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EXECUTIVE SUMMARY OF THE
DOE BASIC ENERGY SCIENCES WORKSHOP

BASIC RESEARCH NEEDS FOR ELECTRICAL
ENERGY STORAGE

The projected doubling of world energy consumption within the next 50 years, coupled with
the growing demand for low- or even zero-emission sources of energy, has brought
increasing awareness of the need for efficient, clean, and renewable energy sources. Energy
based on electricity that can be generated from renewable sources, such as solar or wind,
offers enormous potential for meeting future energy demands. However, the use of electricity
generated from these intermittent, renewabl e sources requires efficient electrical energy
storage (EES). For commercial and residential grid applications, electricity must be reliably
available 24 hours a day; even second-to-second fluctuations cause major disruptions with
costs estimated to be tens of billions of dollars annually. Thus, for large-scale solar- or wind-
based electrical generation to be practical, the development of new EES systems will be
critical to meeting continuous energy demands and effectively leveling the cyclic nature of
these energy sources. In addition, greatly improved EES systems are needed to progress from
today’ s hybrid electric vehicles to plug-in hybrids or all-electric vehicles. Improvementsin
EES reliability and safety are also needed to prevent premature, and sometimes catastrophic,
device failure. Chemical energy storage devices (batteries) and electrochemical capacitors
(ECs) are among the leading EES technol ogies today. Both are based on electrochemistry,
and the fundamental difference between them is that batteries store energy in chemical
reactants capable of generating charge, whereas el ectrochemical capacitors store energy
directly as charge.

The performance of current EES technologies falls well short of requirements for using
electrical energy efficiently in transportation, commercial, and residential applications. For
example, EES devices with substantially higher energy and power densities and faster
recharge times are needed if al-electric/plug-in hybrid vehicles are to be deployed broadly as
replacements for gasoline-powered vehicles. Although EES devices have been available for
many decades, there are many fundamental gaps in understanding the atomic- and molecular-
level processes that govern their operation, performance limitations, and failure.

Fundamental research is critically needed to uncover the underlying principles that govern
these complex and interrelated processes. With afull understanding of these processes, new
concepts can be formulated for addressing present EES technology gaps and meeting future
energy storage requirements. The Office of Basic Energy Sciences (BES) within the
Department of Energy (DOE) Office of Science convened aworkshop April 2—4, 2007,
charged with identifying basic research needs and opportunities underlying batteries,
capacitors, and related EES technologies, with a focus on new or emerging science
challenges with potential for significant long-term impact on the efficient storage and release
of electrical energy.

Prior to the workshop, BES worked closely with the DOE Office of Energy Efficiency and
Renewable Energy and the DOE Office of Electricity Delivery and Energy Reliability to
clearly define future requirements for EES from the perspective of applications relevant to



transportation and electricity distribution, respectively, and to identify critical technology
gaps. In addition, leaders in EES industrial and applied research laboratories were recruited
to prepare a technology resource document, Technology and Applied R&D Needs for
Electrical Energy Storage, which provided the groundwork for and served as a basis to
inform the deliberation of basic research discussions for the workshop attendees. The invited
workshop attendees, numbering more than 130, included representatives from universities,
national laboratories, and industry, including a significant number of scientists from Japan
and Europe. A plenary session at the beginning of the workshop captured the present state of
the art in research and development and technology needs required for EES for the future.
The workshop participants were asked to identify key priority research directions that hold
particular promise for providing needed advances that will, in turn, revolutionize the
performance of EES. Participants were divided between two panels focusing on the major
types of EES, chemical energy storage and capacitive energy storage. A third panel focused
on cross-cutting research that will be critical to achieving the technical breakthroughs
required to meet future EES needs. A closing plenary session summarized the most urgent
research needs that were identified for both chemical and capacitive energy storage. The
research directions identified by the panelists are presented in this report in three sections
corresponding to the findings of the three workshop panels.

The panel on chemical energy storage acknowledged that progressing to the higher energy
and power densities required for future batteries will push materials to the edge of stability;
yet these devices must be safe and reliable through thousands of rapid charge-discharge
cycles. A mgor challenge for chemical energy storage is developing the ability to store more
energy while maintaining stable electrode-el ectrolyte interfaces. The need to mitigate the
volume and structural changes to the active electrode sites accompanying the charge-
discharge cycle encourages exploration of nanoscale structures. Recent developmentsin
nanostructured and multifunctional materials were singled out as having the potential to
dramatically increase energy capacity and power densities. However, an understanding of
nanoscale phenomenais needed to take full advantage of the unique chemistry and physics
that can occur at the nanoscale. Further, there is an urgent need to develop afundamental
understanding of the interdependence of the electrolyte and electrode materials, especially
with respect to controlling charge transfer from the electrode to the el ectrolyte. Combining
the power of new computational capabilities and in situ analytical tools could open up
entirely new avenues for designing novel multifunctional nanomaterials with the desired
physical and chemical properties, leading to greatly enhanced performance.

The panel on capacitive storage recognized that, in general, ECs have higher power densities
than batteries, as well as sub-second response times. However, energy storage densities are
currently lower than they are for batteries and are insufficient for many applications. As with
batteries, the need for higher energy densities requires new materials. Similarly, advancesin
electrolytes are needed to increase voltage and conductivity while ensuring stability.
Understanding how materials store and transport charge at electrode-el ectrolyte interfacesis
critically important and will require afundamental understanding of charge transfer and
transport mechanisms. The capability to synthesize nanostructured electrodes with tailored,
high-surface-area architectures offers the potential for storing multiple charges a asingle
site, increasing charge density. The addition of surface functionalities could also contribute to



high and reproducible charge storage capabilities, as well as rapid charge-discharge
functions. The design of new materials with tailored architectures optimized for effective
capacitive charge storage will be catalyzed by new computational and analytical tools that
can provide the needed foundation for the rational design of these multifunctional materials.
These tools will also provide the molecular-level insights required to establish the physical
and chemical criteriafor attaining higher voltages, higher ionic conductivity, and wide
electrochemical and thermal stability in electrolytes.

The third panel identified four cross-cutting research directions that were considered to be
critical for meeting future technology needsin EES:

1. Advancesin Characterization

2. Nanostructured Materials

3. Innovationsin Electrolytes

4. Theory, Modeling, and Simulation

Exceptional insight into the physical and chemica phenomenathat underlie the operation of
energy storage devices can be afforded by a new generation of analytical tools. This
information will catalyze the development of new materials and processes required for future
EES systems. New in situ photon- and particle-based microscopic, spectroscopic, and
scattering techniques with time resolution down to the femtosecond range and spatial
resolution spanning the atomic and mesoscopic scales are needed to meet the challenge of
developing future EES systems. These measurements are critical to achieving the ability to
design EES systems rationally, including materials and novel architectures that exhibit
optimal performance. This information will help identify the underlying reasons behind
failure modes and afford directions for mitigating them.

The performance of energy storage systemsis limited by the performance of the constituent
material s—including active materials, conductors, and inert additives. Recent research
suggests that synthetic control of material architectures (including pore size, structure, and
composition; particle size and composition; and electrode structure down to nanoscale
dimensions) could lead to transformational breakthroughsin key energy storage parameters
such as capacity, power, charge-discharge rates, and lifetimes. Investigation of model
systems of irreducible complexity will require the close coupling of theory and experiment in
conjunction with well-defined structures to elucidate fundamental materials properties. Novel
approaches are needed to develop multifunctional materials that are self-healing, self-
regulating, failure-tolerant, impurity-sequestering, and sustainable. Advances in nanoscience
offer particularly exciting possibilities for the development of revolutionary three-
dimensional architectures that simultaneously optimize ion and electron transport and

capacity.

The design of EES systems with long cycle lifetimes and high energy-storage capacities will
require afundamenta understanding of charge transfer and transport processes. The
interfaces of electrodes with electrol ytes are astonishingly complex and dynamic. The
dynamic structures of interfaces need to be characterized so that the paths of electrons and
attendant trafficking of ions may be directed with exquisite fidelity. New capabilities are
needed to “ observe’ the dynamic composition and structure at an electrode surface, in real

Xi



time, during charge transport and transfer processes. With this underpinning knowledge,
wholly new concepts in materials design can be developed for producing materials that are
capable of storing higher energy densities and have long cycle lifetimes.

A characteristic common to chemical and capacitive energy storage devicesisthat the
electrolyte transfers ions/charge between el ectrodes during charge and discharge cycles. An
ideal electrolyte provides high conductivity over a broad temperature range, is chemically
and electrochemically inert at the electrode, and is inherently safe. Too often the electrolyte
isthe weak link in the energy storage system, limiting both performance and reliability of
EES. At present, the myriad interactions that occur in electrolyte systems—ion-ion, ion-
solvent, and ion-electrode—are poorly understood. Fundamental research will provide the
knowledge that will permit the formulation of novel designed electrolytes, such asionic
liquids and nanocomposite polymer e ectrolytes, that will enhance the performance and
lifetimes of electrolytes.

Advances in fundamental theoretical methodol ogies and computer technologies provide an
unparalleled opportunity for understanding the complexities of processes and materials
needed to make the groundbreaking discoveries that will lead to the next generation of EES.
Theory, modeling, and simulation can effectively complement experimental efforts and can
provide insight into mechanisms, predict trends, identify new materials, and guide
experiments. Large multiscale computations that integrate methods at different time and
length scales have the potential to provide a fundamental understanding of processes such as
phase transitions in electrode materials, ion transport in electrolytes, charge transfer at
interfaces, and electronic transport in electrodes.

Revolutionary breakthroughs in EES have been singled out as perhaps the most crucial need
for this nation’s secure energy future. The BES Workshop on Basic Research Needs for
Electrical Energy Storage concluded that the breakthroughs required for tomorrow’ s energy
storage needs will not be realized with incremental evolutionary improvements in existing
technologies. Rather, they will be realized only with fundamental research to understand the
underlying processes involved in EES, which will in turn enable the development of novel
EES concepts that incorporate revolutionary new materials and chemical processes. Recent
advances have provided the ability to synthesize novel nanoscale materials with architectures
tailored for specific performance; to characterize materials and dynamic chemical processes
at the atomic and molecular level; and to simulate and predict structural and functional
relationships using modern computational tools. Together, these new capabilities provide
unprecedented potential for addressing technology and performance gaps in EES devices.

Xii



INTRODUCTION






INTRODUCTION

A modern economy depends on the ready availability of cheap energy. Today, the world’'s
energy supply is primarily centered on fossil fuels. The energy dilemma facing the United
States is twofold: global warming from CO, emissions, an international problem; and our
vulnerability from a dependence on foreign oil. A maor component of thisdilemmais
distributed CO, emissions. The internal combustion engineis amajor source of distributed
CO;, emissions caused by combustion of gasoline derived largely from foreign oil. Another
major source of CO,isthe combustion of fossil fuels to produce electricity. New
technologies for generating el ectricity from sources that do not generate CO,, such as solar,
wind, and nuclear, together with the advent of plug-in hybrid electric vehicles (PHEV) and
even al-electric vehicles (EVs), offer the potential of alleviating our present dilemma.

The major challengein realizing this vision, however, is the development of effective
electrical energy storage (EES) systems. Today’ s EES devices, typically chemical storage
(batteries) or electrochemical capacitors (ECs), are not capable of meeting tomorrow’s
energy storage requirements. Portable EES in the form of rechargeable batteries powers the
wireless revolution in cellular telephones and | aptop computers and now enables the hybrid
electric vehicle (HEV). These devel opments have stimulated an international race to achieve
the PHEV, which would alow commutersto drive to work under total electric power stored
from the grid during off-peak hours. However, current battery technology provides only
limited vehicle performance and driving range—fewer than 50 miles between charging
cycles. Enhanced EES devices will be needed to make PHEV s practical for efficient and
reliable transportation.

EES will also be critical for effective around-the-clock delivery of electricity generated from
solar, wind, or nuclear sources. For example, EES devices will be required to store electricity
generated from solar sources for use at night. Because energy use peaks during the day,
electricity generated during low-demand periods at night needs to be stored efficiently for
use during peak demand. EES devices are also needed to mitigate short-term fluctuationsin
power, which represent a major problem in the current electrical supply grid. Current EES
systemsfall far short of meeting these future electrical energy supply needs. Without these
advanced EES systems, the vision of transitioning to emerging technologies for alternative
(non-CO,, generating) electricity generation will not be realized.

Because the efficient generation and use of clean electricity is critical for this nation’s future,
EESisviewed as a critical technology need. Unfortunately, battery technology has not
changed substantially in nearly 200 years. Electrochemical capacitive storage is a newer
technology, but it has many features in common with batteries. In both systems, many
complex and interrelated chemical and physical processes occur; however, our knowledge of
these processesis quite limited at present. Understanding these processes is critically
important for breaking through existing technology barriers and providing new concepts for
future EES systems.



The workshop “Basic Research Needs for Electrical Energy Storage Systems” was charged
with identifying fundamental research needs and opportunities that would provide the
underpinning science that is needed to guide significant technical improvementsin EES
systems. Prior to the workshop, the Department of Energy (DOE) Office of Basic Energy
Sciences (BES) worked closely with the DOE Office of Energy Efficiency and Renewable
Energy (EERE) and the DOE Office of Electricity Delivery and Energy Reliability (OE) to
clearly define future requirements for EES from the perspective of applications relevant to
transportation and electricity distribution, respectively, and to identify critical technology
gaps. In addition, leaders in the EES industry and applied research laboratories were
recruited to prepare a technology resource document, Technology and Applied R&D Needs
for Electrical Energy Storage (Appendix A of this report), which provided the foundation on
which the workshop participants initiated discussion at the workshop. At the workshop,
additional insight into EES technology needs were provided by representatives from DOE
EERE and DOE OE, and plenary talks were given by experts on the current state of Li-ion
batteries and ECs, aswell as areview of capacitors and hybrid energy sources in Japan.
Based on this background information, the workshop participants evaluated technology
bottlenecks in EES systems, which currently limit the full realization of EV's and renewable
sources of electrical energy, and identified high-priority fundamental research directions that
are needed to address these technol ogy challenges.

Separate panels were formed to assess the two dominant types of EES systems, chemical
storage and capacitive storage, and this report is similarly divided. Both of these system types
are based on electrochemistry; but batteries store energy in the form of chemical reactants
capable of generating charge, whereas electrochemical capacitors store energy directly as
charge. Priority Research Directions (PRDs) were formulated for both of these areas.
However, the workshop attendees recognized that there was significant overlap in the key
fundamental research needs for both areas. A third panel was convened to define the highest-
priority cross-cutting research directions that could provide significant breakthroughs to meet
future technology needsin EES.

