.
Presumabily, the Li /Lipon interface is readily passivated such that the atomically thin reaction neither
consumes significant capacity nor overwhelms the bulk resistance of the electrolyte.

Aside from this intrinsic reaction or passivation with lithium, the interface adhesion, uniformity, and possibly
contamination will also effect the cycling performance. This has been carefully investigated for the Li/LLZO
interface. When a polished Li sheet is simply pressed onto the solid electrolyte surface, the interface may be
very resistive. Cleaning the LLZO surface and heating the Li/LLZO together under pressure decrease the
interface resistance by 10- to 100-fold.?” Furthermore, deposition of an interface reaction layer, such as Si or
Zn0O, also greatly reduces the Li interface resistance and provides effective wetting of molten Li to the
surface.?® The lowest area specific resistances with either a coated or optimally cleaned surface are on the
order of 1-10 ohm-cm?,

Most solid electrolyte are evaluated by cycling symmetric cells with Li metal contacts, or in some cases Li-In
contacts, to evaluate current density and aging performance. For LLZO, there is a temperature-dependent
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critical current density or a critical applied voltage above which a lithium short circuit forms suddenly across
even a thick solid-electrolyte membrane.?” Such a failure mode is similar to decades-old reports of the beta-
alumina electrolyte failure modes. For LLZO this critical behavior appears to be related to the grain size, as well
as the temperature, and post-failure study indicates that lithium plates out along the grain boundaries.?®3°
There is evidence of internal reduction of the lithium, as well as Li incursion from the anode.3! Not all studies
report cycling pushed to failure, and thus it is possible that short circuits are avoided with very thin electrolytes
or for membranes with porous or 3D interfaces that provide a much higher Li contact area.

As above, the Li is most often applied to solid electrolytes by pressing and heating carefully prepared or
commercial Li sheets to the electrolyte surface; however, this may trap impurities at the interface. Alternatives
include: filling of a porous surface with molten Li,?® extrusion of Li in direct contact with the solid electrolyte,
and vacuum deposition from an evaporation source.3? Vapor deposition forms a dense and uniform film of Li at
the surface of the solid electrolyte, and because the solid electrolyte interface is rapidly buried by the growing Li
film, this surface is protected from contamination by background gases. Furthermore, the thickness of the vapor
grown Li film can be easily controlled to thicknesses < 1 um to minimize excess Li inventory. For some
batteries, it is possible to reduce the excess Li content to zero by electroplating Li from the cathode directly
onto the anode current collector.

Evolution of Lithium during Cycling

Anecdotally, the lithium microstructure evolves with deep and long cycling depending on confinement, but there
are few studies openly addressing this issue. Two relevant observations in the literature include: X-ray
tomography reveals lithium nodules after extended cycling with polystyrene-b-poly(ethylene oxide) block-
copolymers,®® and surface profilometry indicates gradual agglomeration of the lithium over thousands of cycles
of some thin film batteries, depending on the cathode and the duty cycle.®* Both of these processes eventually
cause battery failure. Unreported are experiences from Polyplus using ceramic membranes, Infinite Power
Solutions and other companies developing higher energy Lipon thin film batteries, and Bosch cycling optimized
commercial polymer batteries at higher temperatures.

Several current investigations of the mechanical properties of lithium metal itself may provide measures of the
elastic and plastic properties.®>¢ These are conducted under inert conditions using atomic force microscopy
and nanoindentation tools. It is widely assumed that a certain stack pressure is needed to maintain a dense
adherent lithium anode with the solid electrolyte, but to our knowledge, there are no relevant experiments or
simulations to address this behavior for a high energy configuration with a limited volume of Li metal. It will be
important to consider not only new solid electrolytes, but the consequences of interface properties and the
anticipated evolution upon deep cycling of 80 to 100% of the metal. In particular, how does the lithium evolve
upon either varying thickness of a thin coating, or the filling/emptying of a porous architecture?

Of course, solid state batteries are not limited to Li chemistry.®” Solid-state Na, Ag, Cu, etc., batteries have
been investigated starting from the heyday of $-alumina and the birth of the solid-state ionics community.

Technical and Cost Barriers

For solid state lithium batteries, the technical barriers are numerous and challenging. One reviewer notes that
opinion of the future success is influenced by prejudice and misjudgments, leading one to be overly optimistic
or overly pessimistic.3® There are many examples of solids with excellent Li* ionic conductivity, so challenges
lie elsewhere in taking these materials to functional cells. There are significant commercialization efforts to
push solid state batteries into particular markets®® driven by expectation of higher energy density, improved
safety, and lower cost.

To outline the technological challenges, it may be useful to consider the pathway from solid electrolyte material
to testing a full lithium battery:
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bulk solid electrolyte - thin membrane >
Li half-cell &> full cell > performance test

bulk Li anode - Li anode (3-30 um volume) >

Most research is focused on the bulk ionic conductivity of the electrolyte, striving for the “highest on record.”
Other properties need to be measured and reported to clarify the practical tradeoffs. These include: the
chemical stability (air, humidity, gases evolved), mechanical properties (intrinsic, bulk and thin membrane),
microstructure (powders, compacted and sintered membrane, density, typical flaws), and electronic resistivity.
If the electrolyte is not stable with Li, the possibility for Li alloys or anodes needs to be understood.

Similarly, it is important to consider and test the transition of what is known about the materials properties of
bulk Li to what is expected for a thin film that is extremely dynamic with plating and stripping of essentially a 3-
to-30 um thick sheet, as a monolith or as filled into a porous or engineered host. No doubt properties such as
bulk, grain boundary, and surface diffusion; creep and plastic flow; grain growth; impurity aggregation; and
passivation are important and need further investigation. The stack pressure to maintain a dense Li anode
needs to be tested with consideration of structure and interface properties.

For fabrication of the subassembly of Li and thin and dense solid electrolyte membrane, new scalable and
practical processing needs to be investigated. Tradeoffs of using lamination versus liquid and vapor processing
of the lithium need to be considered. It is important to begin limiting the amount of Li metal introduced for
cycling tests.

It is important to study full cells in addition to symmetric Li/Li cells, as the potential gradients across the solid
electrolyte will differ. The challenge of coupling to the cathode could be eased for the first generation of
batteries, preparing “almost-all-solid-state” batteries to gain experience and speed development. With
protection of the Li with a dense solid, a porous cathode could be wet with a gel or liquid or salt electrolyte, if
this is easier than engineering a fully solid composite.

Performance tests need to include a wide variety of cycle and storage tests. This should be initiated by
electrochemical tests of the bulk materials: for example, incorporating rest steps to assess stability and self-
discharge, and using reference electrodes and post-cycling characterization to determine interface resistance
and evolution with time. These and other evaluations that will impact the final product need to be initiated early
for the most promising solid electrolytes to accelerate development and projections for successful outcomes
with regard to safety, energy density, cost, and extended cycling and lifetime.
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3.5 Li-S Systems

Lithium-sulfur (Li-S) batteries have potential for exceptionally high theoretical energy density based on the
reversible reaction of S+2Li «<»Li-S (Figure 3-5),% 2 with a theoretical specific capacity of 1670 mAh g* and
energy of 2500 Wh kg. However, Li-S batteries also have many fundamental challenges, including the
formation of electronically insulating redox products of S/Li.S and the dissolution of lithium polysulfide
intermediates. As a result, Li-S batteries suffer from low sulfur utilization, low coulombic efficiency, and fast
capacity fading. Over the last decade, great progress has been made on understanding the detailed
electrochemical reaction pathways in the Li-S system and in developing strategies to extend the cycling life, but
most of the efforts have been focused on the materials and component levels. Some key fundamental
challenges have not been solved for practical applications and commercialization of the technology.

Figure 3-5. Schematic illustration of the charge and discharge processes in Li-S batteries. The
polysulfides formed during charge and discharge dissolve into the electrolyte and are shuttled
between the cathode and anode, causing capacity fading and self-discharge. Insoluble lithium
sulfides also deposit on the electrode surface causing electrode degradation.

State of the Art

The Sulfur Cathode

Different from conventional Li-ion cathodes, sulfur is not a stable electrode material because of the dissolution
of polysulfides formed during charge and discharge. For battery applications, the insulating nature of the sulfur
and polysulfides is also a problem. To address these challenges, great efforts have been made to develop
conducting sulfur composite cathode architectures to encapsulate the sulfur species and improve conductivity.
Nazar et al. first explored mesoporous carbon to capture the sulfur species and demonstrated a high specific
capacity of 1000 mAh/g.2 Up to date, a wide range of high surface area carbon forms has been explored,
demonstrating different levels of success. Examples include microporous and mesoporous carbon,* hollow
carbon sphere,® graphene,® hollow carbon nanofibers,” metal-organic framework particles,® and conductive
polymers.® Many different approaches have also been explored to functionalize the carbon surface and to
incorporate additives in order to further improve the binding between the sulfur species and the host materials.

Recently, conducting sulfur host materials with a polar surface towards Li* and polysulfide anions Sx* were
shown to be effective in trapping polysulfides through strong interfacial chemical interactions.*® These materials
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include TisO7'%, MXene phase Ti2C,*? and TiS2.13 This strategy is based on interfacial binding rather than
physical confinements. Good stability and capacity retention (up to 2000 cycles) were reported. In addition,
several groups reported the benefit of functional interlayers and membranes to reduce the polysulfide
dissolution in the electrolyte and reduce diffusion of the products towards the lithium anode.'#

The Electrolyte

Besides the cathode architecture, electrolytes also play a critical role in controlling polysulfide dissolution, the
reaction kinetics and stability of sulfur cathode and lithium metal anode. The most widely used conventional
electrolyte is based on ethers such as 1,2-dimethoxyethane (DME) and cyclic ether 1,3-dioxolane (DOL) as the
co-solvents with lithium bis(trifluoromethane)sulfonimide (LiTFSI) as the supporting salt. The regular DOL:DME
is a strong solvating system. Up to 6 M Li-Ss (based on atomic S concentration) can be dissolved. The soluble
polysulfides provide fast reaction kinetics compared with solid-solid reactions. Nevertheless, without
appropriate protection, the polysulfides will diffuse to the lithium anode during charge/discharge and cause
shuttling reactions. An important strategy is to reduce the solubility of polysulfides in the electrolyte. Very
recently, electrolytes with a low polysulfide solubility were studied to prevent dissolution and the shuttle effect.
Such new electrolytes provide an alternative approach compared to traditional solvating electrolytes or solid
state electrolytes for Li-S batteries.'®

The Anode

The stability of the lithium anode is also a major challenge for long cycling Li-S batteries. Compared to what
happens in Li-ion batteries, the lithium metal anode degradation in Li-S systems is caused by a complex
reaction with the polysulfide species in the electrolytes. For example, soluble polysulfide intermediates formed
during charge/discharge may migrate to the anode side and react with lithium metal, leading to anode
corrosion, short cycle life, and low coulombic efficiency. Unstable passivation layers are formed on the lithium
anode surface because of the presence of polysulfides and organic electrolytes. Various electrolyte additives,
such as LiNO3,'8 P,Ss,*” LIBOB,® Lil,*° etc., are used to protect Li metal by forming a protection layer. So far,
the LiNOs is the most effective additive to form a protection layer (LiNxOy decomposed from LiNOz) on lithium
metal, which alleviates the shuttle effect.?° Interestingly, the LiNOs and polysulfide were reported to have a
synergic effect that protects the lithium metal in Li-S batteries. However, the continuous consuming of LiNOz
during cycling is still an unsolved problem for long-term cycling stability. Recently, concentrated electrolytes
have been reported to help stabilize lithium metal by reducing the available solvent for chemical degradation.
Numerous studies were also reported on using protection layers on the lithium metal surfaces. In addition,
alternative anodes such as hybrid lithium, silicon, carbon, and alloys were explored to replace the lithium metal
anode. However, such alternative anodes also suffer from other mechanisms of degradation and reduce the
practical energy of Li-S batteries because of their lower capacity compared with lithium metal.

New Concepts

In order to stop polysulfide dissolution and prevent lithium metal anode failure, solid-state Li-S batteries have
been studied in which the liquid electrolyte is replaced by a solid electrolyte. Sion Power has been developing a
Li-S battery using a complicated protected lithium metal structure. High capacity (>1500 mAh g) and stable
cycling were reported using Li1sPSs as the solid electrolyte.? Recently, a new Li-S battery was developed
with excellent cycling stability. It uses a gradient ceramic membrane with a dense Li-ion conducting layer in the
middle and a porous layer on the cathode side to trap the sulfur species. Still, all-solid-state batteries are in
early stages of development. In general, solid state electrolytes have poor ion conductivity compared with liquid
electrolytes and thus give rise to sluggish reaction kinetics and low power. In addition, controlling interfacial
structure and charge transport across the interfaces between the solid electrolyte and electrode materials
remains a significant challenge. Furthermore, all-solid-state batteries are difficult to scale up for large scale
manufacturing.
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Rather than suppressing and reducing the dissolution of polysulfides, some new concepts take advantage of
the solubility of polysulfide species. Several groups explored liquid electrolyte-based batteries such as Li-S
redox flow batteries using polysulfide solutions or suspension in both organic- and water-based systems as the
cathode.??>23 In such systems, a high solubility of the active species is required. However, the low solubility and
precipitation of small lithium sulfide molecules become a problem unless the discharge voltage is controlled.
Furthermore, in most of the liquid-based electrode batteries, lithium metal degradation becomes more serious.

Technical Barriers

Although extended cycling life (up to 2000 cycles) has been reported in the literature, most studies were based
on thin film sulfur electrodes, low sulfur loading (< 2 mg S cm), and high carbon contents (30%-40 wt % in
electrodes). The use of nanostructured carbon is critical in alleviating the polysulfide dissolution problem, but at
the same time introduces a large amount of inactive materials and wasted space. Under these conditions, a
large amount of electrolyte, typically electrolyte/sulfur (E/S; ple/gs) ratio >10, is required to obtain good cycle
life. These approaches significantly sacrifice the volumetric and gravimetric energy of the system.

Recent studies suggested that a high sulfur loading (>6 mg cm2), a low porosity and carbon content, and a low
electrolyte amount are required to deliver a high energy density in Li-S battery systems.?* The high sulfur
utilization and low electrolyte amount present new fundamental and technological challenges. First, the low
porosity and small pore sizes imply that the wetting of the electrolyte becomes difficult. The electrochemical
reaction pathways, the distribution and transport of the liquid phases, and the reaction products could be
different. Similarly, because of the insulating nature of the sulfur species, the reduced conducting carbon
phase, low porosity, and small electrolyte amount, both the electronic and ion transport become much more
difficult. This will cause high resistance, low sulfur utilization, and poor cycling performance, particularly with
high currents. Furthermore, uncontrollable distribution and deposition of the reaction products on both the
cathode and anode could cause the battery to fail. The stress associated with the thick electrode and the large
volumetric change can also lead to breakdown of the electrode and the battery.

Perspective

From the above discussion, future high energy and high power Li-S batteries need to focus on the science of
high sulfur utilization in thick electrodes with low porosity and minimum amount of electrolyte and additive.

(1) There needs to be a better understanding of the polysulfide reaction mechanisms and the transport
pathways of the reaction species under high sulfur utilization. (2) New thick electrode architectures are needed
with stable and favorable interfaces between electrode and electrolyte and enhance electron and ion transport.
(3) New electrolytes should be possible to control the solubility of different phases, reduce polysulfide
dissolution, and optimize the reaction kinetics. (4) New concepts are needed to control the nucleation and
deposition of the sulfur species in order to reduce the utilization of high surface carbon and the amount of
electrolyte. (5) New electrode and battery design, such as solid and semi-solid batteries, could be developed to
overcome the fundamental barriers in Li-S systems.
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3.6 Lithium-Air Systems

Introduction

The Li-air (O2) battery has recently received significant attention because of its high theoretical specific
energy.>? Currently, four Li-air cell configurations (outlined in Figure 3-6) are being pursued in an attempt to
harness a modest fraction of this large specific energy.? In the nonaqueous, aprotic version (Figure 3-6A), and
the version that employs a solid-state electrolyte and operates under dry conditions (Figure 3-6B), the Li-O2
battery typically operates via the 2 e electrochemical formation and decomposition of lithium peroxide (Li2O2):

Anode: Li(s) » Li* + e Q)
Cathode: 2(Li* + €’) + O2 — Li202(s), U=2.96 V vs. Li/Li* (2)
Overall:  2Li(s) + O2(g) — Li202(s) (3)

In cells where the Li metal anode is protected by using a Li* conductive/water impermeable ceramic
membrane, an aqueous electrolyte can be employed in the cathode chamber (Figure 3-6C, D), and the active
electrochemical reaction at the cathode changes to a 4 e” process:

Cathode: 4(Li* + &) + Oz + 2H20 — 4LiOH, U=3.45 V vs. LilLi* (4)
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Overall:  4Li(s) + Oz + 2H20 — 4LiOH (5)

No architecture shown in Figure 3-6 has proven to be more effective than others, and tradeoffs between
possible performance, cell design complexity, safety, and energy density exist between each architecture. As
an example, the aprotic version (Figure 3-6) may provide the highest possible theoretical energy density
because water does not participate in the reversible reaction. However, Li2Oz is both insoluble in aprotic
solvents and a wide bandgap insulator, and therefore, it deposits on and passivates the cathode during
discharge. On the other hand, LiOH is soluble in aqueous electrolytes, such that passivation is less of a
concern in aqueous Li-air batteries. Of the four architectures shown in Figure 3-6, the aprotic version has
garnered the majority of research interest, likely because of the ease of cell assembly and design, as well as
the potential to theoretically achieve the highest energy density. Specific challenges for each configuration are
discussed more completely in the next section.