The workshop panelists noted that recent advances in nanoscale science; novel anaysis
techniques, and advanced computational capabilities for theory, modeling, and simulation
provide an unprecedented opportunity for developing tailored, multifunctional materials and
associated chemical processes that are required for future EES systems. Armed with these
capabilities, a new paradigm of designing EES systems holistically may be achievable. The
result will be the design of multifunctional, self-repairing, and self-regulating systems that
have higher energy and power densities, faster recharge times, and longer lifetimes than
today’ s technologies.

It was strongly recognized that significant progress toward meeting future EES needs cannot
be made by incremental evolutionary changes in existing technologies. Only through
fundamental research can key insight into the physical and chemical processes that occur in
EES be obtained. The knowledge that will result is critically needed for breakthroughs
required for the development of new materials and electrolytes. These breakthroughs are the
only path forward for realizing practical transportation by EV's and efficient distribution of
solar- and wind-generated electrical power. Further, the panels noted that recent



developments have stimulated interdisciplinary collaborations that bring physics, chemistry,
materials science, and computational science to the electrochemical arena. These
collaborations promise to move profoundly the underpinning science of devices that store
chemical and physical energy in electrochemical cells. These efforts can be expected to
enable a paradigm shift in our generation and use of energy, a shift essential to extricating the
world from its impending energy dilemma.






BASIC RESEARCH NEEDS FOR ELECTRICAL

Chemical Energy Storage

ENERGY STORAGE

CapacitiVe ENEIrgy SIOMAQE .. ...iii i e e eieieeieiiie e e e e et e e e e e e e et e e e e e e e e eeaeean s






CHEMICAL ENERGY STORAGE
Abstract

Battery performance involves complex, interrelated physical and chemical processes between
electrode materials and electrolytes. Although some recent improvements have made
rechargeable batteries ubiquitous in today’ s portable el ectronic devices, the design of
batteries has not changed substantially since their invention 200 years ago. Transformational
changes in battery technologies are critically needed to enable the effective use of aternative
energy sources such as solar and wind, to allow the expansion of hybrid electric vehicles
(HEVs) to plug-in HEVs and all-electric vehicles (EV's), and to assist in utility load-leveling.
For these applications, batteries must store more energy per unit volume and weight, and they
must be capable of undergoing many thousands of charge-discharge cycles. Future
requirements for batteries demand innovative concepts for charge storage at the interface of
the electrode and el ectrolyte. These concepts will be realized only by gaining a fundamental
understanding of the chemical and physical processes that occur at this complex interface.
These studies will require close coupling of new analytical and computational toolsto
understand these processes at the atomic and molecular level. The knowledge gained from
these studies will catalyze the design of new multifunctional materials that are tailored to
provide the optimal performance required for future electrical energy storage applications.

Introduction

The future use of electrical energy depends on the development of the next generation of
batteries.? Batteries are ubiquitous—virtually all portable electronic devices rely on energy
stored chemically in them. The advent of Li-ion rechargeabl e batteries ushered in the
wireless revolution and has stimulated a quest for batteries to power HEV s—powered by a
combination of gasoline and batteries that are recharged during braking—and EV's. Batteries
are also needed to readlize the full potential of renewable energy sources as part of the electric
distribution grid. Descriptions of these and other projected technology needs for batteries are
described in the Factual Document in Appendix A of this document.

Existing battery technologies have serious cost and performance limitations that hinder the
rapid transition to EV's and efficient use of renewable energy sources. Other technical
bottlenecks include the limited energy storage capacity of individual battery cells and the
lack of fast recharge cycles with long cell lifetimes. To increase the energy storage capacity
of each cell significantly, increasesin cell voltage and/or in the amount of charge stored
reversibly per unit weight and volume are needed. Increasing the cell voltage requires the
development of new electrolytes for thermodynamic stability or of surface passivation layers
that adjust rapidly to changes in el ectrode morphology during a fast charge and discharge.
Increasing the amount of charge stored reversibly may require identification of redox centers
in the host electrode materials that accept more than one electron over asmall voltage
window. The need to mitigate the volume and structural changes of the active electrode sites
in a charge-discharge cycle calls for the exploration of new materials that have nanoscale
features that could enhance reversible charge storage. Especialy exciting is the potential for
designing novel multifunctional materials that, for example, would increase the level of
energy storage per unit volume and decrease dead weight.



To achieve the goals of using electrical energy in transportation and electricity grid
applications, amajor step change in battery technology is needed—a step that can be taken
only by obtaining a fundamental understanding of the physical and chemical processes that
occur in these complex systems to enable breakthroughs in batteries, including electrode
materials and electrol yte chemistries.

Fundamental Challenges

Batteries are inherently complex and virtualy living systems—their electrochemistry, phase
transformations, and transport processes vary not only during cycling but often also
throughout their lifetime. Although they are often viewed as simple for consumers to use,
their successful operation relies on a series of complex, interrelated mechanismsinvolving
thermodynamic instability in many parts of the charge-discharge cycle and the formation of
metastable phases. The requirements for long-term stability are extremely stringent and
necessitate control of the chemical and physical processes over awide variety of temporal
and structural length scales.

A battery system involves interactions among various states of matter—crystalline and
amorphous solids, polymers, and organic liquids, among others (see sidebar “What Is a
Battery?’). Some components, such as the electrodes and electrol ytes, are considered
electrochemically active; others, such as the conductive additives, binders, current collectors
and separators, are used mainly to maintain the electrode’ s el ectronic and mechanical
integrity. Yet al of these components contribute to battery function and interact with one
another, contributing to a convoluted system of interrelated reactions and physico-chemical
processes that can manifest themselves indirectly viaalarge variety of symptoms and
phenomena.

To provide the major breakthroughs needed to address future technology requirements, a
fundamental understanding of the chemical and physical processes that occur in these
complex systems must be obtained. New analytical and computational methods and
experimental strategies are required to study the properties of the individual components and
their interfaces. An interdisciplinary effort is required that brings together chemists, materials
scientists, and physicists. Thisis particularly important for a fundamental understanding of
processes at the electrode-el ectrol yte interface.

The largest and most critical knowledge gaps exist in the basic understanding of the
mechanisms and kinetics of the elementary steps that occur during battery operation. These
processes—which include charge transfer phenomena, charge carrier and mass transport in
the bulk of the materials and across interfaces, and structural changes and phase transitions—
determine the main parameters of the entire EES system: energy density, charge-discharge
rate, lifetime, and safety. For example, understanding structure and reactivity at hidden or
buried interfacesis particularly important for understanding battery performance and failure
modes. These interfaces may include a reaction front moving through a particle in atwo-
phase reaction (Figure 1, ii); an interface between the conducting matrix (e.g., carbon), the
binder, or the solid electrolyte interphase (SEI) (see PRD “Rational Design of Interfaces and
Interphases’) and the electrode material (Figure 1, i andiv); or adislocation originaly
present in the material or caused by el ectrochemical cycling (Figure 2). New analytical tools
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What Is a Battery?

A battery contains one or more electrochemical cells; these may be connected in series
or parallel to provide the desired voltage and power.

The anode is the electropositive electrode from which electrons are generated to do
external work. In a lithium cell, the anode contains lithium, commonly held within graphite in
the well-known lithium-ion batteries.

The cathode is the electronegative electrode to which positive ions migrate inside the cell
and electrons migrate through the external electrical circuit.

The electrolyte allows the flow of positive ions, for example lithium ions, from one
electrode to another. It allows the flow only of ions and not of electrons. The electrolyte is
commonly a liquid solution containing a salt dissolved in a solvent. The electrolyte must be
stable in the presence of both electrodes.

The current
collectors allow the y
transport of electrons to A
and from the electrodes.
They are typically
metals and must not @
react with the electrode . Electrolyte s oo
materials. Typically, | e
copper is us)(/a% for){he > g VW w N\ ) 4
anode and aluminum for j :
the cathode (the lighter-
weight aluminum reacts
with lithium and
therefore cannot be
used for lithium-based

o

Cathode

~
®
e
[ ]
3]

|\ Heess,

anodes). " A - )

The cell voltage is S i P ——— &) e
determined by the /
energy of the chemical
reaction occurring in the Cu Current & o :.+ = m@ Al Current
cell. Collector Graphene 1 ;&G%Il‘::l:ltle Collactor

The anode and structure LIMO; lyer

structure

cathode are, in practice,
complex composites. They contain, besides the active material, polymeric binders to hold
the powder structure together and conductive diluents such as carbon black to give the
whole structure electronic conductivity so that electrons can be transported to the active
material. In addition these components are combined so as to leave sufficient porosity to
allow the liquid electrolyte to penetrate the powder structure and the ions to reach the
reacting sites.

are needed to allow monitoring of areaction front moving through a particle in a two-phase
reaction (Figure 1, ii) in real time, and to image concentration gradients and heterogeneity in
these complex systems. A detailed, molecular-level understanding is needed of the
mechanism by which an ion intercalates or reacts at the liquid-solid interface (Figure 1, iii) or
at the gas-solid interface, depending on the type of battery being studied.
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Li intercalation mechanism?
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Figure1l. A battery system involvesinteractionsamong various states of
matter. Transmission electron microscopy data courtesy of H. Gabsrisch.

Figure 2. Thelarge concentrations of dislocationsin
commercial LiCoO,, asrevealed by transmission
electron microscopy, raise fundamental questions with
direct bearing on battery function. For example, what role
do didocations play in cycling performance? How do the
dislocations change during cycling? What is their
relationship to fracture formation/prevention?®
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Further, an understanding is needed of how these mechanisms vary with surface and bulk
structure, particle morphology, and electronic properties of the solid for both intercalation
and conversion reactions. Also important is the ability to correlate the structure of the
interface with its reactivity, to bridge the gap between localized ultrafast phenomenathat
occur at the A—micron length scale and the macroscopic long-term behavior of the battery
system. Gaining insight into the nature of these processes is key to designing novel materials
and chemistries for the next generation of chemical EES devices.

Recent advances in nanoscience, analytical techniques, and computational modeling present
unprecedented opportunities to solve technical bottlenecks. New synthetic approaches can
allow the design of materials with exquisite control of chemical and physical processes at the
atomic and molecular levels. Development of in situ methods and even multi-technique
probes that push the limits of both spatial and temporal resolution can provide detailed
insight into these processes and rel ate them to electrode structure. New computational tools,
which can be employed to model complex battery systems and can couple with experimental
techniques both to feed data into modeling and to use modeling/theory to help interpret
experimental data, are critically important.

The Potential of Nanoscience

The discovery of new nanostructured materials has opened opportunities to develop novel
taillored chemical EES systems. In particular, recent developments in the area of chemical
EES have clearly demonstrated a series of phenomena that are unique to materials with
length scales at the nano-regime.®>® These phenomena range from high-rate performance,
including enhancement of ionic conductivity in e ectrol yte nanocomposites, to the
development of new electrochemical processes (e.g., involving conversion reactions that can
dramatically increase the capacity that can be extracted from the system). The ability to
control the structure of materials at the nanoscale adds size as afunctiona variable, in
addition to composition and structure. However, the lack of afundamental understanding of
how thermodynamic properties, such as phase co-existence, change at the nanoscaleisin
stark contrast to the wealth of information available on the novel electronic, optical, and
magnetic properties of nanomaterials. While the latter properties typically arise from the
interaction of the electronic structure with the boundary conditions (e.g., € ectron
confinement and/or localization), purely energetic properties and thermodynamic behavior
changein aless transparent way at the nanoscale.

Many fundamental questions remain to be answered. For example, are the differencesin the
electrochemical properties of bulk and nanosize electrode materials simply due to the higher
concentrations of different surfaces available for intercalation, or are the electronic properties
of the nanomaterials significantly different? Are surface structures at the nanoscale
significantly different from those in the bulk or are the improved properties ssimply a
transport effect? At the nanoscale, can we conceptually separate pseudocapacitive from
storage reactions? Can we develop general rules and, if so, how widely do we expect them to
apply? How areionic and electronic transport processes coupled in complex heterogeneous
nanostructured materials? The ability to modify the properties of materials by treating size
and shape as new variables presents great opportunities for designing new classes of
materials for EES.
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It isimperative to explore how the different properties of nanoparticles and their composites
can be used to increase the power and energy efficiency of battery systems. A tremendous
opportunity exists to exploit nanoscal e phenomenato design new chemistries and even whole
new electrode and electrol yte architectures—from nanoporous mesoscopic structures to
three-dimensional electrodes with active and passive multifunctional components
interconnected within architectures that offer superior energy storage capacity, fast kinetics
and enhanced mass transport, and mechanical integrity. To do so, we need to be able to
control chemistries and assembly processes. Furthermore, low-cost, high-volume synthesis
and fabrication techniques and nanocomposites with improved safety characteristics must be
designed, to satisfy requirements for large-scale manufacturing of nanostructure materials
and for their use in practical battery systems.

New Capabilities in Computation and Analysis

Although clever engineering can address some inherent problems with a particular battery
chemistry, dramatic improvements in performance will ultimately come from the
development of different electrode and electrolyte materials. New computational and analysis
tools are needed to realize significant breakthroughs in these areas. For example, new
analytical toolswill provide an understanding of how the phase behavior and el ectrochemical
properties of materials are modified at the atomic level. With this information, computational
tools will expedite the design of materials with structures and architectures tailored for
specific performance characteristics. It is now possible to predict many properties of
materials before attempting to synthesize and test them (see Appendix B, “Probing Electrical
Energy Storage Chemistry And Physics Over Broad Time And Length Scales,” for further
details), and expanded computational capabilities specific to chemical energy storage are a
critical need. New capabilities in modeling and simulation could help unravel the complex
processes involved in charge transport across the electrode-electrolyte interface and identify
underlying reactions that cause capacity degradation.

Tremendous opportunities exist to develop and apply novel experimental methodologies with
increased spatial, energy, and temporal resolution. These could answer a wide range of
fundamental questionsin chemical electrical storage, identifying and providing ways to
overcome some of the barriersin thisfield. In particular, techniques that combine higher-
resolution imaging, fast spectroscopic tools, and improved electrochemical probes will
enable researchers to unravel the complex processes that occur at electrodes, electrolytes, and
interfaces. For further information on opportunities for advances in characterization tools
needed for chemical EES, see Appendix B.

Priority Research Directions

Future advances in chemical electrical storage technologies are critically linked to a
significantly improved fundamental understanding of the complex physical and chemical
phenomena that occur in these systems. This understanding will lead to the development of
radically new materials with novel electrochemical processes and storage mechanisms,
which, in turn, will lead to batteries with much higher performance.

Given these imperatives, the two priority research directions (PRDs) outlined below were
developed for chemical energy storage science. As noted earlier, new capabilitiesin
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computation and analysis will be needed to achieve the goals of these two PRDs. Because
characterization and computational tools are critical to progressin al aspects of EES,
research needs for these two areas are summarized in the “ Cross-cutting” section of this
report.

Novel designs and strategiesfor electrochemical systems. This PRD seeks to understand
the processes involved in charge and mass transfer/transport, including changes that occur
within the electrode during the charge-discharge cycle and at the interface. With this
knowledge, it may be possible to design multifunctional nanomaterials, including those that
self-assembl e, to increase charge storage and minimize problems due to charge-discharge
cycles. This PRD aso addresses the possibility of increasing charge density by developing
redox couples that can accept more than one electron within a small voltage window. An
elucidation of the physical and chemical processes that occur in these electrochemical
systemsis required before novel materials and chemical processes can be designed to
produce batteries for future applications. Acquiring this understanding will require the
development and optimization of new characterization tools that utilize recent advancesin
spectroscopic, imaging, and scattering methods.

Rational design of interfaces and interphasesin chemical energy storage cells. Interfaces
play key rolesin chemical energy storage cells, and understanding the physical and chemical
processes that occur at these interfaces is key to the design of new materials and chemistries
needed for future chemical energy storage cells. Understanding interface/interphase
dependence on el ectrode materials and electrol yte components and additives (intra-cell and
intra-electrode) and designing desirable interfaces/interphase are major scientific challenges
that must be met to achieve revolutionary breakthroughsin future chemical energy storage
devices.
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CAPACITIVE ENERGY STORAGE
Abstract

Torealize the full potential of electrochemical capacitors (ECs) as electrical energy storage
(EES) devices, new materials and chemical processes are needed to improve their charge
storage capabilities by increasing both their energy and their power densities. Incremental
changes in existing technologies will not produce the breakthroughs needed to realize these
improvements. Rather, a fundamental understanding of the physical and chemical processes
that take place in the EC—including the electrodes, the electrolytes, and especialy their
interfaces—is needed to design revolutionary concepts. For example, new strategies in which
EC materials simultaneously exploit multiple charge storage mechanisms need to be
identified. Charge storage mechanisms need to be understood to enable the design of new
materials for pseudocapacitors and hybrid devices. There is aneed for new electrol ytes that
have high ionic conductivity in combination with wide electrochemical, chemical, and
thermal stability; are non-toxic, biodegradable, and/or renewable; can be immobilized; and
can be produced from sustainable sources. New continuum, atomistic, and quantum
mechanical models are needed to understand solvents and ions in pores, predict new material
chemistries and architectures, and discover new physical phenomena at the electrochemical
interfaces. From fundamental science, novel energy storage mechanisms can be designed into
new materials. With these breakthroughs, ECs have the potential to emerge as an important
energy storage technology in the future.

Introduction

ECsinclude two general types, electric double layer capacitors (EDLCs, aso known as
supercapacitors or ultracapacitors) and pseudocapacitors. ECs differ from conventional
dielectric and electrol ytic capacitorsin that they store far more energy. As EES devices, ECs
have a number of potentially high-impact characteristics, such asfast charging (within
seconds), reliability, large number of charge-discharge cycles (hundreds of thousands), and
wide operating temperatures. Because of their very fast charging rate, ECs may be able to
recover the energy from many repetitive processes (e.g., braking in cars or descending
elevators) that is currently being wasted. Large-scale ECs can perform functions of a
different kind, such as power quality regulation of the electrical grid, which can avoid the
costly shutdown of industrial operations as a result of intermittent outages and power
fluctuations.

While ECs arerelated to batteries, they use adifferent energy storage mechanism. Batteries
move charged chemical species (ions) from one electrode via an electrol yte to the second
electrode, where they interact chemically. Thus batteries store chemical energy (see
Chemical energy storage panel report). EDLCs store electrical charge physically, without
chemical reactions taking place. Because the charge is stored physically, with no chemical or
phase changes taking place, the process is highly reversible and the discharge-charge cycle
can be repeated virtually without limit. Typically, an EDLC stores electrical chargein an
electrical double layer in an electrode-electrolyte interface of high surface area (see sidebar
“Electrochemical Capacitor”). Because of the high surface area and the extremely low
thickness of the double layer, these devices can have extraordinarily high specific and
volumetric capacitances. A striking dissimilarity between batteries and ECs is the number of
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charge-discharge cycles each can undergo before failure. The dimensional and phase changes
occurring in battery el ectrodes represent one of the key limitations in attaining longer charge-
discharge cycling. In contrast, no inherent physical or chemical changes occur in EC
electrodes during cycling because the charge is stored electrostatically. Asaresult, ECs
exhibit cycle lifetimes ranging from afew hundred thousand to over one million cycles. Most
notably, however, ECs have the ability to deliver an order of magnitude more power than
batteries. However, at present, their energy densities are generally lower than those of
batteries. Asthe energy densities of ECs have increased, applications using ECs as EES
devices—from vehicles, cell phones, and photocopiersto larger industrial drive systems—
have increased” and in some cases have displaced batteries.

Electrochemical Capacitor

A simple EC can be constructed by inserting two
conductors (electrodes) in a beaker containing an
electrolyte, for example, two carbon rods in salt
water, and connecting them to a power source.
Initially there is no measurable voltage between the
two electrodes; but when the switch is closed and
current flows from one electrode to the other, from
the power source, charge separation is naturally
created at each liquid-solid interface. This
effectively creates two capacitors that are series-
connected by the electrolyte. Voltage persists after \__ELECTROLYTE
the switch is opened, and energy is stored. In this @® npositive charge
state, solvated ions in the electrolyte are attracted
to the electrode surface by an equal but opposite

@_I

A

@ negative charge
Charged double layer persists after

charge in the electrode. These two parallel regions power source is removed, providing
of charge form the source of the term “double asource of stored electric energy.
layer.”

A convenient way to compare the operational characteristics for batteries and ECsisto plot
the power density as afunction of energy density, as shown in Figure 3. The “capacitors”
shown on the low-energy-density end refer to the dielectric and electrol ytic types widely
used in power and consumer electronic circuits. These types of capacitors have very high
power, very fast response time, almost unlimited cycle life, and zero maintenance. However,
their energy density isvery low (lessthan 0.1 Wh/kg in most cases). Hence they store very
small amounts of energy and are not useful for applications in which significant energy
storage is needed. On the other hand, ECs can operate over afairly broad range of energy and
power densities. This versatility is akey feature for adapting EC systems for energy storage,
energy harvesting, and energy regeneration applications. EDL Cs with specific capacitances
in excess of 200 F/g, cycle life well above 1 x 10° cycles, and pseudocapacitancesin excess
of 750 F/g are especially noteworthy. Moreover, the high discharge/charge rates of ECs have
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Figure 3. Power density asa function of energy density for various
ener gy storage devices.**

led to their use in a variety of applications based on supplying high power. However, certain
performance limitations persist, and these limitations have prevented more widespread
applications for ECs. They include relatively low energy density (<10 Wh/kg), low cell
voltage (<1 V for agueous and ~3 V for organic electrolytes), and sensitivity to impurities.

EC technology has been influenced strongly by both the battery field and traditional
electrochemistry. Thisis evident by the fact that carbon electrodes are widely used for EC
devices with electrolytes containing sulfuric acid or acetonitrile.** The battery influenceis
further apparent from the continuing studies of the transition-metal oxide cathodes
commonly used in Li-ion batteries and the use of propylene carbonate as an electrol yte.
Except for these derivative studies, little effort has been focused on designing either electrode
materials or electrolytes that are specific for ECs. Moreover, there have been only afew
limited modeling studies applied to ECs. In some respects, ECs can be considered to have
been overlooked scientifically. A fundamental understanding is lacking for such basic
processes as charging, charge storage, and pseudocapacitance.” If we are to take full
advantage of ECs, especially their extraordinarily high discharge rate properties and
cyclability, we need an infusion of basic science to provide the vital background for the
materials and mechanisms that are at its core.

Fundamental Challenges

Dramatic advances in capacitor storage science can be made by achieving a fundamental
understanding of the interrelated physical and chemical phenomenainvolved in EC energy
storage, such as electrode structures, interfacial relationships, electrolyte properties, and
charge storage/discharge processes. Understanding the atomic- and molecular-level
interactions among EC components will alow the development of the next generation of
high-performance ECs. For example, future ECs may include novel electrode materials that
reach unprecedented levels of power and energy density by combining double layer and
pseudocapacitive processes. This could be achieved through a variety of strategies such as
self-assembly of thin films, use of multiphase materia's, and incorporation of three-
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dimensional architectures. By designing electrolytes for optimum performance in capacitive
modalities, the critical need for high-voltage operation may be achieved without
compromising conductivity and stability. Once the fundamental underpinnings of ECs are
understood, the principles for designing novel materials and energy storage mechanisms will
be revealed, positioning ECs for enormous opportunities available in energy storage, and
regeneration.

Recent advances in nanoscience, computational capabilities, and analytical tools have the
potential to provide unprecedented breakthroughs for ECs. ECs are intrinsically nanoscale
systemsin which ionsfit into pores of, typically, 0.5-3 nm in size. However, little is known
about the physico-chemical consequences of nanoscale dimensions (see sidebar “Correlation
Between Pore Size, lon Size, and Specific Capacitance”). Further, it is necessary to
understand how various factors—such as pore size, surface area, and surface chemistry—
affect the performance of ECs. This knowledge can be used to design nanostructured
materials with optimized architectures that could yield dramatic improvements in current
capabilitiesin energy and power. Novel electrolyte systems that operate at higher voltages
and have higher room-temperature conductivity are critically needed for the next generation
of ECs. Fundamentals of solvation dynamics, molecular interactions at interfaces, and ion
transport must be better understood to tailor electrolytes for optimal performance. Exciting
opportunities exist for creating multifunctional e ectrolytes that scavenge impurities and
exhibit self-healing. A potential bridge between ECs and batteries is combining a battery-
type electrode with a capacitor-type electrode in so-called hybrid or asymmetric ECs.° This
approach needs to be better understood at the fundamental level so that it enables the
tailoring of energy density without compromising power density. In situ characterization of
the electrolyte/el ectrode interface during charging/discharging at molecular and atomic levels
iscritical to understanding the fundamental processesin capacitive energy storage. Thiswill
require the development of new experimental techniques that combine measurement and
imaging, including so-called chemical imaging, where chemical information can be obtained
at high spatial resolution. In addition, new computational capabilities can allow modeling of
active materials, electrolytes, and electrochemical processes at the nanoscale and across
broad length and time scales. These models will assist in the discovery of new materials and
the performance evaluation of new system designs.

To achieve these goals, three PRDs were identified for developing key breakthroughs needed
for future ECs.

Charge storage materials by design. The interaction of electrodes and electrolytes at the
electrical double layer can be improved enormously by integrating multiple chemical and
physical functionalities so that the material can simultaneously exploit more than one
mechanism of charge storage. Materials with narrow pore size distributions able to store
desolvated ions may provide an avenue for enhancing both energy and power density. New
capabilities for designing materials at the nanoscal e show exceptional promise for tailoring of
electrode architectures to realize higher EC performance.
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Correlation Between Pore Size, lon Size, and Specific Capacitance

The electrolyte environment is very complex at the nanoscale. Surrounding each
electrolyte ion is a layer of solvent molecules that is attracted to the charged ions. It
was long thought that this so-called solvation layer was tightly bound to its ion
nucleus, and therefore pores would need to be larger than the diameter of both the
solvent layer and the ion. Therefore, scientists were interested in increasing the pore
size as much as possible without significantly compromising the surface area. Recent
work on carbon derived from metal carbide precursors has elucidated the mechanism
governing this capacitance increase with increasing pore size. However, these studies
have also shown that the capacitance increases anomalously if the pore size is
decreased below the size of the solvation shell. This approach leads to an increase in
capacitance of almost 50% compared with the best-performing commercially available
activated carbons. Additional studies are needed to fully understand these complex
relationships.
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Multifunctional materialsfor pseudocapacitors and hybrid devices. There are
extraordinary opportunities for taking advantage of materials that exhibit pseudocapacitance
to produce high-performance ECs. Improved understanding of charge-transfer processesin
pseudocapacitance is acritical step that will lead to the design of new materials and
multifunctional architectures offering substantially higher levels of energy and power
density.

Electrolytesfor capacitive energy storage. At present, there is alack of understanding of
the influence of electrolyte components on molecular interactions, physical properties, and
EC performance. Fundamental understanding of molecular interactions in the bulk solution
and at interfaces will be akey consideration in identifying the next generation of electrolyte
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systems that offer high conductivity and wider el ectrochemical windows, allowing higher
operating voltages to be realized.

Aswas noted in the Chemical Energy Storage panel report, theory, modeling, and simulation
tools are also needed for ECs. These needs are described in PRD 6, “Rational Materials
Design through Theory and Modeling.” New computational tools can guide experiments that
test our fundamental understanding of the various processes involved in capacitive storage
science. To date, relatively few models have been applied to ECs, athough various modeling
approaches are available and seem appropriate. Numerous topics of central importance to
capacitive energy storage processes in such areas as dynamics, charge transfer, and
interfacial properties need to be explored to identify new directions in both materials and
electrode architectures.

The potential impact of developing new generations of ECsis significant.” There are many
opportunities for storing energy and recovering waste energy for which batteries are either
not appropriate or are far from optimal because of their limited power capability in charge or
discharge modes and/or their limited cycle life for deep discharge. These applications include
energy storage and load leveling in solar, wind, and other energy sources and for power
quality regulation on the electrical grid. ECs have particular promise for energy recovery
from regenerative braking in vehicles and/or stop-start in industrial equipment, reducing
energy requirements. Further applications in which energy can be recovered from
intermittent light, vibration, and motion sources (e.g., walking) may also be possible with
new EC technologies. The current lack of fundamental knowledge of how these devices work
at the atomic and molecular level isamajor impediment to needed advancesin thisfield.
Basic research is needed to obtain this knowledge and provide breakthroughs that are needed
in the design of electrodes and electrolytes for future EC devices.
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NOVEL DESIGNS AND STRATEGIES FOR CHEMICAL ENERGY STORAGE

New electrochemical cell chemistries and designs that consider all of the interacting
chemical and physical processes occurring in the system as a whole are needed to enhance
significantly the performance of today’ s chemical energy storage systems. Access to redox
centersthat can accept more than one electron without a step change in cell voltage,
elimination of dead weight by the introduction of multifunctional materials, and design of
radical new cell architecturesinspired by nature are some of the fundamental research
opportunities to enhance greatly the energy density of today’ s batteries. A new paradigmis
required to design new anode and cathode materials, along with novel chemistriesin which
redox couples exchange multiple electronsin a narrow potential range to provide
electrochemical cellswith high voltage, high energy, high power, and long lifetime.

Background and Motivation

A chemical energy storage system (battery) isinherently complex, consisting of a cathode, an
electrolyte, and an anode (see sidebar “What is a Battery?” on page 11). Any future system
must be designed to include a number of essential characteristics, including

e high energy density;

o sufficient power achieved through holistic design of the storage materials, supporting
components, and device construction;

electrochemical and materials stability to ensure long lifetimes;

practical materials synthesis and device fabrication approaches;

reasonabl e cost; and

optimized safe operation and manageabl e toxicity and environmental effects.