State of the Art

Despite their high theoretical specific energy, many significant challenges have so far limited all four
configurations shown in Figure 3-6 from achieving commercial viability.® As such, Li-air batteries are still in the
developmental stage (TRL 2-3), and researchers should pay particular attention to identifying solutions to the
challenges listed in Section 2.1.3.

Nonaqueous (aprotic) Li-Air Batteries

Limited rechargeability due to cathode and electrolyte instabilities is perhaps the single largest hurdle facing Li-
O: battery development. In fact, typical LIB liquid carbonate-based electrolytes cannot be used in aprotic Li-O>
batteries due to their high reactivity with reduced oxygen species. A typical aprotic Li-O2 cell composition
includes a cathode consisting of porous carbon powder bound to a stainless steel mesh using
polytetrafluoroethylene, an ether-based electrolyte (e.g., LITFSI dissolved in monoglyme or tetraglyme)
embedded into a porous glass fiber or polymer (e.g., Celgard) separator, and a Li metal anode. This cell has
provided among the best coulombic efficiency measured, as defined by the ratio of O2 evolved to O> consumed
during an equal-capacity galvanostatic charge and discharge, respectively, at roughly 90% after one cycle* and
~50% after 50 cycles.® Noting that all organic electrolytes studied to date have limited stability in a Li-O-
battery, a recent configuration in which an inorganic molten nitrate salt mixture (150°C, LiINO3/KNOs) was used
as the electrolyte attained substantially better electrolyte stability compared to an organic-based electrolyte cell,
and was able to achieve 50 cycles at 1-mAh/cm? depth of discharge at 0.25 mA/cm?2.® This cell’s cyclability was
ultimately limited by cathode carbon corrosion. New strategies will be necessary for all Li-air configurations,
such as development of new methods to protect the carbon from parasitic reactions with reduced oxygen
species, or the development of cost-effective, high-surface-area, stable alternatives to carbon.

44 ELECTRIC ENERGY STORAGE SYSTEMS: PRESENT AND NEXT GENERATION



ELECTRICAL ENERGY STORAGE FACTUAL STATUS DOCUMENT

Figure 3-6. Four architectures of Li-air batteries. (A) Aprotic architecture in which an aprotic organic
Li* electrolyte is in contact with both the Li metal anode and porous cathode. (B) Solid-state
architecture in which a Li*-conductive nonporous ceramic (e.g., LISICON, garnet, or Li>S-P.Ss glass)
“protects” the Li metal anode from O; crossover as it is being fed to the porous battery cathode.

(C and D) Architectures in which Li metal is protected using a nonporous ceramic, and an aqueous
electrolyte is used in the cathode chamber. Soluble LiOH is the primary discharge product at the
cathode in these configurations, although Li20:-hydrate has also been reported. Figure from ref. 2.
Reproduced with permission of American Chemical Society.

Regarding the measurement of rechargeability, numerous instances of long-term Li-air battery cycling have
been reported in the literature, with typical values being greater than 100 cycles at 1000 mAh per gram of
carbon contained in the cathode. These reports are typically based on repeated galvanostatic discharge-charge
cycles, with the ultimate rechargeability being inferred from how many cycles are achieved prior to cell failure
(where substantial current can no longer be sustained). In cells where large electrolyte volumes or exceedingly
small cathode carbon loadings are used (such that 1000 mAh/g of carbon is, in fact, an extremely small total
capacity), it is difficult to decouple the coulombic efficiency of the reversible Li-O2 electrochemistry from
electrochemical degradation of the electrolyte and cathode using galvanostatic cycling without another
quantitative measure of the Li-O2 electrochemistry. In the aprotic system (Figure 3-6A), the electrolyte and
cathode degradation are well-known challenges (as discussed above) that substantially contribute to
electrochemical capacity decline if not appropriately controlled. True rechargeability in a system should be
identified through quantitative measurements of Oz consumption and evolution during discharge and charge,
respectively. These measurements capture the coulombic efficiency of the battery reactions, and ideally, any
O2 consumed during discharge would be evolved during a charge of equal capacity, with Oz consumed/evolved
being equal over extended cycling. Unfortunately, very few reports of O2 consumption and evolution are
available, making it somewhat difficult to assess the current state-of-the-art in terms of rechargeability.

Another pressing challenge is Li.O2-induced electronic passivation of the oxygen electrode, which limits battery
energy density to a small fraction of its theoretical energy density.! Since Li.O is a wide bandgap insulator,
after the Li.O2 deposit reaches a critical thickness, the electronic conductivity of the cathode no longer can
support an electrochemical current, and the battery suffers a “sudden-death” well before its theoretical
maximum capacity. The cell capacity at which this “sudden death” occurs is also strongly dependent on
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discharge current, as would be expected given that a higher rate of electron transport means that a smaller
critical thickness for the Li2O2 deposit can support the electrochemistry.

Recent research has focused on electrolyte compositions that allow Li-O- formation through a “solution
mechanism,” allowing it to form in large aggregates through a process that is less prone to electronic
conductivity limitations, thereby dramatically enhancing the capacity of the cell. Using one of these strategies,
Gao et al. reported an areal capacity of ~10 mAh/cm? at 0.2 mA/cm?, which represents among the highest areal
capacities known for a Li-air battery.” On charge, these Li.O- aggregates pose a concern because Li>O: is an
insulator, disallowing charge transfer to Li2O2 not in intimate contact with the cathode surface. Soluble redox
active molecules are being pursued as an interesting strategy to allow charge transfer to disconnected Li-O2 to
occur through the solution, thereby reducing charge overpotential in cells where these aggregates form.8

Solid-State and Aqueous Electrolyte Configurations

In both aqueous and solid-state configurations of a Li-air battery, the Li metal electrode is separated from the
oxygen electrode by a Li*-conductive separator that is otherwise impermeable to all other matter. The
development of the Li*-conductive separator is critical to the success of both architectures, and associated
challenges are described more completely in Section 2.1.3.

For wholly solid-state Li-air batteries, engineering the interfaces between the electrodes and the solid-state
electrolyte is critically important. Lithium metal-induced reduction is a known problem with certain potential
solid-state Li* conductors, which can result in the formation of a large impedance surface layer. Engineering a
porous cathode that is both electronically and ionically conductive while reducing interfacial impedances with
the solid-state electrolyte will also be a challenge. Preliminary results on solid-state Li-air batteries appear to be
promising,® although many fundamental aspects of their operation are still left to be understood.

Aqueous Li-air batteries reduce issues associated with passivation at the cathode given the solubility of formed
products in the aqueous electrolyte, which in theory could allow these batteries to achieve better areal
capacities than aprotic Li-O2 batteries. For example, a 25 mAh/cm? discharge was achieved at 1 mA/cm? in a
concentrated LiOH electrolyte.'® Of course, it is critical to ensure that no defects form in the Li* separator
during agqueous cell operation given the high reactivity between water and Li metal. If such a design could be
guaranteed, the aqueous cell would be substantially safer than an aprotic cell due to the elimination of the
flammable organic electrolyte. The development of bifunctional 4e- oxygen reduction/evolution catalysts to
reduce discharge and charge overpotentials is also necessary, as is typical for any device that utilizes oxygen
electrochemistry.®
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Technical Barriers and Needs
Technical barriers and needs for Li-air batteries are given below.

Technical barriers and needs Component

Electronically conductive cathode materials that are stable during Li2O2 e Cathode
formation and oxidation

Oxygen reduction/evolution reaction bifunctional catalysts for agueous e Cathode

Li-O2 system

Cathode design to optimize O: diffusion for high rates e Cathode
Cathode/electrolyte designs to circumvent Li2O2 passivation e Cathode/Electrolyte

Design to enable low impedance interface between porous cathode and ® Cathode/electrolyte
solid electrolyte

Nonaqueous/solid electrolyte stable to Li-O2 cathode electrochemistry e Electrolyte

Electrolyte redox-active additives to improve battery capacity and/or to e Electrolyte
reduce charge transport limitations during charging

Stable, thin, gas/water impermeable Li* conductors e Electrolyte/anode
High coulombic efficiency, safe (dendrite-free cycling) Li metal anode * Anode

Quantitative measurements of gas consumed and evolved during battery <  Cell
operation to gauge true reversibility in new battery architectures

Air purification system or new pressurized tank cell designs * Pack/System
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3.7 Other Metal-Air System

Introduction

Metal-oxygen batteries are of great interest for energy storage because of their unparalleled theoretical energy
densities.'* They are assembled from a metal anode and an air-breathing cathode in a proper electrolyte. The
metal anode can be alkali metals (e.g., Li, Na and K), alkaline earth metals (e.g., Mg), or first-row transition
metals (e.g., Fe and Zn). The electrolyte can be aqueous or non-aqueous — depending on the nature of the
anode employed. The air-breathing cathode often has an open porous architecture that permits continuous
oxygen supply from surrounding air. Metal-air batteries combine the design features of battery anodes and fuel
cell cathodes.

The first primary zinc-air battery was

designed by Maiche dating back to

1878,5 and its commercial products

started to enter the market in 1932.°

Following that, aqueous iron-air,

aluminum-air, and magnesium-air

batteries were developed in the

1960s.”° Non-aqueous metal-air

batteries first emerged about two

decades ago, initially for Li-air, and

more recently for Na-air and K-air.™ Figure 3-7. Comparison of the battery chemistry between Li-O; batteries and K-O,
Particularly attractive are the emerging batteries.

superoxide-based Na-O: and K-O2

batteries because they are based on

the facile one-electron reduction/evolution of oxygen that forms sodium superoxide (NaO-) or potassium
superoxide KO>) as the discharge product (Figure 3-7). The quasi-reversible one-electron redox reaction (O2 +
e — O) eliminates the use of electrocatalysts and achieves low overpotentials, which are particularly
beneficial during the charging process. These superoxide-based metal-air batteries provide promising solutions
for energy storage applications with high energy efficiencies and low cost.
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State of the Art

Superoxide-Based Metal-Oxygen Batteries

Hartmann et al. reported the first rechargeable sodium superoxide

battery in 2013.2 Independently, Wu et al. reported the first

potassium superoxide battery the same year.® Both studies elegantly

show the benefits of the single-electron oxygen redox in reducing

overpotentials even in the absence of electrocatalysts. Recently, a

Li-O2 battery with LiO2 as the discharge product was reported.° It

requires a specially designed cathode, Ir-rGO, to enable the

stabilization of LiO2. It was suggested that the IrsLi intermetallic

compound that formed, which has a similar crystal structure with

LiOz, could act a template for the growth of LiO2. Despite the similar m
operating principle of these superoxide batteries, only KOz is

thermodynamically stable (Figure 3-8). The spontaneous decay of Figure 3-8. Scanning electron microscopy
NaO: into Na20O2 was observed when the discharged cathode was Image of KOz crystals on carban fibers. From

Xiao et al., ACS Applied Materials &
rested.'? Interfaces, 2017, 9 (5), 4301-4308.

The above pioneering studies have stimulated further detailed investigations. For example, McCloskey et al.
used the differential electrochemistry mass spectrometry technique to confirm that NaO: is the predominant
discharge product in their Na-O: cell employing an ether-based electrolyte.'? A theoretical calculation based on
the surface energies of different sodium oxide crystals concluded that bulk Na20: is preferred under standard
operating conditions while NaO: is more stable at the nanoscale and/or under elevated oxygen partial
pressure.’® In order to determine the reason behind the lower charging overpotential NaO2 compared to NazO»,
Siegel et al. calculated the theoretical conductivity values for these species.** Nazar et al. investigated the role
of phase-transfer catalysis in Na-O2 cells by comparing the discharge capacity with electrolytes that contain
different amounts of water.?® It is shown that even trace amounts of water in the electrolyte can significantly
increase the capacity of the Na-O: battery. Furthermore, they also demonstrated that other proton donors (such
as anhydrous acetic acid and benzoic acid) also contribute to the growth of NaO: crystals.

Developing electrolytes compatible with both the
alkali metals and superoxide is crucial. The idea of
superconcentrated electrolyte has been introduced
for Na-O; batteries by Wu et al.'® In their system,
the high concentration of the organic salt, sodium
trifluoromethanesulfonimide (NaTFSI), helps
stabilize dimethyl sulfoxide (DMSO) molecules in
the presence of sodium, where DMSO is known as
a high-donor number solvent that benefits the
electrochemical performance of Na-O: cells. Highly
concentrated solutions (>3 mol/kg) resultin a
solvation structure of loosely crosslinked

Figure 3-9. The unique solvated structure in superconcentrated Na(DMSO)3TFS| units that binds up a |arge portion

gx:?ég’af::lg.lectrolyte. From He et al., Angew. Chem. Int. Ed., of the DMSO molecules as confirmed by ab-initio
molecular dynamics simulation (Figure 3-9), leaving
only few molecules available for reaction with Na
metal. Sodium preferentially attacks the TFSI
anions and forms a passivating protective layer that
is composed of the inorganic side products.
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The same group also found that a solvent- and Oz-impermeable layer can be formed in-situ on the K metal
surface with 1M potassium bis(trifluoromethanesulfonyl)imide (KTFSI) in ether electrolyte. This protection layer
is surprisingly effective in inhibiting the K anode decay by blocking ether molecules and O2 crossover. As a
result, K-O2 batteries have obtained excellent cycle stability over 60 cycles (~ 700 hours) even under a
pressurized Oz environment, which is over 10 times better than that of the K-O: battery without the protection
layer. This study highlights the importance of K anode protection and the potential of achieving long-life K
anodes in K-O2 batteries.

Aqueous Metal-Air Batteries

Metals such as Zn, Fe, Al, and Mg have been used in aqueous metal-air batteries.*17-1° Developing efficient
and stable bifunctional electrocatalysts for oxygen reduction and evolution plays the decisive role to improving
battery performance. The oxygen reduction reaction (ORR) mainly takes place at the triple-phase boundary
where the solid electrode is simultaneously interfaced with liquid electrolyte and gaseous O2. As a
consequence, developing active air catalysts to expedite the ORR kinetics and designing proper electrode
architecture to enlarge the triple-phase boundary would greatly benefit the battery discharge performance.
Existing knowledge accumulated for alkaline fuel cells can be readily transplanted to aid the research of Zn-air
batteries. Over the past several decades, a large variety of materials, ranging from precious metals (e.g., Pt
and Ag) to non-precious metal oxides (e.g., MnOx and CoOx) or even metal-free carbonaceous materials (e.g.,
nitrogen-doped carbon nanotubes or graphene), have been investigated as the air catalyst.*?%2! A few high-
performance bifunctional electrocatalysts have been successfully developed in just the last decade.*182224
Alternatively, the bifunctionality of the air cathode can be achieved via the proper combination of multiple
functional components.®

However, even with the combination of best available ORR and oxygen evolution reaction (OER) catalysts, the
polarization of the air cathode between charge and discharge is still so large that the round-trip energy
efficiency of rechargeable Zn-air batteries would unlikely go beyond 65% at current densities pertinent to
practical applications. The durability of the catalysts under alternating reductive-oxidative environments during
discharge-charge cycles also limits the cycling stability. Rational design of the air electrode in terms of an
interfacial structure with optimal hydrophilicity and integration of catalysts into the air electrode is critical to
optimize the catalytic activity and avoid flooding of the catalytic active sites. Furthermore, the metallic anode
needs to be specifically engineered so as to suppress its corrosion and non-uniform dissolution/deposition.
Without properly resolving this issue, the long-term cycling stability of rechargeable Zn-air batteries would not
be achieved, but so far it is relatively overlooked.