Future chemical energy storage applications, ranging from portable consumer products to
hybrid and plug-in electric vehiclesto electrical distribution load-leveling, require years to
decades of deep discharge with subsequent recharging (charge-discharge cycles). Thislevel
of use must occur with minimal loss of performance so that the same capacity is available on
every discharge (i.e., with minimal capacity fade). The necessity of ensuring stable cycle-life
response has restricted the number of electrons that can be transferred in any given discharge
or charge reaction, thereby limiting the utilization of the electrodes and the amount of energy
that could be available from the batteries.

Thisrestriction in battery operation is driven by the fact that deep, but thermodynamically
allowable, discharge reactions usually drive the electrodes toward physical and chemical
conditions that cannot be fully reversed upon charging. The extent to which the physical and
chemical properties of electrode materials change during electrochemical cyclingis
dependent on the battery’ s chemistry. For example, during charge-discharge, the electrode
materials can undergo damaging structural changes. They can fracture, resulting in the |oss of
electronic contact, and they can dissolve in the electrolyte, thereby lowering the cycling
efficiency and delivered energy of the batteries.

Recent research has shown that the electron/redox center count in nanoscale forms of charge

storing materials can be significantly superior to their crystalline counterparts for reasons that
are still unclear. For instance, amorphous V,0s prepared with a nanoporous, sol-gel-derived
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architecture can accept and release four electrons reversibly'? whereas crystalline V,0s, on
reaction with lithium, transforms to Li3V-Os that cycles only 1-2 electrons per V,Os unit.
Even more intriguing is that nanoscale forms of the well known rutile, TiO,, structure that
had been previously shown to berelatively inert to lithium uptake in its crystalline bulk form
(<0.1 Li per TiO, unit) can be an effective lithium-ion insertion electrode.* Furthermore,
LiFePO, [Ref. 5], which has traditionally been regarded as having intrinsically low electronic
and lithium-ion conductivities, has now been deployed in nanophase form in commercial,
high-rate lithium-ion batteries with LiMn,
excellent stability and safety unit -y /\
attributes. In a more recent advance, 3 p
the concept of stabilizing layered N v -- ----------- Li
LiMO, and spinel LiM2O4 (M = Mn, & »
Ni, Co) electrode structures by
introducing nanodomains of LioMnO3 <
that are structurally compatible with LiMngNi .- T2
the host electrode (Figure 4) is quite unit '
promising.®’ These successful
examples of improved performance
gained with nanoscale materials holds
exciting potential for future chemical
energy storage strategies. Further, with Figure 4. SchemaFic illqstration of thelcation a.irrangement in
recent developmentsin the ability to alayered, composite xLi;M nO5e(1-x)LiMnosNiosO; electrode
. . . structurein which LiM ng units, characteristic of the Li,MnO;
tailor materials at the atomic level, component (and disordered LiM ngNi units), are embedded as
completely new electrode materialsfor  stabilizersin the residual LiMngsNigsO, component.®
reversible charge storage may be
discovered.

Designing new chemical energy storage materials will require strategies to create new anode
and cathode materials that provide a stable el ectrode-electrolyte interface at all states of
charge and discharge to achieve long cycle life. These strategies are especially important
when the energy delivered by the cell is enhanced by increasing the number of electrons
cycled at designed-in voltages above 4 V. For example, high-voltage batteries, notably those
with lithium-based chemistries, are usually unsafe for today’ s technologies. Increases in the
releasable energy of any future battery must be balanced by new design strategies that limit
catastrophic failure, including structural/functional components that provide self-healing
checks on thermal runaway.

The large increase in specific surface area (from <1m?g to >10°m?/g) upon switching to
nanoscale materials for battery electrodes requires a fundamental understanding of el ectrode—
electrolyte interfaces. This knowledge will allow these critical interfaces to be designed to
ensure that they are chemically and morphologically robust. This scientific challenge can
also be addressed by shifting current concepts of electrochemical storage devices from the
predominance of inorganic solid-state cathode materials to new systems based on organic
systems such as organosulfur compounds, liquids, or molten salts (e.g., organic catholytes
and redox flow batteries) as well as gases (e.g., metal—air electrochemical couples). New
devel opments in nanoscience are poised to accelerate this shift by incorporating
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nanostructured, high-surface-area electrode scaffolds that host the fluid electrolyte and
provide current collection while also providing dispersed catalysts to promote redox
reactions at the electrode. For example, sodium batteries may deserve renewed attention,
particularly if suitable room-temperature molten salts can be identified, whereas areversible
Li/Li,O, (Li-air) system®*° with an ultraporous catal yzed nanoarchitecture for the air cathode
offers promise for significantly increasing the energy density of state-of-the-art batteries.

Currently, no batteries can meet the criteriathat are required for tomorrow’ s energy storage
needs (see Factual Document, Appendix A). While battery technol ogies have been optimized
to some extent, they have remained essentially the same for many decades. For example, the
laminated cell design used commercially today is strikingly similar to the original design of
Volta, now more than 200 years old. Changes have been evolutionary to meet changing
performance criteria, but radical, revolutionary approaches that consider the entire system are
required to provide batteries that meet these criteria. Fundamental research is needed to
identify broad areas in materials and chemical sciences where advances can have dramatic
societal impact.

Research Directions

New materials and chemistries are required for the radical improvementsin energy and
power densities of chemical energy storage systems for transportation and electrical grid
applications. Basic research efforts will require interdisciplinary teams of materials and
chemical scientiststo elucidate the fundamental processes that occur in chemical energy
storage systems, including (1) understanding the basis for the design and synthesis of new
anode and cathode materials and cell chemistries; (2) establishing the principles controlling
electrode surfaces and el ectrode-electrolyte interfaces; (3) characterizing physical, chemical,
and dynamic electrochemical properties; and (4) theoretical modeling of electrode structure
and design and electrochemical phenomena. Specific aspects that should be included in new
research are discussed in the following sections.

Tailored nanostructured electrode materials. Stable, high-potential materials (>4 V) may
be achieved through tailored introduction of anions, structural modifications, and
defects/disorder. These nanostructured materials could be designed to create stable
multifunctional surface layers to access and increase capacity and power and maintain
electronic conductivity at al times during electrochemical cycling. For example, porous
nanostructured materials could be embedded with catal ysts to increase capacity and reaction
rates with gaseous electrodes. Multifunctional materials can be envisioned for usein
electrodes that will optimize the ionic transport, electronic conductivity, and stability of the
operating voltage of the cells. For example, battery electrodes are commonly made of
composites containing carbon to interconnect the active electrode particles electronically
with one another and with the current collector; Teflon, to bind the mass together; and pores
filled with electrolyte to provide alarge-area electrode-el ectrol yte interface. Novel
electrochemically active, electronically conductive polymers are candidates for replacing
these components with tailored architectures that integrate the components, increasing the
charge storage capacity per electrode mass.
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New approaches to materials synthesis have aready produced examples of three-dimensional
interpenetrating-electrode cell designs™ (Figure 5). These designs have the potential for
higher performance by separating the length scales for electronic and ionic transport, thereby
accessing previously unachievable regimesin the plot of energy vs. power. These new
structures have the potential to decrease the ionic transport distance between positive and
negative electrodes while maintaining a matching electronic transport to the current
collectors.
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Figure5. Three-dimensional nanostructure demonstrating the intergrowth of the
anode, cathode, and electrolyte™

In addition, new nanoscale materials could be produced by self-assembly.'? Nature uses
self-assembly to produce materials with specific functionality.*® These bio-inspired concepts
have potential for the development of novel nanomaterials and architectures to enhance the
development of chemical energy storage systems. The ability to apply these techniques to the
fabrication of battery electrodes could be revolutionary. Also, nature often relies on two-
electron redox centers (typicaly coupled with two protons) as in quinones and disulfides; as
described below, this has the potential of increasing charge density.

Designed materialsthat offer more than two electrons per redox center. A redox couple
that could accept more than one electron, without alarge change in cell voltage as the
additional electrons are added, has the potential to increase significantly the energy density of
acell. For example, such aredox couple might be designed as a structure into which either
two single-electron transfer species (e.g., Li* or Na") or multivalent el ectron-transfer
systems, such as akaline earths (e.g., Mg®* or AI**), can beinserted per redox center.
Materials with these features could improve energy and power densities in electrochemical
storage devices. In addition, conversion/displacement reactions of organic/organometallic
redox couples with high electrochemical and chemical reversibility and polymers that have
pendant redox moieties are interesting families of materials to be explored.

Developing a unified model of mixed ionic and electronic conductivity in electrodes. The
electrochemically active materials that store the chemical energy of a battery are mixed ionic
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and electronic conductors. For example, composite electrodes contain (in addition to
electrochemically active particles) an electrolyte for transporting ions, carbon as an electronic
conductor, and a polymer as a binding agent to hold the electrode together. We do not yet
have a detailed understanding of the processes involved in charge and mass transfer and
transport within the active particles and across the particle-electrol yte interface (including
across any interface phases that may be present) or the electronic pathways between the
particles and the current collector. This understanding is needed to guide the design of new
cell architectures as well asto identify possible multielectron redox centers and their
accessibility. Moreover, the understanding of multifunctional electrodes could lead, for
example, to the design of an electronic conductor that could also participate as a binding
agent (such as a conducting polymer) or an over-discharge protection agent (such as TiS,).
New characterization tools (see the Cross-cutting section and Appendix B) will be needed to
provide real-time, in situ data that can elucidate these transport processes.

Minimizing physical changesin electrode materials during charge-dischar ge cycles. The
insertion/extraction of charge and mass into/from an active particle in arechargeabl e battery
is accompanied by avolume change and, where a constant output voltage is achieved, by a
displacive phase change. Volume changes are associated with a solid solution of host (active
particle) and guest (working ion); a constant voltage is associated with a two-phase
segregation rather than a solid solution. If reversible insertion/extraction of the guest ionisto
be fast, any phase segregation must not involve atomic diffusion, only small atomic
displacements. Clearly, this trandates into fast charge-discharge cycles. We need to
understand the kinetics of the transport of phase boundaries where displacive phase changes
occur and the effect of particle size on the structural integrity of a particle that undergoes
these changes over many charge-discharge cycles. These processes are critical to power
capability and to cyclelife.

In al of these studies, in situ measurements will allow understanding of dynamic phenomena
and processes at the el ectrode-el ectrol yte interface and within the cathode/anode materias
during charge-discharge cycles. New tools could also be devised to permit the functional
state of the cell to be determined during operation. Further, new computational tools are
required for modeling structures of anode/cathode materials during charge-discharge, ion
transport phenomena, and el ectrode design (see Cross-cutting section).

Potential Impact

The research areas outlined above have the potential to make a significant impact on a broad
range of other fields as well as on chemical energy storage. For example, severa other
energy-related fields, such as organic photovoltaics, el ectrochromics, hydrogen storage,
catalysis, supercapacitors, and fuel cells, also depend on complex charge and/or mass
transport. Through real-time and in situ studies of charge transport in novel electricaly
conducting materials used in chemical energy storage systems, we could gain a fundamental
understanding that would impact these other energy-related technologies. The development
of novel nanoscale multifunctional materials, including the ability to synthesize these
materials via self-assembly, may inspire consideration of this strategy in other fields.
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SOLID-ELECTROLYTE INTERFACES AND INTERPHASES IN CHEMICAL ENERGY
STORAGE

Interfaces play important rolesin chemical energy storage cells. Theseinclude intra-
electrode interfaces within (composite) electrodes as well asintra-cell interfaces; the most
important being the latter—those between the electrodes and electrolytes. Almost all
electrode couplesin chemical energy storage cells operate beyond the thermodynamic
stability limits of the electrolytes. These cells operate in many cases only because el ectrode-
electrolyte reactions result in the formation of new phases (or interphases) at the electrode-
electrolyte interfaces. A molecular-level understanding of the full range of interfacesin
chemical energy storage systemsis needed. This knowledge would enable a systems
approach for designing tailored interfaces/inter phases for future high-energy chemical
energy storage systems with longer lifetimes and safer performance.

Background and Motivation

A successful example of awell functioning chemical energy storage system that relies on the
formation of effective interphasesisthe lithium-ion cell (Figure 6). Lithium-ion cells exhibit
cell voltages of up to 4.5V and, therefore, operate far beyond the thermodynamic stability
window of the organic el ectrolytes they use, causing el ectrol yte decomposition.
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Figure 6. Operation principle, inter phase formation, intra-electrode
and intra-cell interfacesin lithium-ion cells.
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Fortunately, during the charging process these electrolyte reduction products form protective
films at the negative electrode. In the ideal (but not fully realized) case, these films are
electronically insulating. These films, known as the solid electrolyte interphase (SEl), can
hinder further electrolyte reduction while still acting as a membrane for the active charge
carrier (e.g., the lithium cation in alithium battery). Because SEI formation is associated with
the irreversible consumption of both the charge carrier and the electrolyte, this processis
detrimental to the specific energy of the cell. Moreover, it requires an increased use of costly
positive electrode material, which increases the cost of the cell. To afirst approximation, the
SEI and the associated irreversible capacity |osses depend on the composition of the
electrolyte and on the properties of the anode material. The anode surface is of paramount
importance in the formation of the SEI and can be affected by arange of parameters, such as
surface area, surface morphology, and surface chemical composition.

While the overall concept is generally accepted, little is actually understood about the SEI,
and many fundamental questions remain unanswered. How is the SEI formed and what isits
chemical composition? How does the SEI change during operation of the cell and with
changes in temperature, voltage, and charge-discharge rates? What are the electrical transport
properties of the SEI, and how are they related to SEI compositions? What is the nature of
theideal SEI, and can it be tailored (using both €l ectrol yte and anode materials) to optimize a
specific system? How can the impact of the SEI be separated from the cell behavior? What is
therole of interfaces and the SEI in governing charge-transfer in solid electrode/solid
electrolyte and solid electrode/liquid electrolyte systems? In all of these questions, new in
situ analytical tools are needed to monitor the SEI both qualitatively and quantitatively.

These questions about the SEI also apply to interfaces and interphases in chemical energy
storage cells as awhole. Understanding the interface/interphase dependence on electrode
materials, electrolyte components and additives (intra-cell and intra-electrode), and designing
desirable interfaces/interphases are major scientific challenges that must be met to achieve
truly innovative breakthroughs in future chemical energy storage devices (Figure 7).
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Figure7. A proposed model of the electrode near a complex
SEI. Even the SEI has intra-component interfaces.
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Research Directions

Strategiesfor electrode-electrolyte synergy to enable the design of nove cathodes

The interface/interphase behavior of electrode and el ectrol yte components must be carefully
considered in electrode and electrolyte development, and synergetic el ectrode-electrolyte
research is required for achieving breakthroughsin battery technologies. An example isthe
advancement of lithium metal anode batteries compared with graphite anode—based lithium
ion batteries. Thefirst attempts to take advantage of graphite as an anode material in the mid-
1970s failed because the electrolyte was compatible with metallic lithium, but not with
graphite. Only a complete change of the electrolyte chemistry enabled the successful
operation of graphitic anodes in lithium-ion cellsin 1990. With the potential of developing
novel, high-capacity anodes and cathodes based on tailored nanoscale materials, new
electrolytes are needed that are specifically designed for use with these new nanomaterials.
Further, high-voltage cathodes (which operate above 4 V, for example) need el ectrol ytes that
are stable at these potentials and/or form an interphase sufficiently stable to enable operation
at these potential voltages. Beyond today’ s graphitic anodes, new interphases are needed for
the next-generation anode materials, which in turn, require new electrolyte chemistries.