Technical and Cost Barriers

The main barrier of superoxide batteries is suppressing metal dendrites and identifying an electrolyte system
with good compatibility with the highly reactive alkali metals. Surface coating, replacing alkali metal with the
alloy, optimizing electrolyte to form a stable protective layer on the metal surface, using membranes to block
oxygen crossover are effective methods. The electrolyte should also be stable with reactive superoxide radicals
(02). As an example, the cyclability of K-O2 batteries with a KPFs/DME electrolyte was found to be limited by
the decay of the K anode due to oxygen crossover and the electrolyte decomposition on the anode.?® The
resultant overgrowth of the anode surface layer not only causes the huge increase of battery internal
resistance, but also results in the depletion of both the anode and the electrolyte.?® When using KTFSI salt in
ether electrolyte, a solvent- and Oz-impermeable protection layer was in-situ formed on the K anode surface.?’
The excellent protection ability of this interfacial layer greatly enhanced the K anode stability, enabling very
stable cycling over 700 hours even under pressurized Oz environment. In future development, high-throughput
screening is desirable to efficiently extract useful insights from a vast chemical space for electrolyte design and
development.
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Systematic studies of the ORR/OER Kkinetics are also needed. The ORR occurs at the three-phase interface
(gaseous oxygen-liquid electrolyte—conductive electrode), while the OER involves electrochemical oxidation of
superoxide that requires understanding the charge transport in the superoxide crystals and probably takes
place at the three-phase interface of liquid electrolyte—superoxide crystal-conductive electrode. Thus, rational
design of the oxygen electrode in terms of the porosity, pore size distribution, and surface wetting is critical to
optimize the loading of discharge products and rate performance.

Safety is another concern due to the high reactivity of alkali metals. The reactive metal anode may be replaced
by a more stable intercalation or alloy type electrode. For example, an antimony-based electrode exhibits a
reversible storage capacity of 650 mAh/g corresponding to the formation of a cubic KsSb alloy. Layered MoS:2
can also be used as an alternative K* storage material. The formation of Ko.sM0S2 was identified during the K*
intercalation process. In addition, MoS: has been shown to have excellent stability for repetitive K* intercalation
and de-intercalation.

Current superoxide batteries use pure oxygen instead of air. It is desirable for these batteries to breathe air
directly. However, moisture and CO: will induce side reactions with both the metal electrode and the
superoxide discharge product. The consumption of active materials will decrease coulombic efficiency and
cycle life.
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3.8 Next Generation Systems (Na-ion,
Mg-ion, Zn-ion: aqueous and
non-agqueous)

Introduction

In the last several decades, LIB systems have achieved notoriety as the archetypal working ion for reversible
electrochemical intercalation (or insertion) in batteries. However, LIBs are not ideal for certain applications due
to cost or stored energy density limits,* thereby requiring new technologies to be developed. For instance,
alternative intercalation working ions, such as sodium, magnesium, and zinc, are receiving considerable
attention as potential next-generation intercalation batteries due to their conceptual similarity with Li-ion
batteries as well as potential cost ($ kwh), stored energy (Wh kg* or Wh L), or power (W kg?) benefits.

Various degrees of commercialization have been achieved with next-generation intercalation working ions;
however, most effort to date has been limited to R&D. Several significant challenges must be overcome before
full market integration is realized for these potential battery technologies. Aqueous systems are typically
considered more feasible for grid-scale applications when cost, discharge rate, and cycle life are prioritized;
whereas, non-aqueous systems typically provide higher energy densities consistent with transportation and
portable electronics. Some cost and energy densities are compared in Figure 3-10 for non-aqueous systems,
which were determined by adapting Argonne National Laboratory’s Lithium lon BatPaC Model for Electric-Drive
Vehicles? using calculated voltage, capacity, and rate capability estimates from the Materials Project.3

Figure 3-10. Pack-level comparison of non-aqueous intercalation energy storage
chemistries considering cathode structure types, working ion, and metallic
anodes (graphite, in the case of LIBs). Values are estimated by the Battery
Performance and Cost Model? with materials properties input from the
Materials Project.® Useable energy is identified for EV applications.

Like LIBs, sodium-ion batteries (SIBs) rely on a monovalent cation but introduce several additionally attractive
features and tradeoffs for specific applications.*® Most notably, SIBs have low cost projections, particularly due
to utilization of inexpensive materials that are non-variant in market pricing. The theoretical energy density for
non-aqueous SIBs is ~250 Wh kg (pouch cell) when utilizing high capacity electrodes as determined by the
BatPaC model.? Additionally, safety concerns, relative to LIBs, are mitigated. For example, SIBs negate the
need of cobalt in the cathode material, which is considered a health concern. Also, SIBs have shown high
durability and can be discharged to 0 V, stored for months, and cycled well for hundreds of cycles when
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restarted. They can be shipped in zero-charge state, unlike LIBs, which are shipped at 30% state of charge,
resulting in safety concerns, particularly in large size formats. Finally, the thermal stability of SIBs is superior to
charged LiFePOs (LIB), according to data compiled from accelerating rate calorimetry results by Faradion Ltd.

Nonaqueous multivalent metal cells are promising for advanced energy storage technologies due to their
enhanced theoretical coulometric capacity, limited dendrite formation, and low cost. From Figure 3-10, the
proposed next-generation batteries based on multivalent ions can surpass the current performance of LIB
technology in terms of specific energy and cost. Non-aqueous Mg-ion batteries, for example, are very
interesting as next-generation batteries and present a number of promising features, including high volumetric
capacities,® similar ionic radius compared with Li*ions,” relatively low migration activation barrier energy for
diffusion in certain cathode materials,® and highly-efficient reversible Mg deposition on metal anodes.®

State of the Art

Sodium-lon Batteries

At present, SIBs come in non-aqueous and aqueous electrolyte media. For both, the electrochemical storage
reactions rely principally on the intercalation reaction mechanism for sodium cations into host electrodes.*®
Both aqueous and non-aqueous SIBs are currently in the mature device stage.

Non-aqueous SIBs can provide nominally 3.3 V voltage and modest power capability in prismatic and 18650
cells based on hard carbon as the anode and either NaVPO4F or layered sodium transition metal oxides as the
cathode. The working energy density of prototypes designed for the e-mobility application is 140-150 Wh kg
(prismatic cell) developed by Faradion Ltd. in the UK and 95 Wh kg for the 18650 cylindrical cell developed in
France by RS2E and CEA organizations. These cells have been cycled to 3000 cycles at rates demonstrating
good power. The U.S. is notably absent in involvement with these chemistries.

Aqueous SIBs are dominated in the U.S. by Aquion Energy (~25 kWh module size) for grid storage
applications, utilizing a hard carbon or sodium titanium phosphate anode material coupled with sodium
manganese oxide cathode and sodium sulfate water-based electrolyte. Energy density is not quoted, but is
likely low (< 30 Wh kg?); however, the cost is anticipated to be very low due to sustainable inexpensive
precursors such as manganese, carbon, water, and sodium sulfate salt. Cycle life and safety are excellent. In
Korea, grid storage sodium-seawater aqueous batteries are under mature development. These designs use a
dual electrolyte in which a sodiated Sn anode is bathed in non-aqueous electrolyte that is separated by a
NASICON ceramic membrane. These are paired with a carbon cathode (air electrode) loaded with catalyst for
oxygen reduction/evolution reactions (ORR/OER) using seawater flowing across the electrode. Sodium cations
are extracted from seawater and transported through NASICON and alloy with Sn-based anode at voltages
approximately 2.8 V; reversibility is excellent. This high-energy-density grid storage battery is in the process of
being scaled up and has a planned commercialized future in Asia, as an example of an aggressive pursuit of
SIB.

Zn-lon Batteries

Non-aqueous zinc-ion batteries (nag-ZIBs) are limited to research-level development and are not currently
reduced to practice or commercially available; however, several systems consisting of Zn metal anode and a
reversible intercalation cathodes have recently been reported. Zinc non-aqueous electrolytes have been
identified to electrochemically deposit reversibly on Zn metal anodes and possess a wide electrochemical
stability window (~3.8 V vs. Zn?*/Zn), which has enabled a pathway toward a multivalent rechargeable battery
with high voltage cathode material.’° Fully reversible nag-ZIB chemistries have been established in research
laboratories: hydrated Zn/nanostructured bilayered V205! or 5~-MnO:- cells with acetonitrile-Zn(TFSI)2
electrolytes demonstrate good reversibility and stability for 120+ cycles with nearly 100% coulombic efficiency
and energy densities of ~170 mAh g and ~100 mAh g%, respectively (albeit operating at low cell voltages of
only 0.8 V and 1.2 V, respectively, vs. Zn/Zn?*).
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Aqueous ZIBs have been considered primarily as low cost opportunities for grid storage applications. As with
their nag-ZIB cousins, development of ag-ZIBs is limited to research-scale activities with no known
commercialization due to a limited choice of functioning positive intercalation/insertion electrodes. Several
cathodes have been investigated and shown to have underperforming performance (metal-hexacyanoferrates
and MnQy),1213141516 githough conversion reactions in ag-ZIB cathodes (MnO2) have been reported with
reasonable efficiency and lifetime.” A recent report proposed a feasible intercalation cathode: vanadium oxide
bronze pillared by interlayer Zn?* ions and water (Zno.2sV20s-nH20) achieved a capacity of 300 mAh g* at high
rates.®

Mg-lon Batteries

Magnesium-ion batteries (MIBs) were first considered two decades ago'®?° and have garnered newfound
attention with the first successfully demonstrated reversible MIB reported in 2000 based on a molybdenum
sulfide cathode, Mg-metal anode, and a Grignard reagent-based electrolyte.?* To date, MIBs are not
commercially available primarily due to the significant scientific challenges being faced, e.g., electrolyte
reductive stability, availability of high-voltage Mg insertion cathodes, and slow kinetics. As such, MIB research
is still in a nescient stage; however, significant progress in understanding has been accomplished in recent
years as highlighted in several review articles.?%:22:23.24.25.26,27.28

To improve Mg deposition, electrolyte development has seen the replacement of Grignard reagents with all-Mg
complexes, non-polarizing anion species in various solvents, and ionic liquids?23242528; however, reductive
stability at high voltages is still a challenge.?® The relationship between the electrolyte and Mg-metal anode
toward efficient and reversible electrochemical magnesium deposition has been investigated.*° To date,
demonstration of feasible cathode materials has been limited to sulfides, with inherent low voltages (< 1.2 V vs.
Mg/Mg?*), and layered oxides, with cycle lifetime limitations.?” Several high-voltage (2.8-3.8 V vs. Mg/Mg?)
dense oxide materials have been predicted to have sufficient Mg mobility for MIB applications, suggesting they
may be important Mg insertion materials.?®?” Despite these reports and the high potential for nag-MIBs, to date,
no reversible Mg insertion at high voltages capable of obtaining theoretical energy densities in excess of LIBs
has been established.

Technical and Cost Barriers

Across all potential next-generation rechargeable batteries with working ion intercalation, the technical barriers
are fundamentally tied to materials discovery, i.e., identifying functional active materials (especially cathodes),
developing chemically and electrochemically stable (e.g., corrosion) active and inactive components, and
determining charge transport rates in bulk components and across interfaces. A significant potential market for
energy storage products, unsatisfied by existing technology for multivalent working ions, can be realized by
solving these challenges. A summary of technical barriers broadly applicable to these systems is provided
below.

Note that the technology readiness level of MIBs and ZIBs is relatively low (level 2-3), so more analysis is
required to accurately predict the cost barriers for market infiltration; however, aqueous systems are very
promising, as is nag-MIB, for cost per kWh competitiveness. The more advanced SIB technology is less limited
by existing materials, but rather optimization and cost structures. For example, NaPFs, the current salt used in
SIB electrolyte, is costly but is expected to decrease in price with market growth.
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Anodes

Electrolytes

Cathodes

e Enhance coulombic efficiency of reversible metal deposition.

e Expand electrochemical stability window up to 4 V (vs. M/M?*) while maintaining oxidative
stability.

e Establish anodic decomposition mechanisms and mitigation strategies.

e Improve low-temperature (<30 °C) performance.

¢ |dentify electrolyte additives or other strategy for enhancing interface stability.

e Lower cost of salts/solvents.

o Potentially replace solvent-based electrolytes with ionic liquids or solid polymer electrodes
with sufficient transport and stability properties.

¢ |dentify and engineer material with high specific capacity, rate capabilities, and stability for
high-voltage >3.0 V operation.

¢ Modify interfacial surface for enhanced stability

e Increase working ion transport (bulk and interface).
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3.9 New Cell Designs (3D batteries, thin-film
batteries, bi-polar batteries)

Introduction

Improvements in electrochemical power sources are absolutely critical for enabling innovation in a wide range
of applications. For any particular energy storage chemistry, the design, synthesis, and discovery of new
materials is paramount, but innovations in new materials is not a linear process. Therefore, innovation in cell
design is critical for extracting the maximum performance from known materials used for energy storage. For
almost any cell chemistry, new cell construction can be used to maximize electrical contact to active materials,
as well as to minimize diffusion lengths between anodes and cathodes to increase power density and to extend
cycle life. The overall goal is to develop a device that has the high energy density of a battery but with the high
power density of an ultracapacitor, while extending cycle life and safety.'? This is a tall order.

Whereas thin film (2D) batteries can be used to great effect for small devices (such as for IOT applications),
they are not likely to be able to provide reasonable capacities or power densities required for large-scale
applications. Three-dimensional (3D) batteries, on the other hand, are challenging to make reproducibly with
low cost and high throughput.® This section of the report will discuss new designs for electrode morphologies,
as well as overall cell construction with a particular emphasis on Li-ion battery chemistry as one of the most
advanced examples on the market, with a very large overall market share.

State of the Art: Nanostructure Electrodes

Incorporation of small particles of active material into slurry-based 2D electrodes has had enormous success in
the manufacture of conventional Li-ion batteries, but limitations in energy and power densities are rapidly
approaching.* As new materials are incorporated into cells, attention to the relevant surface reactions that are
possible, as well as diffusion processes and interfacial resistances, is becoming increasingly important. It is
well known that increasing the surface area of electrodes can be used to increase the accessible capacity as
well as the cycle life of many candidate materials,® particularly high-energy-density conversion materials that
exhibit large volume change,® but increasing the amount of active material loaded onto a current collector, with
excellent electrical contact, is still a challenge. Advances in the synthesis and surface chemistry of
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nanostructured electrodes are being made (Figure 3-11).” Current methods for making nanostructured
electrodes include solution phase synthesis, chemical vapor deposition, and electrodeposition, and these
synthetic methods are each being exploited for improving the morphology of the active materials such that
there is controlled porosity with continuous electrical conductivity.® In theory, these methods could be scaled
for large-scale manufacturing. However, often these materials are simply incorporated into conventional slurry-
based electrodes, and the energy and power density at the full cell level are still intimately tied to each other.

Figure 3-11. General strategies for performance enhancement and their rationale: (a) reduction of dimensions of active materials, (b)
formation of composites, (c) doping and functionalization, (d) tuning of particle morphology, (e) formation of coatings or shells around
active materials, and (f) modification of electrolyte.’

Traditional battery designs with 2D geometries require fairly large footprint areas to achieve practical
capacities. The common strategy for increasing capacity is to increase the areal loading of the active materials
(making the electrodes thicker). However, this strategy is not a viable approach because the mechanical
integrity of the film decreases with increasing thickness (due to expansion and contraction of the active
materials during cycling)®, and also because thicker films reduce the power density of the device. Although
reducing the particle size of the active material to nanostructured dimensions is helpful, the incorporation of
those particles into conventional electrodes still results in a 2D battery. In general, 2D battery designs result in
a compromise between energy density and power density because of the limitation in footprint area. Three-
dimensional batteries, in comparison, should achieve an order of magnitude more capacity per footprint.
Moreover, with 3D configurations, there is also the promise that these batteries can achieve both high energy
density and high power density within a small footprint area.

A true 3D battery should have all three components interdigitated such that the Li-ion diffusion path into and
between electrodes is short. A recent example is shown in Figure 3-12,1° and several other possible
architectures have been proposed.!! The most significant challenge to realizing a 3D battery reproducibly is the
application of conformal, pinhole-free electrolytes that can be deposited with controlled thickness.*?
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Technical and Cost Barriers

Although a range of synthetic methods can be used to make nanostructured electrodes, integrating all three
components of a battery into a 3D battery is still a significant challenge. The most significant challenge to
realizing a 3D battery reproducibly is the application of conformal, pinhole-free electrolytes that can be
deposited with controlled thickness.'® Another significant challenge is that surface-mediated parasitic reactions
(such as uncontrolled SEI formation) are exaggerated on high-surface-area electrodes.'* There is still much to
learn about interfacial chemistry, particularly since very little is known about how conventional liquid electrolytes
form solid-electrolyte interphases on new high energy density materials. Often conventional additives are used
(additives that have been developed for graphite), with very few guiding hypotheses for why such additives are
used.

Finally, manufacturing methods are critically needed for mesostructured materials that are low cost and highly
controlled. The use of techno-economic modeling in academic work is very welcome; however, these models
are typically based on conventional manufacturing. Some new work spanning different battery types is being
developed,'® and there are a few companies striving to commercialize 3D electrodes or full batteries using
novel manufacturing methods (M24, Prieto Battery Inc., and Xerion Advanced Battery Corp.). The barrier to
entry for these technologies into the market place will hinge on the success of developing novel manufacturing
methods that can be scaled effectively to meet the very large markets waiting for advances in high energy
density, high power density batteries that are safe and have long cycle lives.

Figure 3-12. Device assembly and structural architecture. (a) Schematics of the layer-
by-layer process used to assemble 3D devices in an aerogel and (b,c) cross-section
SEM images of the first polyethyleneimine/ carbon nanotube (PEI/CNT) electrode
(left column), the PEI/CNT electrode with separator (middle column), and the full
device (right column). Scale bars: (b) 50 mm and (c) 2 mm. From Ref. 10.
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3.10 Electrochemical Capacitive Systems

Introduction

Electrochemical capacitive systems (colloquially referred to as “supercapacitors”) are a class of energy storage
devices characterized by specific power and energy densities that bridge the gap between the high power
density of dielectric capacitors and the high energy density of batteries. Electrochemical capacitive systems are
classified by their mechanism of charge storage: non-faradaic (electrical double-layer capacitors), faradaic
(pseudocapacitors), and a combination of the two (hybrid devices).

Dielectric capacitors store charge in the electric field between parallel conductive plates. The energy stored is
proportional to the capacitance, C, and the square of the voltage, V:

E=—CV? (1)

c=2 2)

where ¢ is the permittivity of the dielectric, A is the surface area of the parallel plate, and d is the charge
separation distance (here the distance between plates). Charge storage is non-faradaic because the process is
electrostatic and does not involve redox reactions.

Electrical double-layer capacitors (EDLCs) are based on the double layer that forms at the electrode-electrolyte
interface from the electrostatic attraction between the ions of an electrolyte and the charges present on the
electrode surface. Electrochemical cells consist of activated carbon electrodes with high surface area (SA,
1000-2000 m? g*) and organic solvents containing solvated ions (e.g., quaternary ammonium salts in
acetonitrile).! The effective thickness of the double layer, d, is typically less than 1 nm, and the electrical
double-layer capacitance is ~10-20 yF cm=.? The electrochemical cell is modeled as two capacitors in series
with a total capacitance equal to:

1 _ Cpln 3)

Ctotal Cp+Cn

where Cp and Cn are equal to the capacitances of the cathode and anode, respectively. The combination of
high SA and atomically small separation distance leads to orders of magnitude improvement in energy density
over dielectric capacitors. Typical values of ~200 F g* have been reported for activated carbon electrodes.?
Commercial devices demonstrate a lower specific capacitance of ~100 F g* (4-5 Wh kg as a packaged
device) as not all surfaces are accessible to the electrolyte, especially when using practical levels of mass
loading.®

Pseudocapacitance arises from redox reactions whose electrochemical features appear capacitive
(Figure 3-13). There are several faradaic mechanisms that can lead to pseudocapacitance: underpotential
deposition, redox pseudocapacitance, and intercalation pseudocapacitance.* Electrochemical capacitive
research has focused on redox and intercalation pseudocapacitance in recent years, as underpotential
deposition is unsuitable for high-rate energy storage due to the formation of metal dendrites.

Several metal oxides, such as RuO2 and MnO3, as well as conjugated polymers, have been studied extensively
for their promising redox pseudocapacitance.>5"8 The pseudocapacitance of metal oxide systems is known to
originate from successive electron-transfer redox reactions at cation sites, particularly in agueous systems. The
multi-electron redox process in these materials leads to high specific capacitances (1450 F g for hydrous
RuO2, 1233 F g* for MnO2). However, the high cost of RuO: has prevented its commercialization, whereas the
inability to utilize the sub-surface sites of MnO; has limited its use to thick-film, practical applications.®
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Conducting polymers (CPs) can either be p- or n-doped with anions or cations, respectively, and exhibit good
performance due their combination of conductivity, porosity, and SA. Polyaniline (PANI) is an especially
promising CP because of its variable oxidation states and low cost, as well as the ease with which electrical
properties can be manipulated. Electrodeposited PANI films with high specific capacitance of ~2300 F g* and
good retention up to 1,000 cycles have been reported.® Polypyrrole, polythiophene, and their derivatives not
only demonstrate excellent capacitive storage properties but also mechanical flexibility, low cost, and
environmental stability. When CPs are used in bulk, however, they suffer from poor cyclability, which restricts
their practical utilization. The focus of CPs in supercapacitor applications has, therefore, been directed toward
fabricating hybrid systems to maximize the combined advantages of both conducting polymers and metal
oxides.

State of the Art

Carbon is an ideal electrode material for EDLCs because of its high conductivity, large surface area, and low
density. Various carbon allotropes have been investigated in EDLCs. 12121 The low specific capacitance of
commercial carbon-based EDLCs compared to values obtained in research settings is often attributed to the
high SA contributed by micropores (<2 nm), which are unable to accommodate solvated ions. The traditional
view of electrolyte accessibility and pore size has recently been altered, as a 100% increase in normalized
capacitance (~15 yF cm) can be achieved when the pore size is equal to the crystallographic diameter of the
ion.** This behavior is due to the closer approach of the ion to the electrode surface, thereby decreasing the
effective thickness of the double layer. As in battery electrodes, electrolyte access is an important factor in
transitioning from thin to thick films for practical applications. Commercially available activated carbon has a
high specific SA but low mesoporosity (2-50 nm), which has been targeted as a critical feature for electrolyte
access.® The utilization of high SA carbon with porosity tailored to EDLC applications has become a topic of
considerable interest and has prompted the investigation of carbon nanotubes and graphene. One of the most
promising systems to date is based on the facile synthesis of high SA holey-graphene (1560 m? g1), which
achieves nearly 300 F g* at 250 W kg™.16

Recent developments in electrolytes, specifically ionic liquids and redox-active electrolytes, are also leading to
advances in EDLCs, Commercial EDLCs are limited to a nominal operating voltage of 3 V due to the oxidative
and reductive degradation of the organic electrolyte. Room-temperature ionic liquids have been utilized with
high SA carbon electrodes in an effort to increase the device operating voltage. lonic liquids are composed
solely of ions and offer large electrochemical stability windows, chemical stability, and negligible vapor
pressure. [Pyris][PFe] offers a window from ~2 to 8 V vs. standard hydrogen electrode (-1 to 5 V vs. Li), and an
energy density of ~50 Wh kg™ has been reported for a symmetric conductive carbon cell.1”8 Furthermore, the
use of redox-active electrolytes can provide an additional increase in energy density. Potassium iodide in
aqueous electrolyte can increase the specific capacitance of high SA carbon electrodes from 100 to 1,200 F g*
while undergoing up to a six-electron process.*® A common problem with the use of redox-active electrolytes is
that the oxidized or reduced products can diffuse and lead to self-discharge of the device. The functionalization
of both the cation and anion of ionic liquids with redox-active moieties combines higher operating voltages with
increased capacitance.?’ By tethering additives to the ions, the solubility of redox-active species is increased
and the oxidized/reduced species are doubly charged, leading to strong electrosorption in the charged state
and negligible self-discharge.
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Figure 3-13. Comparison of electrochemical features and materials for EDLCs, redox pseudocapacitors,
intercalation pseudocapacitors, and batteries.®

Pseudocapacitive materials based on rapid Li-ion insertion have also generated significant interest because
redox materials can be designed and engineered for high energy and power densities. In some cases, these
pseudocapacitive materials have crystalline features that allow for facile ion-transport (intrinsic
pseudocapacitors). For example, T-phase niobium oxide possesses relatively open crystallographic pathways
for Li-ion transport, which leads to specific capacitances of ~400 F g*.2! In other cases, traditional lithium-ion
battery materials can be nanostructured to exhibit pseudocapacitance (extrinsic pseudocapacitors).® This is
due to the ability of nanoparticles to accommodate strain during intercalation/de-intercalation and suppress
phase transformations. Lithium cobalt oxide achieves ~75 mAh g for particles of <20 nm at specific currents
typically used in supercapacitor devices.?? Two-dimensional materials such as transition metal dichalcogenides
have also been of interest as pseudocapacitive materials because their layered structures enable facile ion
transport and high rate capabilities. This behavior is observed in nano-sized TiS2 and MoS2 where capacities of
~120 mAh g* at high rates are demonstrated.?32*

Hybrid devices that combine a pseudocapacitor or battery electrode with a high SA carbon electrode can
overcome the intrinsic energy density limits for EDLCs. The inclusion of a pseudocapacitor electrode with a
specific capacitance greater than that of activated carbon will increase the energy density of the hybrid
according to Eg. 3. For lithium-ion pseudocapacitor or battery electrodes, the greater the difference between
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the lithiation window/potential of the active material and the chemical potential of carbon vs. Li (~3 V), the
greater the increase in the operating voltage of the device. This results in a large increase in energy density
and is realized even at low states of charge, where the full capacity of the redox-active electrode is not utilized
(Figure 3-14).?5 Lithium titanate (LTO) has been investigated for its use as an anode in hybrid devices. The
operating potential of LTO (1.55 V vs. Li) avoids the reductive decomposition of electrolyte, and its theoretical
capacity (175 mAh g?) offers four times the specific energy density of activated carbon. The LTO is particularly
well-suited for cycling at high charge/discharge rates with respectable energy density in the hybrid device

(~35 Wh kg).28 Hybrid devices that utilize traditional battery electrodes can offer even greater energy densities
than that of pseudocapacitive electrodes. For example, graphite has a high theoretical capacity (372 mAh g?)
and low lithiation potential vs. Li (0.01 V vs. Li), resulting in an energy density of 30 Wh kg for commercial
devices.?> However, the active material must be pre-doped with lithium for appreciable rate capability, and
since the lithiation potential lies in the decomposition region of organic electrolytes, SEI formation reduces rate
capabilities.

Figure 3-14. Voltage profiles of lithium-ion hybrid devices using battery electrodes.?

Technical and Cost Barriers

As electrochemical capacitor (EC) systems continue to increase in both specific and volumetric energy
densities, their commercial applications and market values do as well. The global supercapacitor market,
evaluated near 500 million dollars in 2015, is expected to become a multibillion dollar market by 2022 with
compound annual growth rates estimated at 20%-29%.%7-2

Much of the current market is for the automotive industry. Through their essentially unlimited cycle life and fast
charge/discharge times, ECs can provide sufficient power density for peak current situations and regenerative
braking in hybrid buses/automobiles and trains. When used in conjunction with traditional battery systems, ECs
can extend the lifetime of vehicle energy storage systems by reducing the number of cycles and maximum
current seen by the battery. An additional benefit of ECs is that they are much less susceptible to poor
performance from large temperature fluctuations. For this reason, ECs are frequently used in heavy-duty
vehicles, such as large trucks and cranes in cold temperatures in order to provide short bursts of power. For
grid-level applications, ECs are used for frequency smoothing to ameliorate large deviations from 60 Hz. Other
uses of ECs include intermittent storage mechanisms for wind and solar power, as well as uninterruptible
power systems, where backup power is provided to preserve critical functions.*2°
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11 Redox Flow Batteries

Introduction

Redox flow batteries were introduced during the energy crises of the 1970s.! Flow batteries store energy using
redox couples dissolved in electrolytic solutions that are circulated through electrochemical reactors to
alternately charge or discharge the battery. For example, in the all-vanadium flow battery, an aqueous solution
containing sulfuric acid and V(I1)/V(lll) circulates through the negative electrode while a solution containing acid
and V(IV)/V(V) circulates through the positive electrode. The following reactions occur when the battery is

discharged:
Negative: V25 V3 + e
Positive: VO2* + 2H* + e— VO?* + H20
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Cell voltage:  1.26 V; gravimetric energy density: 29 Wh kg

The architecture of flow batteries, depicted
schematically in Figure 3-15,2 is distinct from
conventional batteries like Pb-acid and Li-ion
because the energy is stored outside of the
electrode structures. This arrangement allows
flow batteries to utilize active materials with low
energy density cost effectively by minimizing the
ratio of inactive to active material. Flow batteries
are particularly suited to stationary applications
that require MW of power to be discharged over
four or more hours.® The reactors in an MWh
battery may contain 200 or more bipolar cells,
each with an area of up to 1 m2. A cell consists of
a solid bipolar separator plate surrounded by an
electrically insulating frame and two porous
electrodes separated by an ion exchange
Figure 3-15. Schematic diagram of an all-vanadium redox flow cell. membrane. Typically, the separator plate is a
Adapted from Ref. 2. carbon composite, the frame is plastic, the
porous electrodes are carbon papers or felts, and the ion-exchange membrane is similar to a fluorinated
polymer such as Nafion. The redox reactions in most flow batteries do not stress the electrode materials
because they only require electron transfer and not morphological or structural changes. Efficiently delivering
the electrolyte from the storage tanks to the flow cells by minimizing pumping and shunt current losses is an
important aspect of system design. Shunt currents are a particularly acute problem because the electrolyte
solutions in most flow batteries are very conductive. The forced convection inherent to flow batteries leads to
much greater areal power densities than is possible in conventional enclosed batteries, where diffusion and
migration are the dominant modes of transport in the electrolyte.

State of the Art

Table 3-4 is an incomplete list of inorganic couples that have been studied for flow batteries. In a cost effective
flow battery, the potential difference between the positive and negative couples should be large, all four
oxidation states should be very soluble, and the redox compounds should be inexpensive. The necessity of
attaining a large potential difference is hindered by the need to avoid oxygen and hydrogen evolution in
aqueous electrolytes, especially when charging. This limits the maximum open-circuit voltage of flow batteries
with aqueous electrolytes to ~1.5 V. Flow batteries that have been demonstrated at scale include: iron-chrome,
all-vanadium, zinc-bromine, and sodium-polysulfide. Systems that plate a metal like Zn or Fe on a stationary
electrode are hybrid flow batteries that lack the distinct separation of power and energy that flow batteries
relying solely on dissolved redox compounds possess.

TABLE 3-4: Inorganic redox couples studied for flow batteries.

Negative Couples Positive Couples
Zn/Zn* Cr2*/Cr3* V23 H,/H* Fe?*/Fe3* VO /VO,* Br/Br, Cce3*/Ce**
-0.76 -0.42 -0.26 0.00 0.77 1.00 1.08 1.74
<&Increasing hydrogen evolution Oxygen evolution, carbon corrosion—->
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All-vanadium flow batteries, invented in the 1980s,* have been commercially deployed at >100 kW scale since
1996 in Japan, Europe, Australia, and the USA. The all-vanadium system possesses many compelling
attributes, including an open-circuit voltage of ~1.5 V, vanadium ion solubilities exceeding 1.6 mol/L, and the
ability to completely recover from cross contamination of the positive and negative electrolytes. Sumitomo
Electric offers 20 years of life with an unlimited number of cycles.® Unfortunately, vanadium is currently $29/kg,
which corresponds to $73/kWh, a large fraction of the $150/kWh target stated by DOE for four hours of
storage.® The price of vanadium has fluctuated from $14/kg to $84/kg over the last decade.