Another issue to be considered is that high-capacity anode and cathode materials usually can
establish the large storage capacities only through substantial changes in structure and bulk.
This occurs when the lithium or other activeion is taken up into an electrode in alithium
battery, for instance. This uptake results in a highly dynamic electrode surface that becomes
an active interface to the electrol yte during cycling. These changes vary depending upon the
composition of the electrode. For example, graphite shows only small volume changes during
charge-discharge cycling; thus, there is only a small impact on the mechanical stability of the
SEI on graphite (Figure 8). In contrast, lithium storage metals and alloys show much larger
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Figure 8. SEI stability and growth during continuous lithium uptake and removal for
different anodes. graphite, lithium storage metals, and metallic lithium.
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volume changes. Any cracks caused by an increase in volume of the electrode materials must
be accommodated with the SEI; however, the SEI itself may break down during cycling. Asa
consequence, irreversible capacity losses are not limited to the first few cycles, but may
continue to deteriorate cell performance and life. Accordingly, both electrodes and
electrolytes have to be designed to take thisinto account, and systems that use novel
nanoscale materials and appropriate el ectrolytes could be designed to minimize these
changes.

Design of new electrolytes and anodes for multifunctionality

Despite the success of lithium-ion systemsin research and industrial applications, the advent
of new applications has revealed the limitations of state-of-the-art electrode and electrolyte
materias in these systems with regard to performance, cell life, safety, and cost. To meet
future chemical energy storage system needs, new electrolytes are critically needed. For
instance, the most common electrol yte salt, lithium hexafluorophosphate (LiPFg), is unstable
at elevated temperatures and against even minimum moisture levels. Ester-based solvents
(such as propylene carbonate) employed as part of the electrolyte have limited oxidation
stability and low-temperature performance. Further, the presently used liquid organic
electrolyte systems are flammable and tend to leak. Finally, the new materials used as
replacements for traditional graphitic anodes contain surface impurities and/or suffer from
significant surface dynamics during cycling that render them unstable.

Electrolyte chemistries. The beneficial effect of new electrolyte chemistries on cell
performance can beillustrated by the following example. The advantages of the two
electrolyte salts, lithium bi-oxalato borate (LiBOB) and lithium tetrafluoroborate (LiBFy),
can be combined into one salt, lithium oxalyldifluoroborate (LiODFB), that is a hybrid
possessing the structural features of both salts (Figure 9). The disadvantages of both
components are eliminated (i.e., the lower conductivity of LiBF, in carbonate solvents and
the higher resistivity of the SEI formed in LiBOB).
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Figure9. LiODFOB: a hybrid electrolyte salt material formed from LiBF, and LiBOB.
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Many opportunities exist for designing electrolytes for optimum cell performance. One
approach would be to add materials to the electrolyte to tailor the formation of the SEI. Such
electrolyte additives have been shown to be helpful in maintaining high-temperature stability
and sometimes improving Kinetics at low temperature. In addition, several additives have
been demonstrated to overcome the problems of overcharge reactionsin lithium-ion cells.
Another approach would be the development of completely new electrolyte chemistries
based on ionic liquids, ceramics, polymers, and hybrids or composites of these materials.
Regardless of the approach, interface/interphase issues and physical electrolyte properties
and their influence on thermodynamics and kinetics must be considered. However, our
present understanding of these important issuesis quite limited. Further, the design of the
optimal electrode will require afundamental understanding of these issues as a system,
taking into account the interplay of all of the physical and chemical parameters that affect
cell performance. For example, we must understand the physical interactions (ion-ion, ion-
solvent, etc.) of the electrolyte components with each other. We must also understand how
cell performance is affected by the viscosity, wettability, and conductivity of the electrolyte
system. Moreover, it iscritical to understand the impact of individual electrolyte components
on SEI formation and stabilization in conjunction with various anode and cathode chemistries
that need to be addressed. New computational tools will make it possible to model these
processes so that optimal electrolytes can be designed.

Anode materials. For future chemical energy storage systems, amajor target is attaining a
higher redox potential than that afforded by today’ s lithium/graphite system without the cell
voltage (and capacity) penalty suffered by use of the high rate/zero strain oxide LisTisO.
This target poses a particular challenge, because large volumetric changes have to be
compensated in any high-capacity anode material. Nanocomposite materials may provide
these needed technology breakthroughs. Fundamental research is needed to uncover the
characteristics that lead to optimal properties, including understanding solid-solution
behavior when two-phase behavior would otherwise dominate in bulk materials, and
controlling the complex nature of the interfaces in composites. Another promising approach
is developing novel chemical energy storage systems that operate by displacement reactions
(rather than intercalation chemistry) based on low-potential oxides, sulfides, phosphides, and
their composites. These materials would require the design of new electrolyte/SEI
combinations to optimize the overall system. Lowering the overall voltage of the
displacement reaction and tailoring it by choice of chemistriesis a highly desirable goal if
these materials are to see acceptance in cell systems. New probes must be developed to gain
afull understanding of the large voltage hysteresis displayed by these systems (generally, a
consequence of mass transfer energetics) and to allow it to be minimized through careful
control of nanostructured approaches. Finally, new analytical and computational tools are
needed to monitor and model experiments. These tools will alow us to understand the effect
of electrolyte components within the complex electrolyte/electrode cell system and the
interdependence of these components. These components and the resulting electrolyte
systems are critical for extending the temperature- and voltage-window operations that are
required for future chemical energy storage systems.
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Potential Impact on Electrical Energy Storage and Beyond

The interface of the electrolyte and the interphases formed from electrol yte decomposition
are critically important to chemical-based electrical energy storage systems. The research
directions described above seek a systems-based understanding of interfaces and would result
in a holistic and synergetic approach for designing tailored interfaces/interphases for future
high-energy storage systems with longer life and safer performance. This understanding will
also further advances in other fields involving charge-transfer interfaces and chemically
formed interphases, such asthose in fuel cells, capacitors, electrocatalysts, bio-inspired
separation membranes, and other applications of importance to energy production, storage,
and use.
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CAPACITIVE ENERGY STORAGE MATERIALS BY DESIGN

Achieving a significant increase in the energy density of electrical double layer capacitor
(EDLC) energy storage devices while retaining their characteristic advantages of high
power and extraordinary cyclability will open up great possibilities for the use of capacitor-
based storage across the entire energy sector. Currently thereis a lack of fundamental
under standing of charge storage on the nanoscale, which has led to an Edisonian approach
to improvements in these systems. Furthermore, this lack of under standing continues to
hamper the design and development of alternative electrochemical capacitor (EC) storage
materials with energy densities that could approach those of lead-acid batteries. A
systematic, highly coordinated research effort in which synthesisis strongly coordinated with
modeling and the characterization of novel materials with controlled and optimized pore
structures, tailored surface functionality, and nanostructured architecturesis critically
needed to elucidate these fundamental atomic- and molecular-level issues.

Background and Motivation

Although the energy density of ECsis currently lower than that of batteries, they can deliver
thisenergy at very high rates (power) for over amillion charge-discharge cycles. Activated
carbon, the most widely used electrode material in commercial devices, benefits from its
ready availability and low cost despite (1) an ill-defined and/or unoptimized pore structure
that ultimately limits its capacitance, (2) a variable surface functionality that leads to long-
term degradation, (3) high self-discharge that limits shelf-life of the charged device, and

(4) low (<10 Wh/kg) energy density. ECs using activated carbons primarily store charge in
the electrochemical double layer, wherein electrolyte ions are closely associated with the
electrode surface (Figure 10). This physical mechanism of charge storage distinguishes
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Figure 10. Schematic of an activated carbon-based EDLC
illustrating the heter ogeneity of particle size, pore size, and
pore structur e of the electrode that ultimately leadsto
perfor mance limitations.
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EDLCs (and ECsin general) from chemical energy storage systems (batteries) and leads to
their distinct advantages of high power and extremely high cyclability. Finding ways to
increase the energy density of EDLCs significantly while retaining these advantages will
open up great possibilities for their use across the entire energy sector.

Because the doubl e layer capacitance of an EDLC depends, in part, on the specific surface
area (SSA) of the electrodes, numerous efforts have been made to increase the SSA of
activated carbons. Current materials approach a few thousand square meters per gram, and it
is expected that further increasesin SSA aone will lead only to incremental improvementsin
performance. Thus, significant advancement in the field will require the discovery of
innovative charge storage concepts and materials. Currently, thereis alack of fundamental
understanding of the charge storage phenomena on the nanoscale, which to date hasled to a
trial-and-error approach to its optimization. Moreover, this lack of understanding continues
to hamper the design and development of alternative, potentially high-energy-density,
capacitive charge storage materials.

Science Questions and Opportunities

The physics and chemistry involved in charge storage of EDLCs have not been well studied,
and elucidating these processesis necessary if abasis for understanding how to increase the
energy density of these charge storage materialsis to be gained. Either single or multiple
charge storage mechanisms can be considered. For example, improvement in charge storage
for “pure” double layer carbon EDLCs could potentially lead to materials having surface
areas >3500 m*/g, pore volumes of >3 cm®/g, and pore sizes in the range of 1-2 nm. The
challenge is the synthesis of tailored materials with these characteristicsin a highly
controlled and reproducible manner. The roles of pore structure and pore size for materias
utilizing only double layer charging is another key fundamental question. The recent report
of an anomalous increase in capacitance of carbide-derived carbon materials with pore sizes
below 1 nm may necessitate a rethinking of traditionally held views on effective ion size and
solvation. Can systems with a controlled pore size and structure be used as models to
elucidate these interactions? Uncontrolled surface functionality is known to be a cause of
premature EDLC failure. However, could redox couples be rationally incorporated to
enhance capacitance while maintaining long-term cyclability? Can the unprecedented control
over structure and properties that the recent nanotechnology revolution provides be applied to
the synthesis of new capacitive energy storage materials and to the architectures of electrodes
made from them to achieve energy densities far greater than are currently available?

Research Directions

Materialsutilizing only double layer charge storage. Recent discoveries of dramatic
capacitance enhancement in nanoporous carbons underscores the need to move beyond
today’ s standard activated carbons with their poorly controlled pore size distribution and to
identify the phenomena responsible for the dramatic increase of both the gravimetric and
volumetric capacitance. One fundamental question that must be answered is, what is the best
pore size for an EDLC material that leads to the highest capacitance in a defined electrolyte?
The answer will require areexamination of our current limited understanding of the double
layer charging mechanism as applied to the subnanoscale level. The underlying cause of the
impressive capacitance enhancement observed for pores smaller than 1 nm is not completely
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understood at present, nor are the limits of how far this phenomenon can be extended. The
current double layer charging theories are inadequate to explain subnanoscal e effects that
could be operating in these materials, including the thermodynamics of ion solvation-
desolvation and possible surface electronic density redistribution. The experimental results
must be closely coupled with new modeling approaches that specifically consider those
features unique to EDL Cs rather than simply applying existing models based on batteries.

Tailored materials with mono-dispersed pore size distribution have the potential to provide
optimum charge storage. Unfortunately, the availability of such materialsis currently limited.
Today, high-surface-area activated carbons are prepared with a top-down approach
employing chemical or physical activation, but this|eads to random pore sizes and broad
distributions. Recent advances in nanoscience provide the opportunity to design structures
with tailored pore sizes from avariety of material families.

An example of materials with a controllable, well-
defined pore structure is zeolites (Figure 11), which are,
unfortunately, electrically insulating. Synthesis of
electrically conducting analogs using other (transition)
metal derivatives would greatly extend the range of
materials with well-defined pore structures. Recent
reports of semiconducting crystalline microporous
materials with band gaps as low as 0.25 eV would open
these and related materials to exploration in charge
storage applications. Similarly, a new family of
materials called metal-organic-frameworks has recently
been reported, with some members possessing well-

Figure 11. Cagey structures. Zeotype

defi nedzpore structures and sur_face areas in excess of architecture of MIL-101 showing
3000 m“/g. Again, these materials are insulating, so mesoporous cages with diameters of 29
syntheses must be devised to extend these strategiesto A (green) and 34 A (red) featuring 12 A
conducting materials appropriate to EDLCs. gg”e;??g;%' and 15 A hexagonal

Multifunctional charge stor age concepts. Although

incremental capacitance and energy increases are expected from using nanoporous EC
materias, truly revolutionary increases can be achieved by creating multifunctional materials
that allow charge storage via multiple mechanisms. For example, unlike the random and ill-
defined functionalities present in activated carbons, which often impair long-term cycle
stability, reversibly stable redox groups could be intentionally introduced so that their
pseudocapacitance can significantly enhance the double layer capacitance of the high SSA
substrate. Alternatively, conformal dielectric or conducting materials could be used to
modify the surfaces of ordered high-surface-area materials. Incorporating a dielectric
material onto high SSA conducting substrates will enable large voltage increases, while
conductive coatings of materials with pseudocapacitive behavior, such as conducting
polymers, will dramatically increase the electrode’ s capacitance. High reversibility and
thinness are needed for conductive coatings to ensure long-term cycle stability and favorable
power, respectively.
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Materials utilizing designed ar chitectur es. While novel nanostructured materials lead to
very high surface areas, the ion paths into the materials are often tortuous. The opportunity to
explore designed structures whose porosity might exceed that of today’ s activated-carbon-
based EDL Cs can be pursued. One possible structure is envisioned as an array of vertically
aligned nanotubes made from carbon and other materials, where the spacing between the
tubes is matched to the diameters of the solvated ions. This arrangement has the potential to
provide high-porosity (>80%), straight paths for efficient ion diffusion. Research into these
and other types of tailored architectures has great potential to improve EDLC performance
significantly.

Further improvements in performance could potentially be achieved by integrating the
porous material and the current collector. Thisintegration could lead to a decrease in the
equivalent series resistance (ESR), which limits the overall power in charge storage devices.
Today’ s technology uses aluminum current collectors, which suffer from passivating layers
that must first be removed, and their corrosion over time causes an increase in ESR. This, in
turn, leads to a decrease in the capacitance over time. Although small changes in assembly
can decrease the resistance, they cannot provide a fundamental decrease in ESR values.
Future electrodes may consist of carbon current collectors (e.g., graphene sheets or carbon
nanotubes with metallic conductivity) that are lightweight, electrically conductive, and not
subjected to any chemical reactions under the operation conditions. The nanostructured
porous materials would be assembled directly onto the carbon current collectors.