There has been a recent resurgence of research
into flow batteries driven by the growing
” deployment of wind and solar, which generate
— 5 ——pH Ppowerintermittently. One thrust has been into the
| ” design and synthesis of tailored organic redox
HO — S 0 compounds like the anthraquinone-2,6-disulfonate
| molecule depicted in Figure 3-16.” The redox
o] 0 potential and solubility of organics can be tuned by
the addition of electron donating and withdrawing
Figure 3-16. Anthraquinone-2,6-disulfonate. groups.® Another recent approach combines larger
active molecules, ranging from oligomers to
polymers and colloids, with separators having pores with molecular dimensions to eliminate crossover.® The
replacement of water with organic solvents opens routes to higher cell voltages and higher solubility of organic
active species.'® These theoretical advantages need to offset the higher solvent and salt costs in order to lead
to a net cost benefit. Dramatic improvements in the areal power density of electrochemical reactors through
changes to electrode, flow field, and membrane design have been described recently.!! These improvements
translate directly to lower reactor cost.

o
o

0

Redox flow batteries can be used to store energy from wind and solar when conditions favor production, and
release energy when production is low, in order to maintain constant, reliable output. Redox flow batteries are
also suitable for load-leveling and grid support. They offer the capability to prevent service interruptions in the
event of failure and to prevent voltage spikes, voltage sags, and power outages that last for periods from a few
cycles (less than a second) to minutes, protecting production and data for customers. The use of flow batteries
for electric power transmission applications provides effective use of existing plant investment, flexibility in
operation, and better response to price changes. Stored electricity can be made readily available to meet
immediate changes in demand, allowing effective operation of base load units at high and essentially constant
levels of power. Redox flow batteries use off-peak power for pumping and charging. This stabilizes operations
and provides flexibility for buying or selling electricity during peak or off-peak periods. Modular construction
allows high power rating, long energy storage time, and excellent response time; full power can be delivered in
a few seconds. Such characteristics are important in the competitive electricity market. At the generation level,
energy storage can be used to increase the load factor, helping utilities cope with load increases and covering
operating and contingency reserves. Thus, there is a significant potential market for energy storage products.

Presently, installations of flow batteries on the grid lag those of lithium-ion batteries. Flow batteries are best
suited to applications requiring MW of power discharged over the course of more than four hours. To date,
most installations of batteries on the grid have been for frequency regulation, which does not require long
discharge times. The market for hours of energy storage is nascent and fragmented. Furthermore, the prices of
lithium-ion batteries have fallen sharply in recent years to $145/kWh for cells in transportation applications,*?
making them more competitive for projects with long discharge times. Finally, flow battery technology is
relatively new and unfamiliar, while customers are gaining familiarity with lithium-ion.
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Technical Barriers

A significant potential market for energy storage products, unsatisfied by existing technology, exists within the
range from several hundred megawatts and several hours of storage to the multi-megawatt level. The nascent
market for electricity storage systems is in conjunction with renewable energy sources, such as photovoltaic
generation and wind power energy systems. Capital cost is the largest barrier preventing widespread adoption
of flow batteries. The technically strong all-vanadium system is hampered by the high cost of vanadium.
Replacing vanadium with tailored organic molecules offers the promise of significantly lower costs. These
tailored molecules should be based on inexpensive precursors, and need to match the voltage and solubilities
achieved with vanadium. The active species in an all-vanadium battery do not decay, and tailored molecules
will need to demonstrate a path to decades of durability. Expensive fluorinated ion-exchange membranes, like
Nafion, contribute significantly to reactor cost. Replacement with simpler polymers that can, in conjunction with
large active species, prevent crossover could address this cost. The durability of carbon electrodes and bipolar
plates at the potential of the positive electrode needs to be confirmed. Improving the catalytic activity of the
electrode materials will also play a role in lower cost.
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3.12 Reversible Fuel Cells

Introduction

Reversible or regenerative fuel cells first received attention in the 1960s as energy-storage devices for the
space program.>? Generally, reversible fuel cells discharge by converting stored hydrogen and oxygen to water
and charge by converting water to oxygen and hydrogen. Figure 3-17 shows a schematic diagram of the major
components in a reversible fuel cells system. The arrangement in the diagram is referred to as discrete
because the fuel cell and electrolyzer are distinct modules. When a single component accomplishes the
functions of both the fuel and the electrolyzer, the system is called “unitized.” A single device should increase
energy density, critical in aerospace applications, and reduce capital cost. Unfortunately, this approach
significantly increases durability challenges because electrodes are exposed to much wider voltage ranges.
The system depicted in Figure 3-17 is closed as the fuel, oxidant, and water are all stored. A completely closed
system is necessary for some aerospace applications. In terrestrial applications, the water and oxygen do not
necessarily need to be stored, as indicated by the hatched lines. The oxygen feed to the fuel cell can be
replaced with ambient air, and the oxygen generated by the electrolyzer can be vented. Similarly, the water
feed to the electrolyzer can be taken from an external supply and the water generated by the fuel cell can be
vented. For grid energy storage, the hydrogen would probably be stored in stainless steel tanks at <20 MPa.
Electrical work, 1V, is supplied to the electrolyzer to split water and charge the system. The fuel cell generates a
smaller amount of electrical work and heat when the system is discharged. The electrolysis reaction can be
either exothermic or endothermic. Low temperature systems based on cationic or anionic exchange
membranes are invariably exothermic because of the sluggish kinetics of the oxygen evolution reaction, but
electrolysis at high temperatures in solid oxide systems can be endothermic.

Figure 3-17. Schematic diagram of a reversible fuel cell system showing major components.

State of the Art

The most mature reversible fuel cells are based on polymer cation exchange membranes. These systems are
severely hindered by the sluggish kinetics of water oxidation and oxygen reduction at normal operating
temperatures even with precious metal catalysts (<80°C). Round trip efficiencies range from 40% to 50% (see
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Table 3-5), which means that a large difference between peak and off-peak electricity prices is necessary to
generate positive net revenue. Adoption is also hindered by high capital costs driven by the high cost of
commercial fluorinated cation exchange membranes and precious metal catalysts. Unitizing the fuel cell and
electrolyzer has proven to be difficult largely because of catalyst layer degradation driven by the large electrode
potential changes encountered when switching from charging to discharging. Water management is another
challenge because fuel cells need to reject product water, which is usually accomplished with hydrophobic
structures, while electrolyzers need to feed water to the anode catalyst layer, which tends to necessitate open,
hydrophilic structures.

TABLE 3-5: Representative round trip efficiencies for reversible fuel cells.?

System Charge carrier Round trip efficiency
Cation exchange membrane H* 40-50%
Anion exchange membrane OH- 30-40%
Solid oxide 0% 60-80%
Solid oxide H* 60-80%

Reversible fuel cells using anion exchange
membranes are theoretically appealing because
oxygen reduction and water oxidation can be
accomplished without noble metal catalysts in
basic media. However, anion exchange
membranes are not as mature as cation exchange
membranes like Nafion. Furthermore, poisoning by
carbon dioxide is an issue for open systems.
Reported peak power densities for reversible fuel
cells with anion exchange membranes are less
than half of those reported for cation exchange
membranes. Round trip efficiencies ranging from
30% to 40% have been demonstrated. Water
management challenges are similar for cation and
anion exchange membrane systems.

Solid oxide fuel cells have been under
Figure 3-18. Thermodynamic voltages for electrolysis as a function of development for decades because they promise
temperature. high efficiency and compatibility with hydrocarbon

fuels. Interest in solid oxide electrolyzers is more
recent. Oxygen reduction and water oxidation are much more efficient in solid oxide cells at high temperature
(>750°C for O% conductors) than they are in low temperature cells with polymer membranes. This, in
combination with thin electrolyte and electrode layers, leads to peak power densities that can surpass systems
with cation exchange membranes. Round trip efficiencies range from 60% to 80%. Figure 3-18 shows the
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thermoneutral (enthalpy), reversible (Gibbs energy), and reversible heat voltages for the reaction: H2+ %2 O2 —
H20 (9).

Electrolysis of water becomes endothermic when the operating voltage is between the thermoneutral and
reversible voltages. The efficiency of electrolysis, defined as the lower heating value of the hydrogen produced
divided by the electrical energy input, is greater than one under these conditions. The necessary heat input
could be provided by a high temperature source of waste heat or it could be returned from the fuel cell, which is
exothermic. This would require efficient storage of thermal energy and careful thermal integration. Solid oxide
systems can also electrolyze simple hydrocarbons like methane and methanol, opening the possibility of cycles
not based on water.?

High temperature proton conductors (500-750°C) are a relatively new class of solid oxide fuel cells. They tend
to be less efficient than higher temperature oxide conducting solid oxide cells. However, the lower temperature
offers access to a wider variety of materials of construction, including potentially stainless steels. Another
benefit of proton conductors for electrolysis is that the product water is generated on the oxygen side, which
eliminates the need for separation in open systems.

Technical Barriers

A significant potential market for energy storage products, unsatisfied by existing technology, exists within the
range from several hundred megawatts and several hours of storage to the multi-megawatt level. The nascent
market for electricity storage systems is in conjunction with renewable energy sources, such as photovoltaic
generation and wind power energy systems. The adoption of low temperature reversible fuel cells with either
cationic or anionic exchange membranes is hindered by high capital costs and low round trip efficiencies. The
prospects for achieving efficiencies that are competitive with conventional batteries in low temperature systems
appear to be low given the long-standing issues of sluggish oxygen reduction and evolution kinetics.

Considerable resources have been directed at improving the kinetics of these reactions over several decades,
and breakthroughs that results in an increase of >10% in round-trip efficiency are unlikely. Solid oxide systems
have demonstrated higher efficiencies, in large part because oxygen evolution and reduction are less
problematic at elevated temperature. Durability, especially of electrolyzers, remains a significant challenge for
solid oxide systems. Thermal integration is important, since thermal cycles are known to degrade solid oxide
fuel cells, and the system is likely to be exothermic when discharging and endothermic when charging.
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4 STATUS OF SCIENCE AND
TECHNOLOGY OF ENERGY STORAGE

4.1 Electrochemistry Theory

This section encapsulates the state of the art in electrochemistry, with emphasis on advances in areas relevant
to electrochemical energy storage (EES) since the last DOE EES workshop in 2007.% Electrochemistry stands
as the basis for EES technologies. These technologies may be broadly classified into chemical and capacitive
storage. Though this distinction is somewhat blurred in some cases (e.g., conducting polymer-based
supercapacitors), the electrochemical tools used to characterize such systems are often similar. The period
between roughly 1990 and 2007 was characterized by tremendous advances in the development of
“hyphenated” techniques, in which various spectroscopies, spectrometries, and other methods (including
scanning probe-based methods) were combined with electrochemical experiments. These developments
provided a new level of understanding of both the interface(s) in electrochemical systems and the materials
being examined. These advances have continued and are summarized below. In addition, the application of
theory to electrochemical experiments began in earnest during that time period, and has advanced
considerably since. Some of these “theory” topics, including molecular dynamics, quantum chemical and similar
methods, are reviewed in other chapters of this report. Those are excluded from this discussion. Also not
discussed is the use of finite element tools (such as the commercial program COMSOL™) for simulation of
electrochemical systems, which has propagated widely through the field.2 This chapter offers opinions about
areas that would benefit from more work or seem ripe to have more impact, especially those that are directly
relevant to EES.

4.1.1 CHARGE TRANSFER

The transfer of charge across an interface remains one of the fundamental events in many EES systems. The
study of electron and ion transfer has a long history in electrochemistry. Recent advances that are relevant to
EES have offered new understanding for this key step. Savéant recently reviewed the area of multi-electron
transfer in electrocatalysis. This work is ultimately relevant both to multi-step electrocatalytic processes and to
multi-step redox processes that have high-energy, single-electron intermediates, such as will be relevant for
next generation batteries based on multi-electron redox systems.® Xu and coworkers studied the barrier to Li*
transfer across the electrolyte/graphite interface, offering a rare understanding of how desolvation can influence
ion transfer across such an interface.* Bazant recently offered an important new understanding of how non-
equilibrium thermodynamics can influence the kinetics of charge transfer in phase-change battery materials.®
He demonstrated the importance of redox-driven phase transformations in controlling charge transfer rates,
where, for example, reaction rates may be influenced by

chemical potential gradients, phase separation, large

electric fields, or mechanical stresses. These findings are

relevant for insertion materials, and will be especially

relevant for conversion materials and any battery anodes

or cathodes comprised of multi-phase active materials.

Application of this model in concert with synchrotron-

based liquid scanning transmission X-ray microscopy has

provided the first thorough description of the interplay

between charge transfer kinetics, lithiation, and phase

separation/transformation in LixPO4.® Figure 4-1 shows an

example of the experimentally determined dependence of Figure 4-1. Dependence of LiPO, phase separation on
phase separation in LixPO as a function of lithiation rate. lithiation rate.®
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The rate dependence of phase separation is ultimately the result of a non-monotonic dependence of local
current density on degree of lithiation, as proposed by Bazant using a general phase-field theory of chemical
kinetics based on nonequilibrium thermodynamics. These results point to the opportunity for electrode
engineering and battery management based on fundamental principles.

4.1.2 NEW LIQUID AND SOLID ELECTROLYTES AND NEW MATERIALS AND ARCHITECTURES

Most energy storage technologies rely on either aqueous or “traditional” non-aqueous supporting electrolyte
systems. The non-aqueous systems tend to be focused on organic solvents such as propylene carbonate,
dialkyl carbonates, etc. There has been a recent surge of interest in ionic liquids (ILs) as possible electrolytes
for energy storage systems.” These materials have low volatility, a broad range of physical properties
(viscosity, conductivity, acid-base character, etc.), and chemical properties that should be tunable. Recent work
shows that the chemical properties of ILs can strongly influence the reversibility of electrodeposition at multi-
electron metal anodes.? There also are solid-state analogues, some of which are polymeric, that also have
attractive properties. Some of these materials show promise as anion exchange membranes suitable for redox
flow battery systems.® To the extent that ILs are relevant to EES, much remains to be done to develop new ILs
and explore their chemical and physical properties. A very large, new area that has emerged since the last EES
workshop involves various uses of graphene-based materials. Graphene and graphene oxide have been used
widely both as “electrode” materials and as additives in various formulations relevant to EES.° Much remains
to be done in this emerging area. Finally, nanomaterials have become a mainstream staple, being used in a
wide variety of formulations relevant to EES systems. Several reviews relevant to EES have covered metallic
nanoparticles,'* metal oxide nanoparticles,*? metal sulfide nanoparticles,® polymeric nanomaterials,'* and a
range of carbonaceous nanomaterials.'® The use of architecture at the nanoscale has been emphasized as a
way to control transport of electrons and molecular species (ionic and neutral), a key attribute of highly
functioning energy storage materials.'® Methods for mesoscopic control of architecture have allowed control of
the electrochemical behavior of EES systems.” Finally, a resurgence of interest in redox active polymeric
materials (e.g., redox active polymers and colloids) has enabled new approaches to redox flow batteries.8

4.1.3 DOUBLE LAYER STUDIES

Studies of the electrochemical double layer have a long history in electrochemical science. For “traditional”
aqueous and non-aqueous (organic) electrolytes, double layer models are well-established and tested, making
such systems reasonably well understood. For newer media, such as ILs, theory has been developed,® but
there remains a paucity of experimental tests of these newer models.?° As mentioned above, to the extent that
ILs are relevant to EES, studies of their interfacial, chemical, and physical properties could be an area of
emphasis.

4.1.4 CHARACTERIZATION OF THE ELECTRODE-ELECTROLYTE INTERFACE AND ELECTROCHEMICAL
MATERIALS

As discussed above, for much of the past three decades, electrochemists have worked to develop new and
better tools to characterize electrochemical interfaces—in many cases, under in situ or operando conditions.
Much of the key work focused on use of X-ray spectroscopies due to the ability of X-rays to penetrate into and
through electrochemical interfaces. By now, synchrotron X-ray experiments have become a common tool for
understanding both electrochemical interfaces and the bulk materials used in many EES applications. The area
has transitioned from development of the tools [e.g. X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS)] to their application to a wide range of different EES
materials and systems. A recent review focuses on methods employing photons and neutrons, including the
important synchrotron-based tools.?! Recent work has expanded the repertoire of available methods. Meng and
coworkers showed that in situ strain measurements, revealed by coherent X-ray diffractive imaging (available
at synchrotron light sources), can provide an understanding of interparticle disconnects between single
nanoparticles.??> Many other techniques also have been used: scanning probe methods (atomic force
microscopy, scanning tunneling microscopy, and scanning electrochemical microscopy), reflection infrared
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spectroscopy, Raman spectroscopy, sum-frequency generation, etc. A recent review covers some of these
various techniques as applied to obtaining a molecular level view of the solid-liquid interface.?® Other methods
continue to be advanced. For example, Shao-Horn and coworkers have described the use of ambient pressure
photoelectron spectroscopy in understanding electrochemical materials.?* Grey and coworkers have pioneered
the use of nuclear magnetic resonance (NMR) techniques to characterize battery materials. A recent review
offers an excellent survey of the use of NMR for a variety of nuclei, describes what can be learned from the
technique, and provides illustrative examples of the application of NMR to several battery materials.?> With the
continued technological improvements in NMR spectrometers suitable for solid state techniques, this method
has the potential to be much more widely used, especially since it offers a detailed look at battery materials in
an element-selective way.

A new area that has emerged since the last EES workshop uses high resolution electron microscopy (EM) for
in situ studies of electrochemical processes. A recent review discusses the use of EM for specimens in liquid
environments.?® Huang and coworkers described the use of high resolution EM to monitor the lithiation of a
single SnO2 nanowire electrode.?” Zheng and coworkers combined in situ transmission EM with X-ray
microscopy and X-ray absorption spectroscopy to study Mg electrodeposition in a chloride-containing
electrolyte.?® These studies show the unique power of direct observation of interfacial and phase transformation
processes in EES systems. As more high resolution EM instruments are made available, especially aberration-
corrected ones capable of sub-Angstrom resolution, these techniques will prove their worth in the EES area.

A new frontier in electrochemistry is its application to stochastic events, such as electrochemical studies of
single molecules, single nanoparticles, and single nanopores.?® Van Duyne and coworkers combined the power
of tip-enhanced Raman spectroscopy with the sensitivity of nanoscale electrochemical measurements to detect
single redox events.*® Measurements focused on single (nano)particles are becoming more common in the
study of redox systems relevant to EES.3132 For example, electrocatalytic properties of individual nanoparticles
have been studied on the basis of their collisions with catalytically inert microelectrodes.®33* Also, there are
recent reports of electrochemical measurements on catalytic centers comprised of individual atomic species.®®
These reports suggest that electrocatalytic materials can be deposited in an atom-by-atom manner. Finally, in
an important development, the electrochemical evolution of gas is becoming better understood, based on
pioneering efforts by the White group to understand the nucleation and growth of single nanobubbles.3¢ These
studies will be critical to the first-principles design of efficient, next-generation, gas-evolving electrodes, which
are key to air-breathing batteries.

4.1.5 SUMMARY

The evolution of the field over the past few decades from new tool development toward tool refinement and
application of these tools to specific EES systems has continued. In our opinion, the field is more focused on
the science and technology of EES than ever before. Further, the practitioners of electrochemistry engaged in
EES research are no longer all trained as electrochemists, but rather range from materials scientists to
synthetic and physical chemists. Because of this, and because of the sophistication of the electrochemical,
spectroscopic, and other types of tools now available for studying EES systems, collaborative efforts are more
important than ever before.
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4.2 Structure-Processing-Property Relationships

Understanding structure-processing-property relationships for anodes, cathodes, and electrolytes is critical to
the rational design and development of next generation energy storage technologies. Appropriate structures
can emphasize high power, high energy, or long lifetime. To access every electroactive particle and maximize
utilization, internal pathways for both electrons and ions must be low-resistance and continuous, connecting all
regions of the battery electrode.! Appropriate processing can maximize beneficial and minimize detrimental
aspects of material structures, promoting desired properties for functional systems. For example, scientifically
informed design of thin electrodes with selected architectures has been proposed to protect electrodes from
parasitic reactions, accommodate mechanical stress due to volumetric changes, and optimize charge carrier
mobility.?

Some structure-processing approaches apply to the anode, cathode, and electrolyte in concert. There has
been recent progress in processing methods where each battery component can be deposited sequentially
(e.g., printing methods®* and physical vapor deposition®). Other approaches apply specifically to the electrodes
(anode or cathode). Within an electrode, mass transport limitations can affect structures over various length
scales (encompassing crystallite and aggregate size).®” Even conventional processing methods such as
electrode slurry preparation can benefit from deliberate control of process variables to achieve desired
mesoscale structures.® Notably, non-redox active components (e.g., binders) can play a critical role in
processing, where the functional capacity and capacity retention can be dramatically impacted with formation of
highly conductive and hierarchically porous networks, which promote both electronic and ionic transport.®°
While recognizing some overlap, specific structure-processing-property relationships most relevant to anodes,
cathodes, or electrolytes are highlighted below.
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4.2.1 ANODES

Nanostructuring to reduce path lengths is an approach which has been
applied broadly for high capacity anode materials.** A potential
disadvantage of using nanoparticles as anodes is the inherent high
resistance due to weak interparticle contact limiting the electron collection
efficiency in the current collector. Many researchers have addressed this
by using anisotropic nanostructures (Figure 4-2).12 Emerging structural
designs for anodes have been categorized as low-dimensional, inter-
spatial, or composite with ordered-array, cross-aligned, alternating-layer,
or 3D porous as representative heterostructures.*?

While graphite has been a dominant anode material historically for
lithium-ion batteries, more recently carbon nanotubes,41516
graphene,'”1819 and their resulting heterostructures have been of interest | figure 4-2. schematic of isotropic (top)
both as active materials (for anodes) and conductive additives (for and anisotropic (bottom) nanoparticle
anodes _ar.1d cathodes) due to their _unique mprphology ar?d high 2:;:3:|1;:£'t‘;d;°::e‘:"::tr’;‘_"mi“m"
conductivity. In carbon nanotubes, intercalation capacity is no longer

limited to LiCs as structural defects can significantly affect the morphologies of the nanotubes and influence
their capacities.* For sodium-ion battery systems there is a structural mismatch of the graphite interlayer
spacing and Na* ion radius. Therefore, hard carbons are a preferred anode,? and particle size is critical to
achieve reversibility.?*

LisTisO12 (LTO) has a defect spinel structure that can be written as Li[Liw3Tis3]O4 and can reversibly
accommodate lithium to yield the rock salt-type phase Liz[Li13Tisis]O4 in a zero-strain insertion process.?? Large-
pore mesoporous LTO thin film electrodes have shown excellent rate capability and stable cycling due to the
combined benefits of their crystallographic, nanoscale, and mesoscale structures,?® where the importance of
void volume and structure was demonstrated via synthesis and electrochemical evaluation of 3D ordered
microporous LTO materials from poly(methylmethacrylate)
colloidal crystal templates and metal organic aqueous
precursors with controlled filling fractions.?*

Materials which reversibly alloy lithium, with low operating
potentials and large theoretical capacities (i.e., Si, Ge, and
Sn), are also of interest as potential alternative anode
materials with theoretical capacities exceeding those of
graphite. However, large volume changes during
electrochemical alloying (up to 320% for Si) can lead to
structural degradation.?® Decreasing Si particle size to the
nanoscale can mitigate the large volume expansion.?827
Conductive polymer or carbon-coated nanomaterials have
shown electrochemical stability by maintaining internal
electrical contact and stable SEI upon cycling. 262230 For
example, a pomegranate-inspired structure comprised of
clusters of carbon-coated silicon nanoparticles with defined
void space (Figure 4-3)?8 provided excellent capacity
retention.

Figure 4-3. Schematic of the pomegranate-inspired C/Si
composite structure.?®

Lithium metal is the most appealing anode from an energy density perspective due to its high specific capacity
(3860 mAh/g). Recent work has focused on understanding the lithium dendrite formation mechanism3! and
interfacial engineering®>3 to impede lithium dendrite formation. Additional advances in electrolytes relevant to
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lithium metal anodes are discussed below. A layered reduced graphene oxide has been proven to be a good
lithium metal host material, showing stable lithium deposition/stripping without dendrite-induced short circuits.33
It may one day be possible to safely utilize lithium metal in secondary batteries by understanding interfacial
structure-property relationships.

4.2.2 CATHODES

Intercalation cathodes, in which guest ions can be inserted into and removed from the host network reversibly,
are categorized by their crystallographic structure (e.g., layered, spinel, or olivine).3* Modern intercalation
cathode research centers are investigating transition metal oxide and polyanion compounds due to their high
operating voltage and large energy density, with an impressive diversity of materials studied. Examples are
provided here to illustrate structure-processing-property relationships over various length scales.

An atomic-level investigation of the role of defects and dopants on lithium transport in the olivine-type LiFePO4
structure determined the lowest Li migration energy to be the pathway along the [010] channel, with a
nonlinear, curved trajectory between Li sites.®> Lower favorable energies were predicted only for divalent
dopants on the Fe site (such as Mn), consistent with experimental observations. Structural disorder has also
been shown to have a significant effect on electrochemistry in micrometer-sized spinel structured LiNixMn2.xO4
(0.3 <£x =<0.5). The single crystals with (111) surface facets were shown to be triggered by an increase in Mn®*
content, due to change in the chemical composition or post-synthesis thermal processing.®® Increased disorder
led to increased solid solution behavior, reduced two-phase transformation domains, and improved transport
properties during Li insertion and extraction. At the crystallite size level, a diffusion model was developed to
explain the experimental correlation between capacity and crystallite size/lattice defect density in nickel metal
hydride batteries, where the high nickel utilization of small crystallite nickel hydroxide was attributed to the high
mobility of protons and electrons along grain boundaries and disordered lattice areas.®’

LiMn2O4 is a spinel structured cathode material prone to capacity fade due to dissolution of Mn?*.%8 As ample
material and composite designs have been explored for this material, it can illustrate several useful structure-
processing-property relationships. Sometimes, structural modification at the atomic level can have a follow-on
impact at larger length scales. For example, doping with AI** improved capacity retention of LiMn204, by
suppressing Jahn-Teller distortion by increasing the manganese oxidation state while simultaneously
increasing the material surface area relative to the undoped analog.3® At the particle level, various sizes and
morphologies of LiMn204 were studied such as nanoparticles, nanowires, nanorods, hollow spheres, and thin
films,® where porous nanospheres exhibited better high rate capability than their non-porous analogs attributed
to formation of tunnels for Li* diffusion,*° and the intermediate-sized particles exhibited the highest functional
capacity attributed to better interaction with the conductive additive.** Surface coating with TiO2,*? Ce02,*® and
LiMna1.012Ni0.072C00.01604* to minimize direct interaction with electrolyte showed benefit, attributed to inhibition of
Mn?* dissolution and HF generation.

In a conventional electrode design, the electroactive material is combined with a conductive additive where
each material plays a distinct role. The design and implementation of multifunctional materials where each
metal center contributes to electrode function in a distinctive manner can conceptually reduce or eliminate the
contribution of passive materials to the size and mass of the final system. Upon electrochemical discharge,
bimetallic oxide (MM’O) or phosphate (MM’PO) materials can undergo reactions where one metal ion (M™) is
reduced to the metallic state (M°) and repositioned externally to the original crystal through a reduction-
displacement process, while the other metal ion (M) is partially reduced and structurally contributes to the
crystal framework.*® In silver vanadium phosphorus oxides, such as Ag2VO2POs, in situ reduction-displacement
of silver has been demonstrated to generate a conductive Ag°® network with an accompanying 15,000-fold
decrease in impedance.*® Since the conductive network is generated in situ upon electrochemical reduction,
the rate of initial discharge is the processing method dictating formation of the percolation network.*” Stable
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crystallographic structures for the M'O or M'PO framework have resulted in reversible redox at the M'™ center
for this material class.48:4950

Materials which undergo a conversion reaction (e.g., MxO and MXz) can often accommodate more than one
lithium atom per transition-metal cation, making them promising candidates for high-capacity electrodes. In
such systems, the relation between the structure of the parent material and the structures of the reduction
products is a critical deterministic factor toward the reversibility of the conversion process. For example, while
both FeF2 and CuF2 react with lithium via a direct conversion process with no intercalation step, the FeF2
material shows good reversibility while CuF: is inactive after the first discharge.>* Upon reduction of FeF,, small
metallic iron nanoparticles (<5 nm in diameter) nucleate in close proximity to the converted LiF phase as a
result of the low diffusivity of iron, forming a bicontinuous interconnected network for transport through the
insulating LiF phase. In contrast, the CuF: electrode is converted to Cu segregates which form large particles
(5-12 nm in diameter) during the first discharge; this segregation may be partially responsible for the lack of
reversibility. For FesOs, the cubic-close-packed (ccp) O-anion array is sustained throughout the lithiation and
delithiation processes, enabling multiple lithium intercalation and conversion reactions between metallic Fe and
FeO-like phases.5? Lithiation of a model electrode consisting of well defined, vertically aligned layers of Cr and
CrOx was recently reported, revealing the combination of confining lithiation to nanoscale sheets of Li-O and
the availability of reaction sites in the metal layers in the layered structure to be a strategy for improving the
reversibility and mass transport properties in conversion systems.%? It is important to note that while both are
discussed in this section, conversion-type metal oxides and metal fluorides are typically described as anode
and cathode materials, respectively. Metal oxide conversion materials are typically anodes due to their low
potentials (~1.0 V). With a higher potential for conversion (~2.0 V), metal fluorides can be described as cathode
materials due to the more ionic character in MF induced by the fluoride ion.

Cathodes that function through chemical transformation processes (e.g., metal air and metal sulfur) offer
opportunity for unprecedented energy densities if their complex structure-process-property relationships can be
understood and controlled. For example, sulfur has a high theoretical capacity of 1675 mAh/g and energy
density of ~2600 Wh/kg, yet the application of sulfur materials to commercial batteries is significantly impeded
by its poor cycle stability, which is attributed to soluble discharge intermediate products.>* Research efforts to
date have emphasized use of porous carbon materials to physically trap and prevent dissolution of soluble
polysulfides.>>%¢ However, more sulfiphilic transition metal oxides or sulfides, with stronger surface binding
affinities to polysulfides, can further improve long-term cycle life.5” Recently, transition metal sulfides,%85°
oxides,>*89%61 and nitrides,®?¢2 have shown the capability to support extended cycling. Further development of
suitable polysulfide trapping structures will be critical to further advance lithium/sulfur battery technology.

Considering the new developments in both intercalation and conversion cathodes over the recent years, many
new strategies and critical observations have shown increased stability and high power capabilites in battery
techology. Synergetic effects between the cathode, anode, and electrolyte will be crucial as researchers
continue to push the limits of energy density, power, and cycle life for energy storage systems.

4.2.3 ELECTROLYTES

The most common electrolytes in state-of-the-art energy storage technologies are liquids containing dissolved
salts. While empirical®5% and computational®®®’ studies used to identify promising chemistries are important
areas of research, particularly for beyond lithium-ion systems (e.g., magnesium-ion,%8-6° sodium-ion,”® lithium
sulfur,”+72 metal-air,”® and redox flow”#), this section will emphasize structure and processing approaches to
electrolyte development.
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An emerging trend in electrolyte technology is the integration of solid-
state electrolytes. The interest in these materials evolved due to their
potential to improve battery lifetime and safety owing to greater
electrochemical stability voltage windows, enhanced thermal stability
and lower flammability relative to conventional electrolytes.
Historically, the main issues for solid-state electrolytes have been low
ionic conductivities relative to organic liquid solvents and the stability
of the electrode-electrolyte interface. Inorganic solid-state ion . . .