Technology Impact

EDL Cs constitute the most widely known class of ECs and serve as the basis for numerous
applications. It is readily apparent that increasing the energy density of EDLCsto the level of
lead-acid batteries will have an enormous impact, as it will enable entirely new approaches to
EC-based energy storage technology and energy regeneration systemsto be realized. Some
of the directions described in this section, involving the design of materials and architectures,
may provide the basis for the next generation of high-performance EDLCs. To achieve such
advances, it is essential that we place considerable emphasis on improving our understanding
of charge storage processes, especially at the nanoscale.
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ELECTROLYTE INTERACTIONS IN CAPACITIVE ENERGY STORAGE

To design the ideal electrolyte for an electrochemical capacitor (EC) requires a fundamental
under standing of the molecular interactions in both the bulk electrolyte and electrode-
electrolyte interface. At present thereis a general lack of understanding regarding the
influence of electrolyte components (salts, solvents, additives) on molecular interactions and
physical properties (ionic conductivity, viscosity, volatility) and how electrolyte properties
influence device performance. Under standing these fundamental properties and interactions
will enable design of new electrolytes that are tuned for specific €l ectrode-electrolyte systems
and diverse applications in regeneration and storage of energy.

Background and Motivation

The performance of ECs can be limited significantly by the electrolyte properties. The ided
electrolyte will have the following features:

e high ionic conductivity and/or mobility for avery fast charge-discharge rate (<1 9),

e high chemical and electrochemical stability resulting in a high capacitance and long
device lifetime,

o excellent temperature stability to deliver high power and energy at both low (< -30°C)
and high (>100°C) temperatures, and

e |ow volatility and low flammability for high safety.

Additional desired features for future EC electrolytes include “immobilized” electrolytes for
simplification of capacitor configuration and electrolytes produced from sustainable
materials, which are inexpensive, nontoxic, biodegradable, and/or renewable. Both aqueous
and nonaqueous EC electrolytes are commercially used. Aqueous electrolytes with KOH or
H,SO, yield much higher conductivities and thus lower device impedance and faster
response times. However, organic electrolytes permit wider operating voltages, whichis
beneficial as the energy of a capacitor scales with the square of the voltage. Organic
electrolytes used in commercial ECs generally consist of 1 M acetonitrile or propylene
carbonate solutions with tetraethylammonium tetrafluoroborate (EtsNBF,4) (m.p. >300°C) or
EtsMeNBF,. The structurally similar ionic liquid (IL) Et,MeN(EtOMe)BF, (m.p. 9°C) is
now also commercialy used in ECs.* The structures of these cations are shown below.

T L
Et,N* Et,MeN*  Et,MeN(EtOMe)*
The advantages of this IL include a higher solubility than Et4NBF, in carbonate solvents,
enabling the use of concentrated solutions and thus providing higher capacitance and higher

conductivity at low temperature.

At present, EC electrolytes such as those noted are selected by optimizing the bulk properties
thought to be critical for EC performance, such as high ionic conductivity, large
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electrochemical stability window, and low viscosity. Overall EC performance, however, is
determined largely by the electrolyte behavior at the electrode-electrolyte interfaces under
charged condition, which may differ significantly from the bulk, especially for the highly
porous materials used for EC electrodes. There is an important interrelationship between bulk
and interfacial properties and device performance—including charge-discharge behavior,
energy density, and lifetime—that is currently not understood. This knowledge will permit
the tailoring of electrolytes for diverse, demanding EC applications and provide the
fundamental background to take ECs to the next step.

Research Directions

The electrolyte must be considered in the context of two regimes—in bulk solution and at the
interface with the EC electrode. We do not presently have the fundamental knowledge to
determine whether bulk electrolyte properties are the most suitable criteriafor the selection
of electrolyte componentsin ECs. For example, the wettability and conductivitiesof 1 M
guaternary ammonium bis(oxalato)borates (QABOBS)/propylene carbonate solutions are
lower than those of 1 M Et,NBF./propylene carbonate. Y et, the charge-discharge
characteristics of the QABOB solutions are comparable to or better than those of the
commercial 1 M Et;NBF4/ propylene carbonate solution.? Such examples challenge the
conventional wisdom and require further examination of EC electrode charging-discharging
mechanisms with electrolytes. The following section outlines key issues that must be
addressed to enable the design and control of the chemical and physical parameters that
control charge storagein ECs.

Fundamental under standing of the relationships among solvent/salt structure, solution
concentration, temperature, and electrolyte physical propertiesto design improved
electrolytes. Although a bulk solution consisting of a single solvent and single salt (e.g., 1 M
EtsNBF, in propylene carbonate) may appear to be arelatively simple system, complex
solvent-ion and ion-ion interactions may result in the formation of avariety of solvates,
including contact ion pairs and aggregates. These complex interactions dictate the
macroscopic properties of bulk electrolytes such asion conductivity, viscosity, and volatility.
We need to understand these connections to design new electrolytes. New tools are needed
that can provide insight into the physical and chemical aspects of the bulk solution, including
combined techniques that can provide multiple dimensions of information such as structural
and dynamic changes as a function of temperature. For example, neutron scattering,
combined with deuterium labeling, may provide insight into ion solvation. Complementing
analytical tools, the devel opment of new computational tools will also be critical for
modeling the molecular interactionsin the bulk solution. This detailed molecular information
can then be used to correlate and explain the link between electrolyte bulk physical properties
such as viscosity, conductivity, volatility, and solvent/salt structure. This type of information
is particularly important for ILs.

ILs (Figure 12) represent a particularly interesting type of electrolyte because many ILs are
nonvolatile at atmospheric pressure and have low flammability. The benefits of using ILs,
therefore, include improved safety from reducing or eliminating the volatile, highly
flammable organic solvents and improved high- and low-temperature operation.™* Because
no additional solvent molecules are present, no concentration gradients occur in the bulk, and
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cation and anion structure and size may
be readily controlled. The ambient-
temperature viscosity of ILsistypically
one order of magnitude or more higher
than that of a1l M EtsMeNBF4/
propylene carbonate solution.

Neverthel ess, the conductivity can be
comparable or even higher, and the

Figure 12. lonsin theionic liquids (@) A-methyl-A- underlying principles for these
propylpyrrolidinium bis(trifluor omethane-sulfonyl)- behaviors are poorly understood.
imide (PYRsTFSI) and (b) 1-ethyl-3-

methylimidazolium tetrafluor obor ate (EM | BF,). Obtaining amolecular level

understanding of these “simple” bulk solutions would allow more complicated mixed
solvents and/or mixed salts to be studied. Their potential benefits are exemplified by the
mixed solvent electrolytes used in commercial lithium-ion batteries and possible eutectics
that may exist for ILs. This understanding would also help elucidate the mechanism for
electrol yte degradation, which shortens the lifetime of an EC. This understanding could
provide insights that could lead to the development of impurity scavenging or even self-
healing reactions that could be designed into the chemistry of the electrolyte solution and
extend itslifetime.

Control of physical and chemical Helmholtz diffuse
processes at the electrolyte/ layer layer
electrode surfaceto provide

enhanced energy and power BEBEGEH WY X !
density. The solvent-ion and ion- ; gt}o‘*& 0
ion interactions in the bulk phase : s S o,o o h
are governed by electrostatic, A

steric, and other forces. Near a
charged electrode interface,
however, the balance of these
forces results in the formation of an
electric double layer (DL)

(Figure 13). Thus, in addition to
understanding the molecular-level
behavior of electrolytesin the bulk
phase, we need to understand their

behavior at the electrode interface. . . . . .

. h ber of ions Figure 13._ Schema_tlc of hqw ion solyatlon may change in
Und.eI:Stanldl n.g the num pores of different sizesduring electric double layer charging
participating in the charge storage (electrode material, black; solvent, blue; cation, orange,
process for different electrolyte anion, red).
systems and different electrode/solution materialsis clearly of fundamental importance.
Understanding the structure of the electrical DL is even more critical since the total
capacitance (Cror) is determined by both the capacitance due to the Helmholtz layer (Cham)

and the diffuse layer (Cpit):*

VCror = YCham + UCpits .
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In the extreme case of interfaces within confined pores, especialy those in which the pore
size approaches the ion dimensions, radical differencesin the DL structure are expected. It
was previously believed that some or all of the pores were not used for DL charging if their
dimensions were too small. However, highly anomalous increases in capacitance have been
observed to occur when a significant fraction of micropores (with diameters <2 nmin size,
according to IUPAC classification) are present.” Differencesin the size and charge of theion
can also impact the interaction with the electrode. For example, it has been found that while
the capacitance of ECs with activated carbon and 1 M propylene carbonate sol utions of
various saltsis strongly dependent on the anion, it is essentially independent of the nature of
the cation.* Clearly, the choice of electrolyte will have a significant impact on micropore
utilization, and further work is needed to understand the relationship among ions, solvents,
and electrode pore size as well astheir integrated impact on DL capacitance and
charging/discharging. Little is known about the interaction of these unconventional
electrolytes with electrode surfaces and within pores, and conventional DL models may be
further challenged with these novel materials.

The experimental characterization of the molecular structure at interfacesis extraordinarily
challenging and requires the devel opment of new analytical techniques capable of elucidating
dynamic processes at high spatial and temporal resolution. For example, considerable insight
into the conformations and interactions of the Et,N" and trifluoromethanesulfonylimide
(TESI) ionsin Et4NTFSI is possible in bulk solution with vibrational spectroscopy

(Figure 14).° However, new tools or combinations of tools are needed to examine these

©
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species dynamically at the interface and in pores associated with EC electrodes. For example,
sum frequency generation vibrational spectroscopy and electrochemical impedance
spectroscopy have indicated that the DL of an IL-platinum interface consists only of asingle
layer of ions (a Helmholtz layer without the diffuse layer).” Other novel tools, such asin situ
X-ray and neutron scattering, have great potential for studying electrode-el ectrolyte
interfaces. These experimental measurements should be coupled with molecular
modeling/simulations to explain how the bulk molecular interactions change at interfaces and
in confined pores under the influence of an electric field. New computational tools will allow
the complex set of physical and chemical phenomenathat occur at the electrode-electrolyte
interface to be modeled and provide insight for the tailored design of electrolytes.

Electrolytes to enhance Far adaic pseudocapacitance. Faradai c pseudocapacitance can
generate and store 10 to 100 times as much energy as nonfaradaic EDL capacitance. Like
battery electrodes (see Chemical Energy Storage Panel Report), pseudocapacitance involves
charge transfer redox reactions. Unlike those in battery electrodes, however, the reactions
exhibit fast and reversible charge-discharge responses. Electrolytes will, therefore, need to be
tailored to promote fast ionic transfer and redox reactions in both aqueous and nonagueous
systems. To achieve this, many issues need to be understood. What is the function of ionsin
a pseudocapacitive reaction? Is the degree of hydration at the surface of the electrode critical
for high energy density in metal oxides or nonoxides? How can the electrochemical
operational window be expanded from 1V to >2 V?Isit possible to use ILs for
pseudocapacitance with metal oxides or nonoxides? The use of ILswith electrically
conducting polymers has already been demonstrated but is far from fully understood and
optimized. Are immobilized electrolytes suitable for pseudocapacitance, especially with
respect to ECs with microporous electrodes? Immobilized liquid electrolytes are of high
interest because the immobilized matrices will enable novel bipolar layered structures,
moving us away from metal-can cell configuration and opening up new opportunities for
increasing the specific energy and power density.

Impact

Basic research is critical for elucidating the rules for designing novel electrolyte material
systems. Theinsight from studies of bulk and interfacial properties of electrolytes will inspire
innovative approaches to overcome current technology “show stoppers’ such as limited
electrochemical operational windows, poor electrode wettability by the electrolyte (which
inhibits full electrode utilization), and long-term stability issues due to impurities or
electrolyte degradation. The success of this research will lead us closer to achieving ideal
electrolytes for ECs. New materials with high ionic conductivity and wider electrochemical
operation windows will facilitate high-energy density and high-rate devices. Further,
electrolytes with high chemical and thermal stability combined with low or negligible
volatility will ensure long-term performance, reliability, and safety. Designs that immobilize
the electrolyte have the potential to increase energy and power density and simplify the
design, fabrication, and packaging of ECs. Technical breakthroughs gained by fundamental
research will lead to new concepts for high-power energy storage systems that have high
performance, high efficiency, and aflexible form factor. This could open the door to arange
of innovative EC designs—not just a battery-like can, but also conformal, flexible, and fiber-
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like wearable ECs that can be incorporated into virtually any device to provide power for
portable electronics and other applications.
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MULTIFUNCTIONAL MATERIALS FOR PSEUDOCAPACITORS AND HYBRID DEVICES

Pseudocapacitors exhibit characteristics of both electrochemical double layer capacitors
(EDLCs) and batteries. They thus offer the potential to address critical performance gaps
that exist between those two classes of energy storage devices. Materials that exhibit
pseudocapacitance range from conducting and redox polymersto a variety of transition
metal oxides. To further advance this broad class of energy storage materials, future
fundamental research should focus on the design and discovery of new materials and
architectures. In particular, composite architectures comprising multiple components (e.g.,
combinations of polymers, oxides, and/or carbon) will be required to achieve optimized
energy and power density. A fundamental understanding of interfacial phenomena, including
charge storage processes, will also be critical to achieve stability and high performance for
pseudocapacitor materials.

Background and Motivation

The term * pseudocapacitance” broadly describes rapid and reversible Faradaic reactions
whose discharge profiles mimic those of EDLCs." # The classes of materials being
investigated for their promising pseudocapacitance include transition metal oxides,
conductive nitrides, and conducting polymers. Because pseudocapacitive mechanisms
involve electron-transfer reactions and may include both bulk and interfacial processes,
materials that exhibit pseudocapacitance often provide higher energy densities than materials
that store charge via double layer capacitance (e.g., high-surface-area carbons). Thus, devices
that incorporate pseudocapacitance charge storage functionality will bridge the performance
gap that currently exists between batteries and EDLCs in terms of achieving both high energy
and high power density.* In addition, materials that exhibit pseudocapacitance may be
combined with traditional chemical energy storage (battery) or EDLC materials to produce
hybrid asymmetric devices that further expand the possible energy/power performance range
beyond any metrics that are achievable today. Electrical energy storage (EES) devices based
on pseudocapacitance may ultimately replace conventional systems that require discrete
battery and capacitor components to address the usually divergent requirements for power vs.
energy density.