. . Figure 4-4. Schematic of conduction
conductors are comprised of metal and nonmetal ions that create pathways in polycrystalline material.”s
polyhedra with ligands to create an open crystal structure that allows Reproduced with permission of American
for ion migration. Structure-tuning techniques have been employed to Chemical Society.
improve cation mobility,”® where electrolytes with body-centered
cubic anion sublattices and structures in which the mobile species is not in its preferred coordination
environment can provide high ionic conductivity. Structural studies focused on limiting grain boundaries through
various synthetic approaches have been effective in increasing ion conduction (Figure 4-4).” Bulk solid-state
electrolytes (hundreds of um thick, as in LISICON and NASICON based electrolyte) are typically synthesized
through milling, sintering, and compaction while thin films (hundreds of nm to several um thick, as in LiPON)
are produced from pulsed laser deposition or spark plasma sintering.”®

Another promising alternative to current electrolytes are ionic liquids (ILs) with bulky cations and anions
preventing room temperature crystallization. These are desirable due to their low melting points, negligible
vapor pressures, and low flammability.”” Some ILs display stabilities up to 6 V vs. Li/Li*. Typical ILs employ a
guaternary ammonium cation like imidazolium, pyridinium, pyrrolidinium, piperidnium, or ammonium derivatives
combined with anions such as BF4, PFe’, [(FSO2)(CF3SO2)N)], [(CF3S02)(CF3S02)2N], [(C3S02)2N] or
[(C2FsS02)2N]. A study of low-melting point ILs based on the small aliphatic quaternary ammonium cations
[RIR?R3NR]* (where R?, R?, R® = CHs or C2Hs, R = C3H7, C4Hs, CeHis, CsHi7, CF3CsHs) and imide anions
showed small alkyl chain length or fluorination promoted higher oxidative stability.”® Hybrids of ILs and organic
solvent (e.qg., vinylene, ethylene, or chloroethylene carbonate) additives show promise for synergistically
combining the stability of ILs and the low viscosities of organic solvents,”® with potential for future application to
magnesium electrolyte systems.%°

Polymer electrolytes are appealing for future safe and flexible batteries as they do not contain flammable,
liquid, organic solvents.®282 There are two main structure-processing approaches: 1) dry or solid polymer
electrolytes without any additional solvent where the polymer must be an ion conductor (e.g., poly(ethylene
oxide)(PEO)/lithium salt complexes), and 2) blended electrolytes made from combinations of solid polymers
and organic solvents where the polymer does not necessarily need to conduct ions (polymer-gel). The solid
polymer electrolytes are generated from complexing polymers with an inorganic salt to achieve low lattice
energy and high stability (e.g., poly(ethylene oxide) (PEO) electrolytes, such as PEO-LICFzSOs and PEO-
LiBF4). They offer ease of fabrication and good compatibility with lithium salts.®® Lowering the glass transition
temperature of these electrolytes by using branched copolymers with multiple chain ends has been shown to
enhance ion mobility. Other polymer-gel electrolytes such as poly(vinylidene difluoride-co-hexafluoropropylene)
soaked with LiPFs and carbonates utilize their polymer matrix to provide mechanical strength and flexibility
while the solvent provides Li* diffusive properties, an approach which can reduce the need for a polymer
separator. Recent structural studies have introduced polymers that can enhance Li* ion transport with polar
elements in their skeleton such as oxygen or nitrogen.

Designing electrolytes to promote favorable Li-metal surface-electrolyte interfaces for stable, dendrite-free
deposition of lithium metal is critical to enable lithium metal batteries with high energy density. While a uniform
and stable interfaces can passivate the Li surface, spontaneously formed SEls on Li with conventional liquid
electrolytes are typically inhomogeneous (providing nucleation sites for dendrite formation at any current
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density) or mechanically fragile (depleting the electrolyte continually through exposure of fresh Li).8* Physical
protection of lithium metal with thin layers (e.g., LIPON deposited via radio frequency magnetron sputter-
coating® and Al,Os introduced via atomic layer deposition®®) has shown significant benefit. Liquid electrolytes
can also be hosted in the pores of ceramic membranes with a high areal density of nanometer-sized pores,
smaller than typical Li dendrite sizes, which provide a novel electrolyte design approach for achieving dendrite-
free lithium metal batteries.®’
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4.3 Materials to System Level

Translating a maximum fraction of the theoretical energy content (energy density, specific energy) from the
electroactive materials level to the cell and pack levels describes the primary challenge in developing a viable
battery chemistry. Near theoretical or, at the very least, optimum performance is achieved at the materials level
and transferred to functional electrodes as described in the preceding section. The goal at the cell level is to
preserve as much of the material level energy content by minimizing added mass and volume of inactive
materials and packaging.'? Electrode capacity dictated by thickness and porosity is tailored to provide sufficient
ion transport to meet desired power requirements. Electrolytes employed must provide both the ionic
conductivity and full wetting of the electrodes so that target capacity can be accessed. For conversion
electrochemical processes, such as the chalcogenides Oz and Ss, sufficient volume must be designed into the
cathode to allow for discharge product (i.e., lithium peroxide and lithium sulfide) formation within the cathode to
ensure both electronic and ionic continuity within the electrode. Metal deposition and dissolution at a metal
anode is a particularly challenging design problem as the local volume loss (dissolution) and gain (deposition)
must be taken into account. That requires a cell stack kept in compression at an effective force constant that
allows accommodation of these net volume changes. Compatibility of electrode materials, electrolyte, and
inactive cell materials must also be considered. A number of high voltage oxide cathodes are sufficiently
reactive with alkyl carbonates and supporting electrolyte salts like lithium hexafluorophosphate coupled with
residual moisture. This instability limits the use of these oxides in nanostructured form and can necessitate
protective coatings. Fluoride is beneficial in passivating the typical 15-um-thick Al foils used as current
collectors onto which composite electrode slurries are cast. Materials concepts designed to maximize stored
energy content must be integrated, requiring a high degree of compatibility, to ensure that both energy and
kinetics are maintained at the cell level.

4.3.1 DEGRADATION

The calendar and cycle life of a battery are largely dictated by a range of degradation processes that take place
in a battery over time and with use.3* The basic structure and properties of the electrode materials and their
interfaces must be maintained to ensure that the desired electrochemical reaction remains the dominant redox
pathway. Battery anodes, composed of reactive metals (Li, Na, Mg as metals, alloys, or intercalants), are
subject to degradation under both equilibrium (storage) and active deposition/dissolution conditions. Formation
of surface films, which ideally approach the properties of the SEI — blocking of electron and solvent/anion
transport — plays a role in slowing or preventing self-discharge and facilitating more efficient (de)intercalation,
(de)alloying, or deposition/stripping.® Significant effort has been made to design for anode stability through the
properties of the electrolyte and through the use of additives demonstrated to enhance cycle life and cell
performance. SEI formation on the prismatic surface of graphite is an established phenomenon in LIBs and the
subject of many reviews. Controlled electroreduction of alklycarbonates, mixtures of cyclic and linear, and
lithium salts results in surface films that allow Li* ion intercalation but prevent solvent co-intercalation,
preventing the exfoliation of the graphite host. These films are forming and evolving on the surfaces of and at
the contact points between host particles in composite anodes, resulting in increased interfacial impedance
with time and use and decreased kinetics.
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Stable film formation on alloying hosts such as the semi-metal Si has proven to be a more difficult challenge.®
The chemistry of the lithiated Si surface is different from that of carbon and, when coupled with swelling-
induced deformation, leads to continued parasitic loss of Li and the electrolyte. Pulverization of Si particles
yields loss of electrical continuity, stranded host material, and capacity loss. Several novel nanoscale
architectures show promise in accommodating large mechanical strain and directing deformation toward
electrolyte-free interfaces; however, issues of volume efficiency need to be addressed for these structures to
compete with graphite.

Metal anodes are the most efficient use of mass and volume, as the host penalty is eliminated, but provide no
host scaffold onto which a SEI is physically supported. Without a mechanically stable SEI, continued
consumption of both Li and electrolyte inventory occurs.” Despite this vulnerability, Li has been shown to cycle
with coulombic efficiency up to 99.8% in select electrolytes, at modest deposition current density and cycled
capacity, under conditions where dimensional control of the metal is maintained. Reports exist of the use of
polymer membranes and barrier films at Li surfaces to reduce parasitic loss and facilitate compact Li
deposition. Dendrite suppression and resulting cell failure and safety concerns have been topics of
considerable research recently. Novel potential solutions to this problem include high surface area substrates,
membranes with pores below critical dimensions to suppress asperity formation, and structured electrolytes to
suppress anion depletion.

Cathode materials are also susceptible to interfacial and bulk degradation leading to reduction in cell
performance.® Transition metal oxides used for LIBs tend to be reactive toward alkylcarbonate solvents
resulting in decomposition byproduct formation, gas evolution, and surface film formation. Film formation can
increase interfacial impedance, which impacts the kinetics of working cation (de)insertion and can compromise
the electrical connectivity of the host particle to the percolation network. Oxide corrosion takes place in the
presence of HF produced by the reaction of trace moisture with the LiPFs supporting electrolyte salt.
Dissolution of soluble metal cations, such as Mn?*, takes place with resulting transport to the anode where they
comprise the protective nature of the anode SEI. Cathode particles can be coating with nanometric films of
carbon, AIPO4, and various ion transmissive oxides to stabilize the particle. From the bulk perspective, aging
can take place through structural disordering, phase transition, and strain-induced fracture in the host particles.
These changes also retard kinetics resulting in cell polarization and can render particles inactive resulting in
capacity loss.

4.3.2 SAFETY

The cumulative degradation in materials eventually leads to cell failure.® Failure may take several forms,
including excessive cell polarization, accelerated capacity fade, and thermal runaway for the more reactive
systems resulting in cell venting.'® Cell venting in LIBs can lead to combustion of the volatile solvents, possible
propagation among cells, and battery fires. The release of moisture sensitive fluoride salts and hydrogen
fluoride production with pack rupture or fire represents a significant chemical exposure hazard. The origin of
loss of thermal control is inherently a materials problem where metal particles, poor alignment of separator and
electrode, insufficient insulation between electrodes, and poor electrical contact between electrodes and tabs
can result in eventual electrode shorting and overheating. Metal particles and other imperfections are viewed
as defects and represent a unigque problem as separator thickness is pushed to thinner dimensions to increase
energy density. Defects are not detected during early stage cycling, but produce electrode shorting with
extended cycling resulting in excess Joule heating and eventual loss of thermal control. Electrode shorting can
also take place with metal (e.g., Li) dendrites that penetrate through the separator. Materials solutions to
preventing thermal runaway include shutdown separators whose pores seal at elevated temperature reducing
material transport between electrodes and cathode materials like metal phosphates that release oxygen at
considerably higher temperatures. These protections address the early stage transition from initiation to the
onset of thermal runaway, but yield minimal benefit beyond the threshold. Electrolyte flammability reduction has
been explored through the use of fluorinated solvents and ionic liquids. Cell failure prevention devices including

STATUS OF SCIENCE AND TECHNOLOGY OF ENERGY STORAGE 91



ELECTRICAL ENERGY STORAGE FACTUAL STATUS DOCUMENT

positive temperature coefficient devices and fusible links are used to physically disconnect cells within packs,
and a battery management system serves to regulate power drawn from and introduced to cells based on state
of health signatures. Overall pack design and cell placement impact the probability of failure propagating
between cells.
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4.4 Testing and Characterization Tools -
Uncertainty Quantification

Improving the performance and lifetime of energy storage systems (ESS) necessitates significantly better
understanding of the electrochemical processes taking place within the storage device and of the failure and
degradation mechanisms of the storage system. Characterization at atomic and mesoscale scales and
especially at interfaces during charge and discharge is essential. Due to the inherent complexity of ESS,
achieving this level of understanding requires multiple techniques (different length and time scales) and
sensitivities (modalities). In addition, there is a need to couple in situ/operando with ex-situ studies, because
these have different levels of data fidelity, as well as detailed investigations enabled by the use of model
systems. The important outcome of this characterization is a rational design of improved ESS. Over the past
decades, much progress has been made in using particle- and photon-based spectroscopy, as well as
scattering and imaging techniques.23

Various spectroscopies are used to probe the chemical and electronic structures of ESS, with some emphasis
on near surface regions (e.g., in metal oxide cathodes) and interfaces such as the SEI. Both hard and soft X-
ray absorption spectroscopy (XAS) have been extensively reviewed, including ESS applications.* Operando
hard X-ray XAS provides insight into oxidation state and is routinely used for ESS. The soft X-ray
spectroscopies are more sensitive and quantitative probes of chemical and electronic structure, allowing
tracking of the state of charge, and have several modalities, including standard XAS, X-ray emission
spectroscopy (XES), resonant inelastic X-ray scattering (RIXS),® and photoemission spectroscopy (XPS).
Depending on the spectroscopy and detection scheme (e.g., transmitted or emitted fluorescence X-rays, total
or Auger electrons), these can be made surface or near-bulk sensitive by variation of the penetration or
detection depth. Thus, these soft X-ray spectroscopies are sensitive to interfaces and surfaces. As an example,
Figure 4-5 shows the Mn and Co L edge XAS for stoichiometric NMC after 20 cycles for different voltage
windows, exhibiting more reduced transition metals for higher voltage cutoffs.> Most soft X-ray work to date has
been ex situ, but recently in situ cells have been developed and more in situ investigations are being reported.
RIXS has been used to characterize ESS less frequently, but potentially has exquisite chemical sensitivity.
These X-ray spectroscopies can be complemented by optical spectroscopies, such as Fourier transform
infrared (FT-IR),® which is more sensitive to organics. Differential electrochemical mass spectrometry has
recently emerged as a valuable in situ mass-resolved monitor of gaseous and volatile reactants, reaction
intermediates and products during charge/discharge: for example, the evolution of O2 at high potentials in Li-
excess metal oxides.”

Figure 4-5. XAS of stoichiometric LiNixMnxCo1.2x02 (NMC) in pristine state and after 20 cycles for 2.0-4.3 V and 20 cycles for 2.0-4.7 V: (a) Mn
L-edge and (b) Co L-edge. Arrows show reduction of transition metals.’
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X-ray and neutron powder diffraction (XPD and NPD, respectively) and extended X-ray absorption fine

structure (EXAFS) are well developed techniques to probe average atomic structure and are routinely applied

in ESS,®%lthough NPD is less often used (partly due to lack of sources). The more recent use of high energy

X-rays (>20 keV) is advantageous in terms of penetrating power through cells. With high quality powder
diffraction data, Rietveld refinement gives accurate average atomic
structure for crystalline electrodes. Total scattering or pair distribution
function (PDF) analysis has developed over about the past 15 years and
uses Bragg scattering and diffuse scattering to provide insight beyond the
average structure.’® This complements EXAFS and is now more often
used. Operando or in situ measurements are important, as shown for
example by Liu et al.,2 who used time-resolved XPD to demonstrate the
formation of a predicted intermediate LiFePO4 under high charge/discharge
rates (10C). This illustrates the importance of operando methods to capture
transients. However, in situ analyses can suffer from lack of data fidelity
(e.g., angular ranges are obscured, or preferential orientation occurs) that
limits the information content in diffraction. Thus, ex-situ XPD and NPD can
complement in situ diffraction and give more detailed atomic structure
results with less ambiguity. A challenge is to adopt these methods to solid-
state electrolytes. Nuclear magnetic resonance (NMR) is a sensitive local
probe of bulk atomic environments!! that is used for in situ characterization
of electrodes and, importantly, electrolytes: for example, the identification of
soluble polysulfides in Li/S batteries.'? However, NMR is not frequently
used for ESS.

Figure 4-6. Representative operando
STXM frames of Li insertion and ESS devices and their constituent electrodes are inherently complex and
extraction for Li.FePOa. The operando L. . . . .
Li composition frames show a single heterogeneous, consisting of electrochemically active materials, binders,
particle over multiple lithiation and electrolyte, and reaction products. Consequently, spatially resolved imaging
delithiation cycles at varying charging  gyer a range of length scales is essential, in particular, imaging modes that
or discharging rates. The color " h ical . A It . ina techni
represents the Li composition where are sensitive to chemical species. As a resq many |m_ag|ng echniques
green is x=0, and red is x=1. have proven useful both operando and ex situ. These include X-ray based
Rearranged from Ref. 13. microscopies, such as transmission X-ray microscopy (TXM), micro-
computed tomography (UCT), scanning transmission X-ray microscopy
(STXM), electron microcopies, and scanning probe microscopies (SPMs). For X-rays, there are two imaging
modalities: morphological or tomographical and chemical (e.g., spectro-microscopies). The latter is especially
powerful as this allows mapping phase changes in both primary and secondary particles. The full field TXM and
MCT are mostly used with hard X-rays, while STXM uses soft X-rays. Soft X-rays are more chemically sensitive
and so allow greater fidelity. In contrast, operando and in situ investigations are much easier with TXM/uCT
(hard X-rays), although there has been recent development of in situ STXM but at some sacrifice in resolution.
A beautiful example of spectro-microscopy is shown in Figure 4-6, where STXM is used to track the reaction
dynamics of LiFePO4 by measuring the relative concentrations of Fe?* and Fe®*".1® The conclusion is that
nanoscale spatial variations in rate and composition control the lithiation pathway. These images are 2D, which
is adequate because the particles are platelets, but in general 3D, which is inherent to tomography uCT and
achievable in TXM, is much more informative. A nice example by Ebner et al.!* demonstrated pCT imaging of
SnO particles at high speed (15 minutes) and large field of view (2 mm) and observed volume expansion and
insight into phase/chemical behavior. This study made advantageous use of higher energy X-rays for imaging
realistic cells.

The technique of electron microscopy has seen tremendous advances in the last decade, and these advances
have been used to understand the microstructure of a wide range of ESS materials. Some advances include
aberration correction using both the scanning transmission (STEM) and transmission (TEM) imaging modes,*®
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electron sources, detectors and spectrometers,*® electron energy loss spectroscopy (EELS), atom-by-atom
energy dispersive X-ray spectroscopy (equivalent to X-ray fluorescence),” and chemically sensitive electron
tomography for three-dimensional characterization.'® Perhaps the most important advances have occurred in
the areas of in-situ characterization.*® There have been two primary approaches developed that allow real-time
imaging of the lithiation of electrode materials. The first of these utilizes a mobile scanning transmission
microscopy tip within the TEM to provide either a lithium electrolyte?® or lithium?! local to the electrode material:
the application of bias drives the lithium into the material. This in-situ approach has the advantage of allowing
the full range of atomic-resolution STEM/TEM approaches. A second approach exploits recent advances in
liquid cell microscopy?? and microfabrication technology, to build a quasi-battery system within the electron
microscope.??* This approach has the advantage of being in-situ, but at the cost of resolution loss and
degradation of analytical signal due to the scattering that results from the presence of the confining silicon
nitride windows, as well as the liquid itself.

The use of SPM in ESS research is still in its infancy. This technique holds the potential to bridge the gap of

characterization techniques on length scales between atoms and devices, if the challenge of quantification of
SPM signals can be solved. For example, SPM has been used to study ion intercalation in layered materials

based on the change in mechanical properties. 2°

Over the past decade, researchers have adopted a
reductionist approach by using model, but still relevant,
systems to obtain a detailed understanding of ESS, especially
related to interfaces such as the SEI. Typically, this involves in
situ characterization of single crystals (e.g., Si), thin films, or
open cell geometries for nanostructured electrodes as used
for TEM (see above). This methodology uses techniques such
as surface X-ray and neutron scattering and TEM to provide
exquisite details on interface structure and chemistry at length
scales less than 1 nm. Due to the simplicity of the experiment,
direct comparison to theory is often more straightforward than
for more complex half-cells. Often, highly idealized geometries
and in situ cells are used, with the knowledge gained
Figure 4-7. In situ observation of two-step phase transferable to real cells. For example, X-ray and neutron
transformation during the lithiation of Fe;0..% reflectivity have provided insight into the formation and
“pbreathing” of the SEI on Si,?%?" as well as phase
transformations (Figure 4-7). One challenge, which can potentially provide great insights, is to more accurately
relate the electrochemistry (measured in the characterization cell) to the interface structure changes. This will
allow gquantitatively connecting the electrode state of charge to the spatial distribution of Li, directly addressing
the question: “Where does the Li go?”

The dynamics in ESS span a tremendous range of time scales from femtoseconds for ion hopping to years for
lifetimes. The characterizations described above have all been used for slower dynamics associated with
charge/discharge processes (seconds to hours) and cycle life (hours to days). However, faster dynamics
associated, for example, with ion motion or transport across interfaces and the SEI, have been investigated
with electrochemical impedance spectroscopies (EIS), NMR, and advanced SPM techniques,?® although often
the information obtained is qualitative.

Over the past few years, there have been a few emerging techniques with a potential to greatly enhance our
understanding of ESS. These are partly driven by the increased coherence of X-ray sources (e.g., the

Advanced Photon Source-Upgrade) that enable combining real and reciprocal space methods into coherent
diffractive imaging (CDI), including Bragg CDI and ptychography.?® Thus far, only a few examples have been
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reported. While these are promising, further development is needed to make CDI technique robust and more
broadly useful. There is also an increase in combining complementary characterization techniques (i.e.,
multimodal) to provide a more holistic picture of ESS. The use of several techniques yields more reliable and
valuable insight and enables cross correlation of the finding, for example, FT-IR and XAS or X-ray diffraction
(XRD) and imaging. In addition, with the advance of upgraded light sources, qualitative improvements are
expected in imaging, possibly approaching the sub-nm scale.
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4.5 Modeling and Simulation

Materials modeling has undergone a revolution the last 10-20 years due to rapidly growing computing power
and the development of more efficient and robust algorithms for describing the laws of physics. As a result,
modeling is playing an increasingly important role in energy storage research, spanning length scales from first-
principles methods to atomistic and continuum methods. The paragraphs below summarize the current state of
the art, highlighting the growing areas and applications.

4.5.1 FIRST-PRINCIPLES MODELING

First-principles modeling rests on quantum mechanics to describe the state of a material, whether it be a liquid
electrolyte, a molecule, a solid, and interface or a combination thereof. While the exact solution of the full
many-bodied Schrodinger equation describing a material is not solvable today, the series of approximations
used to turn it into a tractable problem defines the particular flavor of first-principles method used. The most
widely used implementation, “standard” density-functional theory (DFT), is a ground-state method, implying that
any property that is associated with the equilibrium state of the material is well described. It is worth noting that
first-principles methods today are limited to

systems with < 1000 atoms and molecular

dynamics simulation times of 13-30 ps.

Despite these limitations, standard DFT has

proven extremely powerful in describing

existing and even predicting novel functional

materials.>2345 See, for example,

Figure 4-8. Relevant properties such as

equilibrium voltages, phase stability and

transformations, ionic mobility and diffusion,

capacities, safety, etc., are now readily

calculated and used as information about

materials behavior and performance as well

as metrics for novel materials design. While

many processes in energy storage devices

occur out-of-equilibrium, the measured

properties often manifest as small Figure 4-8. Examples of first-principles modeling in Li-ion materials

perturbations of the equilibrium value. For spanning (a) ab initio molecular dynamics simulations of solid state

le i lids. th larizati f electrolytes, (b) lithium diffusion through layered and spinel LiTiS; and
example, In solids, the polarization ot a (c) lithium percolation probability in cation-mixed LixM2.xO2. From Ref. 2
material due to kinetics, interfacial and references therein. Image c reproduced with permission of American

resistance, etc., results in a voltage profile Chemical Society.
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away from the equilibrium curve; however, the calculated equilibrium voltage is based on rigorous
thermodynamics and, hence, provides the “baseline" behavior of the material and its intrinsic capabilities.
Similarly, severe discrepancies between measured and calculated ionic diffusion behavior are usually not due
to inaccuracies in the applied equilibrium theory, but instead traced back to diffusion bottlenecks at different
length scales.®* Conversely, the ability of modeling to rapidly separate components and processes that are
notoriously difficult to measure or de-convolute, such as liquid and interfacial reactions, is providing drivers for
understanding and inspiration for further experimental investigations.5’

The maturity and robustness of DFT implementations have also recently resulted in its combination with
sophisticated automation software infrastructures and high-performance computing, enabling so-called "high-
throughput” calculations.®%1° In these applications, the calculations span large chemical and structure spaces,
and this has enabled unprecedented materials data and insights into the correlations between structure,
chemistry, and properties. Capitalizing on these insights leads to design and accelerated materials prediction
and discovery. Examples of predictions of novel energy storage materials which have been subsequently
experimentally realized are Li-ion and multi-valent cathode materials and solid-state electrolytes.

Outside of standard DFT, more sophisticated first-principles methods, such as GW and quantum Monte Carlo,
are gaining traction as “gold-standard” benchmark methodologies,**? which are highly valuable in providing
excited state properties and/or more accurate equilibrium results. While still requiring manual intervention, and
adding orders of magnitude to the computation time, their usage is likely to follow similar trajectories as DFT as
the algorithms increase in robustness and easy-of-use.

4.5.2 INTER-ATOMIC POTENTIAL METHODS AND CLASSICAL MOLECULAR DYNAMICS
Interatomic potential or atomistic methods rest upon the specification of an effective potential model, which
expresses the total energy of the system as a function of the nuclear coordinates. Hence, input data from
experiments and/or first-principles calculations are used to fit the specific form of the potential such that the
system in question is well-described. These approaches, while generally less transferable and reliable for
describing charge transfer effects and absolute energetics as compared to first-principles methods, produce
reasonable trends, and are indispensable in being able to handle much larger systems (thousands to millions of
atoms) and time scales expanded by a hundred. Use
of interatomic potentials and long time-scale
molecular dynamics (>1 ns) is particularly useful for
studying liquids, interfaces, long-range defects,
kinetics, and nanostructures as functions of
temperature and/or composition (Figure 4-9).1213.14.15
For example, the complex conformation due to
dispersion forces of organic molecules in liquid
electrolytes®® is necessary to obtain a correct
solvation structure and requires the longer simulation
time scales that today are only accessible to classical
molecular dynamics.

Recently, two new potential types have been
Figure 4-9. Molecular dynamics simulation of the solvation suggested that could improve the transferability and
structure of LiTFSI in water as a function of concentration.”® . . . .

accuracy of inter-atomic potentials: Gaussian

Approximation Potentials (GAP)” and potentials
based on artificial Neural Networks (NN).8° In these cases, the interpolation of the high-dimensional potential
energy surface is obtained by using a flexible, non-linear functional form based on a set of reference structures.
The amount of reference data needed is significantly higher than that for the fitting of more restrictive potential
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forms; however, combined with the rapidly increasing first-principles data accessible through the Materials
Genome, the popularity of these potentials is expected to grow.

4.5.3 CONTINUUM MODELING

Since the pioneering work of John Newman in establishing the macro-homogeneous approach in modeling
battery electrodes, continuum-scale models have become an important tool in understanding how materials
properties can translate into battery behavior.?%22223 \While these models have provided deep insight into
battery operation,?*25>26 they average many of the microscopic details in the electrode, such as the actual
particle shape and the tortuous nature of the pores. In addition, the active material is typically treated as a
single-phase intercalative or phase change process with assumptions that the reaction is uniform across the
particle.?”?® These assumptions result in the models being more qualitative than quantitative.?®30

Over the last decade, many advances in the area of continuum modeling have pointed to a future where many
of the properties of the battery can be calculated on a computer.%3132 At the material level, there is increasing
use of phase growth and phase-field models to accurately describe the nature of the reaction and to capture
the complexity of the phase movement without simplifying assumptions.33343% |n addition, models for systems
that undergo dissolution/re-precipitation3®” and deposition (such as Li metal)3®3° have seen resurgence. In
addition, models now describe the mechanical effects in the material,*>#! and couple the mechanical with the
electrochemical process to understand effects such as voltage hysteresis and particle cracking.*?*3 Challenges
remain in modeling anisotropic growth of phases, nucleation effects, effect of crystal facets and orientation,
grain boundaries, etc.

Moving from the material scale to the electrode and device scale, there has been significant interest in building
on the porous electrode model by performing 3D microstructure-based simulations,**454¢ with detailed
representation of the porous nature of the battery electrodes obtained by various techniques, including focused
ion beam-scanning electron microscopy and X-ray tomography.*8 The drastic improvements in computing
power over the last decade have led to these models being used more often; however, the field is still in its
infancy. These models are now limited by the inability to image binder regions,*® especially in the solvent
medium where swelling is known to occur.>® There have also been attempts to model anisotropic reaction
between particles (the so-called “particle-by-particle” model®*2) and move away from the core assumption of
the macro-homogeneous approach that all particles in the porous electrode are equivalent.

Models that capture the assembly of electrodes into a cell, interaction of cells in a pack, with description of
thermal characteristics have also become of great importance for industry to design systems at scale.>*5* Pack
level effects, such as temperature gradients, impact battery life, which in turn can lead to cell-to-cell cross-talk,
requiring models to be strongly coupled from the materials to the pack in order to ensure better predictive
capabilities for the future.5® Better first principle models also allow development of better battery management
systems, especially with the use of reduced order models that allow fast run times without scarifying accuracy.

4.5.4 TECHNO-ECONOMIC MODELING

Over the past decade, the use of techno-economic (TE) models have taken on greater importance in the field.
TE models combine simplified cell models (as described above) and cell sizing models and include material
and manufacturing cost in addition to the weight and volume penalties when combining electrolyte and
electrolyte materials into cells, modules, and packs. TE models allow extrapolation of electrode-level properties
(e.g., voltage, capacity, solubility, etc.) of new material to device level impacts in terms of energy density,
specific energy, and cost. Also critical is the ability of TE models to work backwards: wherein device-level
targets can be translated into material level metrics so that material scientists and electrochemists have a way
to measure progress without the need to resort to expensive cell and pack fabrication.

TE models have been used very successfully in Li-ion batteries, based on BatPaC, where the value of this
approach has been demonstrated.®®5” The model is now routinely used to evaluate material innovations at the
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pack level and has guided the research agenda in that field. In the last 5 years, this model has been extended
to study newer chemistries such as Li-S, Li-air, and Mg-ion batteries.585%80 |n addition, the concept has been
adapted to examine flow batteries, both aqueous and non-aqueous, for grid-storage applications.t

TE models are completed by approaches that seek to examine the availability of natural resources wherein the
concept of availability of metals to scale into large scale production is also incorporated into the picture.®?

TE models are most useful when they serve as a guide for the research, and are not meant to be the sole input
in judging research progress. Rather, the models allow researchers to focus attention on the critical cost or
energy bottleneck so that one can accelerate development of the technology.
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4.6 Synthesis of Materials

Today, the design principles for creating better materials for electrochemical energy storage are often well
understood. For example, structural frameworks for high Li-ion conductivity have been identified.! Rules to
create intercalation cathodes with good Mg?* mobility? or high Li capacity® exist. Such design ideas can be
supported with ab-initio calculations to evaluate the properties of potentially interesting new compounds. As a
result, materials innovation is moving from an intuitive and trial-and-error approach, to a more directed
approach where specific new chemistries and crystal structures are targeted. Such advances in computational
materials modeling, as well as in the understanding of electrochemical storage materials, are leading to a future
where many properties of real and virtual compounds can be available on demand, enabling rapid screening in
material design efforts.

These successes in accelerated materials design have moved the bottleneck in materials development towards
the synthesis of novel compounds, and much of the
momentum and efficiency gained in the design process
becomes gated by trial-and-error synthesis techniques.
Today, there are multiple cases known of compounds
predicted to be transformative for the energy storage field,
but which have not yet been successfully synthesized.
Hence, what is needed is a more predictive and
guantitative approach towards synthesis so that novel
compound ideas can be tested in a matter of days, rather
than months or years. In addition, a more quantitative
understanding of synthesizability can place better bounds
on the compositional and structural space to which design
optimization should be confined, so that its relevance for
technology can be enhanced.

While there is no predictive theory of synthesis today,
several complementary steps are being taken to develop
more insight and predictability of synthesis. For example,
in-situ characterization of synthesis* is helping to
understand the reaction path of precursors, as well as Figure 4-10. In-situ XRD of intermediate phases observed
intermediates that form in a reaction. This knowledge is i“;::ﬁ:ﬂi”"’“herma' synthesis of LiFePO cathode
crucial as intermediate phases often set the morphology

and homogeneity of the end product, or they can be used
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to restrict a system to metastable crystal structures and compositions. In the example shown in Figure 4-10, in-
situ XRD is used to identify an intermediate phase formed during the solvothermal synthesis of LiFePOa.%

Atomic-scale modeling of synthesis is in its early stage, but some successes exist in predicting the process
conditions under which stable or metastable phases can be nucleated. For example, Figure 4-11 shows a
nucleation map of different crystal structures of CaCOz as function of supersaturation and Mg/Ca ratio in
water.® In this case, the Mg content in water modifies the relative surface energy of both polymorphs in such a
way that at high enough Mg content in solution, the metastable phase (aragonite) has the lowest nucleation
barrier, and as a result, precipitates out of solution. A similar approach has been followed to understand when
FeS: forms pyrite (the stable phase) vs. marcasite (the metastable phase).” These new approaches to predict
synthetic pathways have not been applied to materials for energy storage, but are likely to become an exciting
new direction to create novel electrode or electrolyte compounds.

A distinctly novel approach that has been proposed® would be
to use the massive amounts of data in the published literature
on synthesis methods to create structured synthesis databases
on which machine learning methods can be applied, similar to
machine learning methods of crystal structure prediction
derived from the Inorganic Crystal Structure Database. Such a
scheme could lead directly to a better understanding and
predictability of synthesis recipes for novel battery materials.
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