Science Questions and Opportunities

Hydrous forms of ruthenium dioxide (RuO) currently represent the state of the art in
pseudocapacitor materials exhibiting specific capacitances in excess of 700 F/g™ (Ref. 4).
However, the high cost of ruthenium (a platinum group metal) is prohibitive for any large-
scale application to EES. Thus, alternative materials are presently being explored, including
lower-cost transition metal oxides (e.g., MnO, and MnFe;O,) as well as a broad class of
conducting and redox polymers. However, smply exploring possible new materials without
understanding the fundamental issues that result in optimum performance will not result in
the technology breakthroughs that are needed for future EES devices. Although the redox-
based charge storage mechanisms of pseudocapacitor materials are related to those of
conventional battery materials, the pseudocapacitance phenomenon is not well understood.
Because pseudocapacitance is exhibited by a broad class of materials, the operational
mechanisms of particular materials, often based on highly complex and specific redox
reactions, cannot be generalized to new pseudocapacitor materials as they are discovered.
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Charge storage mechanisms may also be affected by the introduction of advanced electrolyte
compositions. It is clear that the design of new, high-performance pseudocapacitor materials
will require fundamental investigations of charge storage mechanisms.

The components of pseudocapacitors must serve avariety of distinct and often divergent
functions: (1) electron conduction, (2) ion conduction, (3) charge storage, and (4) providing
the physical structure of the electrode itself. Few individual materials exhibit al of these
properties. Thus, thereis great promise in developing new composite materials and
architectures in which selected components are assembled into multifunctional structures
using recent advances in nanoscience. Porosity (i.e., void space) is also an important
component in electrode structures that are designed for high-power performance, asit
facilitates the rapid transport of ionsto electroactive interfaces. Therefore, advanced
pseudocapacitors must ultimately be designed as composite architectures that include al of

Unconventional Materials for Electrochemical Pseudocapacitance

Transition metal nitrides and carbides are well known for their refractory
characteristics and excellent
corrosion resistance to acids
and bases. At the same time,
transition metal nonoxides
exhibit metallic characteristics
with electronic conductivities 1200
as high as 2 x 10° S/m. These
characteristics make them
attractive candidates for
capacitor applications as a
potential replacement for
costly ruthenium oxide. In : ‘
addition, the ability of some of 1 1 \ 1
the transition metals such as 600 RN o ]
vanadium to access multiple ] \ \;
oxidation states, similar to that 400 - LN \ ,,,,,,,, ]
of ruthenium, renders them as ; 1
candidate EC materials. For ] ; \
example, nanocrystalline VN 200~ A e S mns ]
(~5 nm) particles recently ‘ :
synthesized at temperatures

1400 + [ """"" | —m—0.25mg/em’ | |
—e— 0.28mg/cm’

0.44mgicm® | |
—v— 0.67mglcm’

0.99mg/cm®
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800

Gravimetric Capacitance (F/g)

as low as 400°C exhibit an 1 S T T o
impressive specific
capacitance of 1340 F/g at a Scan Rate (mV/s)

scan rate of 2 mV/s and a

specific capacitance of 550 F/g at 100 mV/s and 190 F/g at a scan rate of 2 V/s (see
figure).> XPS and HRTEM analysis indicate the reversible oxidation and reduction of
vanadium (II-1V) arises from a monolayer surface film of an amorphous
oxide/oxynitride. The exact mechanism, interaction with the aqueous KOH
electrolyte, and the electrochemical stability are still unknown. These and other
novel pseudocapacitance materials hold exciting promise for future generations of
EES devices.
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the functionalities described. New approaches to synthesis and fabrication will be required to
achieve multifunctional architectures, particularly where the individual components are
gpatially distributed on the nanoscale. The progress in achieving such complex compositesis
also currently limited by the lack of specific modeling efforts that could provide predictive
direction to the synthesis of these tailored structures.

Research Directions

Fundamental understanding of pseudocapacitance mechanisms. Ultimately, revolutionary
advancesin energy and power storage densities in pseudocapacitors will emerge from a
stronger fundamental understanding of the charge storage mechanisms that support
pseudocapacitor function. Because most pseudocapacitor materials are prepared and studied
in high-surface-area forms, contributions from double layer capacitance may also be
important. Further effort will be required to differentiate between the double layer and
reduction-oxidation (redox) processes that are inherent to the various classes of
pseudocapacitor materials. Classical approaches such as impedance spectroscopy, studies of
ion/electron transport kinetics, adsorption/desorption thermodynamics, and response-time
distribution can shed light on the problem. However, it should be noted that nonclassical
phenomena, such as quantum size effects, that are inherent to nanoscale materials may
further complicate the analysis of such materials. Established spectroscopic methods (e.g.,
X-ray-based methods) that are compatible with in situ investigations should also be exploited
to further characterize the pseudocapacitance process. Dimensional control of material
architectures and use of nanofabrication should enable systematic experimental studies of ion
transport in well-defined one-, two-, and three-dimensional structures. Such studies should be
strongly coupled to theoretical modeling. Integrated studies—including theoretical modeling
of both ion and charge transport in conducting polymers, mixed oxides, and other
pseudocapacitive materials—should be undertaken, especially in well-defined material
systems. High-resolution near-field optical and spatially resolved scanning probe techniques
may be promising tools to probe ion and electron transport in charge storage materials that
are inhomogeneous, particularly multifunctional composites.

Design of new pseudocapacitor materials and ar chitectur es. Once the underpinning
mechanisms for pseudocapacitance are understood, this knowledge will provide a basis for
designing new materials. Because a pseudocapacitor stores energy on the surface or
subsurface, the capacity or specific energy may be enhanced by increasing the surface area of
the electrode materials. Nanoscience offers new routes to the synthesis of high-surface-area
materials, such as nanotubes, nanowires, and nanohorns. These and other nanomaterials offer
agreat potential to enhance the energy density for psuedocapacitors. New classes of
pseudocapacitor materials may include nanostructures made from metal oxides, metal
nonoxides (e.g., sulfides, nitrides, carbides, borides), and new conducting and redox-active
polymers. Further, block copolymers can be used as templates for designing tailored
architectures. Hierarchical assembly of multicomponent nanoscale materials may also be
achieved with self-assembly or biomimetic approaches using DNA or proteins.

It may also be possible to tune the performance of the material by selective modifications.
For example, for conducting polymers, substantial improvement in redox stability, especially
of n-dopable conducting polymers, could result from quantum chemical-aided design of
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molecular building blocks that facilitate shifting of the highest occupied molecular orbital
and lowest unoccupied molecular orbital levels. Conducting block copolymers could
facilitate the integration of both high electronic conductivity and excellent ion transport or
the fusion of p-doped and n-doped blocksin a material.

Complex composite materials and structures that maintain the desirable properties of the
individual components while also exploiting both anticipated and unanticipated synergistic
effects may be possible in future pseudocapacitance materials. Nanoscal e el ectrode structures
based on conductive, porous, three-dimensional frameworks could provide critical
breakthroughs for the design of future multifunctional pseudocapacitor architectures. Such
composite architectures will necessitate rethinking how multiple nanoscale components are
integrated into high-performance materials for energy storage.® New synthesis and
fabrication strategies will be required to incorporate pseudocapacitor materials with such

Multifunctional Nanoarchitectures for Electrochemical Capacitors

Advanced electrode designs for ECs will be based on multifunctional
nanoarchitectures in which pathways for electronic and ionic conductivity are balanced
and optimized, permeation of electrolyte is facile, and charge storage functionality is
incorporated. Ultraporous nanoscale architectures may provide novel platforms for such
a design. For example, an approach to decorate the surface of carbon nanofoams with
ultrathin (10—20 nm) electroactive MnO, coatings was recently reported.” The resulting
hybrid nanoarchitecture enables the rapid and reversible charge-discharge of the MnO,
coating, which significantly enhances the charge storage capacity of the hybrid
electrode, even at high rates and frequencies. This and other approaches based on
tailored nanostructured materials have the potential to produce revolutionary
enhancements in energy and power density.
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conductive architectures.” Templating strategies with multifunctional composites are another
potential route to high-performance, ultraporous el ectrode structures, as recently
demonstrated by Min et al. for RuO,/carbon composites.?

The properties of all electrochemical systems
strongly depend on interfacial phenomena,
and pseudocapacitor materials and structures
are no exception. A fundamental
understanding is needed of the interactions
that occur at the interfaces between the active
pseudocapacitor material and contacting
electrolyte, as well asinterfaces between
components in multifunctional architectures.
The findings of such studies should be used to
design materials that exhibit more robust and
functional interfaces. For example, Machida
et al. recently demonstrated that thin
conducting polymer coatings could enhance
the proton-electron exchange at the surfaces
of RuO, nanoparticles (Figure 15), resulting
in an enhancement of 5 orders of magnitude
in the electrochemical cycle lifetime.” Related
approaches should be explored to enhance the

performance_and stabi I_ity of other Figure 15. Transmission electron micrograph
pseudocapacitor materials. Surface and of nanocomposite of RuO, and the conducting
interface design strategies should also be polymer, PAPPA °

directed at surface modifications that promote
self-healing or self-regulation of the redox potential.

Potential Impact

Fundamental understanding of the principles involved in psuedocapacitance will provide the
underpinning knowledge needed to design the next generation of materials needed for EES
systems. This set of design rulesis needed to enable the rational design of new materials and
composite architectures. New synthesis approaches, especially those that produce tailored
multifunctional nanoscale architectures, have the potential to produce EES devices that
exhibit far greater power and energy densities than are achievable with present technologies.
Such rationally designed and produced devices aso promise to exhibit significantly
improved stability and lifetime relative to the pseudocapacitors of today.
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RATIONAL MATERIALS DESIGN THROUGH THEORY AND MODELING

The rational design of novel electrical energy storage (EES) systems with high energy and
power density will require the development of a full suite of computational techniquesto
calculate all the properties of electroactive materials and the microstructures in which they
are embedded. A revolutionary advance, for example, would be the ability to design stable
materials that can exchange multiple electrons per redox couple and to predict their
structural stability during charge-discharge cycling. Compared with related areas of
electrochemistry (including batteries), the theory of electrochemical capacitors (ECs) is
largely undevel oped. Many opportunities exist to develop and apply new continuum,
statistical-mechanical, atomistic, and quantum-mechanical models. Although this effort can
benefit from progressin related fields, ECs present many unique modeling challenges, such
as ultra-fast, nonlinear, and nonuniform double layer charging; anomalous transport,
molecular structure, and wetting characteristics in nanopores; new nonpolar electrode
materials and nonaqueous electrolytes; pseudocapacitance combining redox reactions with
charge screening; and widely disparate length and time scales. To achieve theideal of
rational design of EES materials, microstructures, and systems, it will be necessary to
devel op fundamentally new theories and modeling tools that can also have broader impacts
in physics, chemistry, biology, and applied mathematics.

Background

Advances in theory and modeling capabilities will be critical for obtaining atomic- and
molecular-level insight into the myriad processes that occur in EES and for modeling new
materials and architectures needed for future technology breakthroughs. Although chemical
energy storage (batteries) and ECs share common components such as el ectrodes and
electrolytes, the physical and chemical processes in these two systems are quite distinct.
Therefore the research directions for each are presented separately.

Chemical Energy Storage

Storage of electrical charge through electrochemical means requires the reversible conversion
and transport of ions, such asH", Li*, Na", Mg**, OH™ and O*", across |arge potential
differences. Theseions are shuttled from one electrode material through a composite
electrode structure into the electrolyte and ultimately are stored in the other electrode. The
design of EES systems with high energy and power and long lifetimes requires
accommodating alarge number of ions, and their charge-compensating electrons, at either
electrode without inducing irreversible changes in the structure of the active materia, the
electrode-electrolyte interfaces, or the electrode microstructure. The rational design of
electrodes requires the parallel development of computational techniques, from ab initio to
the mesoscale and continuum scale, and a strategy to integrate them into a predictive tool.
Specific examples include both bottom-up and top-down modeling. For example, high-
throughput atomistic simulations can be scaled up to select real, often composite materials to
produce novel electrochemistries, and scaled down from the device level to predict possible
damage from structural loads to battery constituents.

Distinct mechanisms exist to accommodate ions on an electrode. lons can be stored in
interstitial sites of intercalation compounds while their charge-compensating el ectrons reduce
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transition metal cations. Increasing energy density for such intercalation electrodes requires
breaking through the one-electron-per-metal barrier and finding crystal (or noncrystalline)
structures that can remain stable under a multivalence change of the redox center and alarge
concentration change of exchangeable cations. In conversion reactions, a compound
chemically reacts or alloys with the incoming ions from the el ectrolyte and completely
converts to other phases (e.g., BiFs + 3Li — Bi + 3 LiF).! Since such conversion reactions
use all valence states of anion up to the metallic state, they have the potentia to radically
increase the energy density of batteries. Whether ions are stored in intercal ation compounds
or through aloying reactions, the extreme degree of reversibility needed in applications
(>1000 cycles) requires afundamental understanding of what controls the kinetics of phase
changes, interface creation and migration, and microstructure evolution. Finaly, as active
materials are typically embedded in complex multiphase, multicomponent microstructures,
modeling at the mesoscal e is needed to understand transport, deformation, and evolution of
such microstructures.?

Enormous progress has already been made in the computational prediction of several
important properties of electrochemical materials, including redox potential * and ion
mobility. Mesoscale modeling has been advanced by simultaneous progress in applied
mathematics and mechanicsto allow simulation of transport and mechanics in complex
architectures of packed agglomerates,* but afull predictive theory of chemical energy storage
systems requires fundamental research and methodological developmentsin severa areas
listed below. Progress in these areas will enable computational modeling of performance,
lifetime, and safety; drastically accelerate innovation in new materials; and catalyze new
designs for higher energy and power at lower cost.

Capacitive Energy Storage

Capacitive energy storage has received less attention from theorists than has chemical energy
storage. The modeling of ECsis till initsinfancy, so mgjor technological advances may be
expected from along-term investment in fundamental research. The standard model consists
of transmission-line equivalent circuits for the charging of cylindrical pores or networks of
pores (Figure 16).> Although clearly oversimplified, such models provide useful analytical
formulae to interpret experimental impedance spectra, for example, separating purely
capacitive response (double layer charging) from pseudocapacitive response (simultaneous
surface redox reactions).® By considering more complicated equivalent circuits of nested
transmission lines, first attempts have also been made to understand and optimize the effect
of microstructure on capacitive charging.” As simple as this approach may seem, it already
suggests the possibility of radically improving power density and energy density through
advanced structural design.

There are important distinctions between ECs and batteries that merit separate and focused
research programs, in spite of some cross-cutting themes. Batteries use Faradaic reactions
and bulk-phase transformations to achieve high energy density and high voltage at the
expense of slow transport and limited cycle life. ECs use much faster interfacial transport in
the electrolyte phase to achieve high power density and much longer cycle life, at the
expense of lower energy density due to interfacial, rather than bulk, energy storage. The
obvious route to increasing energy density is to increase the surface-to-volume ratio of the
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Figure 16. (Left) Sketch of a single electrode layer of a car bon-based
EC illustrating the hierar chical pore structure with macropores
between carbon agglomer ates and micr o-to-nanoporesinside

agglomer ates. (Right) Transmission line model for the charging dynamics
of the EC electrode, consisting of repeated blocks of resistors for bulk ionic
current in the pores and electronic current in the carbon phase, connected by
parallel impedance/capacitance elements to model double layer charging.’

electrode, but this raises fundamental scientific questions about potentially new physics and
chemistry in nanostructured materials. Thereislittle existing theory to predict, for example,
the behavior of ions and solvents confined in nanopores or the nonlinear dynamics of
charging in acomplex electrified microstructure with vastly disparate length and time scales.

Unlike batteries, ECs also share some features with biological ion channels, but again, there
are important differences and unique challenges. Biological ion channels exhibit highly
selective, single-file diffusion of ions through protein poresin cell membranes that has been
the subject of intense study in recent years.®® Developing theoretical models based on
continuum, statistical, and atomistic descriptions has been crucial to understanding size
selectivity.™©

Recent molecular dynamics (MD) simulations™ and experiments'? on nanoporous carbon,
however, suggest that the structure of water and the solvation of ions are fundamentally
different in nanopores from in the bulk. There is also tantalizing evidence that sub-nanometer
carbon nanopores have a dramatic and anomalous increase in specific capacitance compared
with larger nanopores and micropores.™* The common wisdom is just the opposite—that
pores smaller than the bulk solvation shell cannot contribute to charge storage. Clearly, there
isapressing need for better theories and MD simulations to explain and predict such
anomalous behavior at the nanoscal e, which could be exploited to boost dramatically the
energy and power density of ECs.
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Research Directions

Chemical Energy Storage

Predictive kinetics of phase changes. Electrode materials with high energy density undergo
large chemical, dimensional, and morphological changes during charge and discharge. If
these changes are irreversible, they can cause capacity degradation with repeated charge-
discharge cycles. Although ab initio methods can accurately screen compounds for their
energy density and redox potential, no quantitative predictions can be made for stability, a
key requirement for electrode materials. For intercal ation compounds, predictive modeling of
the kinetics of phase transformations is needed to design compounds that can tolerate large
changesin ion and electron concentration. To rationally design conversion electrodes,
coarse-graining approaches are needed to predict which phases form upon alloying and
dealloying of the active ions from the electrode and to understand the cause of hysteresis, as
it significantly decreases the energy storage efficiency of these reactions.

Rational design and performance evaluation of electrode microstructures. Currently,
macroscopic models that allow the prediction of battery behavior from fundamental materials
properties incorporate a limited amount of microscopic detail. A classic exampleisthe
incorporation of intercalation processes in battery electrodes via the use of a pseudo-two-
dimensional architecture. Here, the composite electrode is coarse grained across the spatia
dimension, while the intercalation inside the particle is incorporated by coarse graining
across a particle. The two scales are then combined to form the electrode model. While
powerful, this coarse graining across the particle dimension eliminates detailed description of
many of the complexities that are known to be important in batteries, especially the structural
details of the various battery materials. A grand challenge in performance and lifetime
modeling is being able to accurately incorporate the actual structural information in
macroscopic models to provide an effective means of correlating material-specific
information to performance. Thiswould enable the prediction of electrode behavior in both
gpatial and temporal dimensions during high charge rates and the tracking of microstructure
and materials evolution during cycling.

Formation, structure, and chargetransfer acrossreaction interfaces. The phase that
forms as areaction layer between the electrode and electrolyte (the solid electrolyte
interphase, or SEI) is critical to the performance, life, and safety of batteries. This complex
interfaceis very poorly understood and even more poorly described in mathematical models
for performance. The picture is complicated by the changes that the SEI undergoes during
cycling, including cracking, spalling, and reformation. As new materials that perform at
higher voltages are developed, and new additives identified, the interface will become more
complex, necessitating methods to describe the formation and growth of these layers. The
grand challenge liesin predicting the structure of the electrochemically formed reaction
layers between the electrode and electrolyte under large variations in potentials and then
guantifying electron and/or ion transport through them. MD methods that can include electric
field effects and chemical reactivity may be particularly well suited to addressing this
problem. Efforts to model the SEI layer must rely heavily on results from novel in situ
characterization tools to establish their accuracy and relevance. When integrated with the
mechanica modeling of electrode structures, SEI models are expected to result in avery
detailed description of interfacial processes and to connect changes at the interface to
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changes in performance through the life of an electrochemical cell. The result will be an
ability to rapidly evaluate new combinations of materials and electrol ytes and gauge their
usefulness.

Modeling the electrochemistry of nanoscale materials and surfaces. Nanoscale materials
offer great opportunity for energy storage. Chemistry and structure have been the dominant
domains across which materials optimization has been performed. Reducing the particle size
to the scale where the kinetics and thermodynamics become significantly different from those
of the bulk can bring an extra dimension to this design space and generate materialsthat are
fundamentally different from their bulk equivalents.

Modeling should address to what extent the thermodynamics and kinetics of ion reactions
with nanomaterials are different from those with bulk materials and characterize the effects
of surfaces on the intrinsic electrochemical properties and performance. Ab initio methods
are good at modeling very small particles (< 2 nm) and infinite systems (with periodic
boundary conditions); however, novel ideas are needed to deal with nanomaterials at the
technologically relevant length scale from 10 to 150 nm.

Transport modeling. Charge transport (ionic and electronic) is particularly important for
chemical energy storage. While many materials and systems can, in principle, be used to
exchange charge, many of them do not have the proper rate capability to function in storage
devices at room temperature. To ultimately predict the rate at which chemical systems can
charge and discharge, the development of models at multiple length scales, from crystal
structures to microstructures, is required. Models need to be significantly complex to capture
ion and electron transport in multicomponent electrol ytes and complex multiphase
microstructures. As many active materials are strongly anisotropic in their transport
properties, mesoscale models of composite electrodes may need to take that into account. For
nanosystems in which sizes approach the screening lengths and for high rate potential
changes, models may have to remove the common constraint of local el ectroneutrality.™*
Poor electron conductors may be of particular interest as electrode materials because they are
often strongly bonded, giving them good stability and safety characteristics. Methods to
model mixed conduction in these systems need to go beyond mean field theory to explain the
effect of the strong coupling between localized polarons and ions on the overall transport
characteristics. Such transport models will need to be informed by el ectronic structure
methods beyond common density functional theory (DFT) to properly capture electron
localization.™

I nver se and high-throughput materials design. Materials for EES are likely to see the first
benefits of large-scale computational materials science, which can be applied to calculating
many of the required properties. One question is whether high-throughput search methods
can be implemented with predictive modeling tools to scan large numbers of compositions,
structures, particle sizes, etc., to find new electrode materials. New computational tools and
analysis methods need to be devel oped to enable such large computational searches. In
“inverse design,” one triesto invert this problem and, rather than calculate properties for a
well-defined composition or structure, to design materials or microstructures that have very
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specific properties. Mathematical techniques that enable such inverse design, starting either
from key physical insights or from large amounts of data, are particularly needed.

Capacitive Energy Storage

New predictive models for capacitive energy storage systems need to be developed at all
length and time scales, ranging from quantum (<nanometer, <picosecond) to atomistic

(<10 nm, <1 ns), to micro-continuum (>nanometer, >nanosecond), to macro-continuum
(>millimeter, >microsecond) for relevant materials and geometries. Such models could
enable rational selection of electrolyte and electrode materials, design and optimization of
electrode architectures, and discovery of new physical or chemical phenomena. To achieve
these goals, fundamental new understanding is needed through close interplay among theory,
computation, and experiment based on simple model systems.

Can we systematically predict the nonlinear charging dynamics and energy density of an EC
from first principles given only the chemical species and electrode microstructure? This
vision would require accurate models to be devel oped at each scale and new methods to
derive effective parameters at the next higher scale from analytical or smulation results at a
smaller scale. For example, classical continuum models of ion transport (Poisson-Nernst-
Planck, or PNP, equations) could be analyzed in suddenly electrified pore geometries to
derive equivaent circuit models for linear and nonlinear responses. The continuum equations
could then be modified to account for discrete effects coming from atomistic simulations,
such as steric constraints, chemical potentials, and electrostatic correlations. Going down in
scale, interatomic potentials for familiar materials (such as certain aqueous electrolytes and
carbon) may need to be adjusted for new settings, and potentials will also need to be
developed and validated for many new materials (such as complex organic solvents). In each
of these cases, new models must be validated and calibrated using simple experiments to
ensure their predictive power.

There are many open questions regarding the anomal ous behavior of solventsand ionsin
nanostructures that must be answered for a fundamental understanding of ECs, especidly as
the surface-to-volume ratio increases to improve energy density. How and under what
conditions will an electrolyte enter and wet a pore? What is the equilibrium structure of ions
and solventsin a particular confined geometry? What are the effects of surface functional
groups or bulk impurities? Do ions lose solvation under the influence of large fields and/or
confined spaces? Do different ions in multicomponent el ectrol ytes segregate upon insertion
into a complex nanostructure? Is there any significant hydrodyamic slip or electro-osmotic
flow? How doesion transport in a nanopore fundamentally differ from tangential “surface
conduction” in aflat double layer? To answer such gquestions, the challenge will be to
develop new and more accurate atomistic and guantum-mechanical modeling tools tailored
for unique EC materials. Below, severa different types of modeling tools are discussed in the
context of EC systems.

Continuum modeling. A natural direction at the level of continuum modeling would be to
go beyond equivalent-circuit models that, by design, can only describe the linear response of
the system to a small applied voltage, such as the impedance. Although impedance
spectroscopy is akey tool for characterization, nonlinear dynamics at large applied voltages
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is often more relevant for the practical operation of ECs. One goal, therefore, would be to
systematically derive nonlinear generalizations of circuit models starting from the underlying
transport equations. This derivation has been done recently for thin double layers by using
mathematical methods of matched asymptotic expansions applied to the classical PNP
eguations. In the simplest case of aparallel-plate cell of blocking electrodes subjected to a
sudden large voltage (Figure 17), the analysis shows that the classical RC circuit model
breaks down as aresult of adsorption of neutral salt in the double layer.'® The latter depletes
the bulk solution and triggers slow diffusive relaxation, which invalidates the assumption of
Ohm’slaw in the bulk. Such effects have aso been calculated recently for nonlinear charging
of metal spheres and cylinders,*” but the nonlinear propagation of charge through long
nanopores or complex microstructures in ECsis an important open problem.
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Figure 17. Breakdown of circuit modelsin nonlinear charging dynamics. (Top
left) A suddenly applied large voltage across blocking electrodes. (Top right)
Equivalent RC circuit. (Bottom) Solution to the Poisson-Nernst-Planck equations for
the potential, charge density, and salt concentration profiles, from left to right, which
shows that the double layers adsorb neutral salt upon charging, depleting the bulk
electrolyte and leading to slow diffusive relaxation after the initial “RC” charging.'

The small dimensions of nanoporesin ECs, aswell as the large applied voltages, also call
into question the validity of the classical PNP equations, including the Gouy-Chapman
solution for aflat double layer in a binary electrolyte. There have been many attempts to
derive “modified” Poisson-Boltzmann equations accounting for steric effects of finiteion
size and electrostatic correlations in thermal equilibrium by applying statistical mechanical
methods to the primitive model of a charged hard-sphere fluid. Recently this work has begun
to be extended to charging dynamics via modified PNP equations with a simple description
of steric effects.’® It would be a great advance to derive and validate modified PNP equations
for EC materials that can approximately describe the charging of nanopore arrays, including
entrance effects from micropores.
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Better continuum models can yield crucial analytical insights and efficient computational
tools provided they can be validated against reliable atomistic simulations and experimental
model systems. They aso provide the ability to incorporate multiple physical processes
occurring at the electrode or device scales. For example, the sudden insertion of ionsinto a
nanoporous structure can cause it to swell, so it will be important to develop models coupling
charge transport to the mechanical response of the composite material. Joule heating during
EC charging can also be a serious concern, so the coupling of charging dynamics with heat
transfer and energy dissipation will be another important long-term goal in continuum
modeling of ECs.

Atomistic modeling. The simplest form of atomistic modeling involves statistical sampling
of model discrete systems, such as the primitive model and its variants or Lennard-Jones
potentials, via Monte Carlo ssmulations. This approach has been used extensively to
understand equilibrium double layers in modified Poisson-Boltzmann theories'® and applied
to transport in biological ion channels.**° In the setting of ECs, reverse Monte Carlo
simulations have been used to reconstruct the typical atomic structure of solvent and ions that
best fits experimental X-ray diffraction structure factors (Figure 18). Grand canonical Monte
Carlo smulations have also been used to study the structure of water in nanopores and the
effect of introducing functional groups on the walls.*® Although Monte Carlo methods are not
as effective in describing dynamica phenomena, they can efficiently reveal statistical
structure with reasonable computational expense.

Without surface oxygen

Figure 18. (Left) Atomic configuration of propylene carbonatein a carbon dit obtained by reverse
Monte Carlo simulations from X-ray diffraction measurements on M axsorb92-16 por ous car bon with
a surface area of 2440 m%g and a pore size of 1 nm (provided by K. Kaneka, unpublished, 2007). (Right)
Grand canonical Monte Carlo simulations of water (TIP5 potential) confined in aflat slit of structureless
carbon (10-4-3 potentials). The effect of surface oxygen is simulated by artificial functional groups
described by a L ennard-Jones potential .

Molecular dynamics simulations. MD simulations often provide the best balance between
computational expense and accuracy in capturing atomic interactions. The method consists of
integrating Newton’s law for atoms described by point masses interacting through effective
interatomic potentials (like balls and springs). It has been widely devel oped in many other
fields, such as semiconductors and biophysics, but the greatest challenge for performing
meaningful MD simulationsis to derive accurate and reliable interatomic potentials,
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validated against quantum-mechanical simulations (see below) or experiments, where
possible. These validations must be done in the atomic environments of interest, such asthe
interior of a nanotube in contact with a particular organic solvent, because a potential often
cannot be trusted to be transferable to anew set of configurations far from the domain where
it was fitted.

To date, there have been no MD simulations of actual ECs, but some recent studies have
begun to address fundamental issues arising from confinement in nanopores. For example,
MD simulations have predicted anomalous solvation of ions and surprising water structures
(such as hydrogen “wires”) in carbon nanotubes.™* A full-scale model of a carbon nanotube
forest in an organic electrolyte has recently been studied to understand better new EC
designs, including charging dynamics (Figure 19). Such simulations can provide crucia aid
in the rational design of electrode and electrol yte materials for desired propertiesin ECs.
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Figure 19. Molecular-dynamics simulations of an EC consisting of a periodic
carbon nanotube forest in a common organic electrolyte (1M TEA + BF4- in
propylene carbonate). (Left) Initial molecular configuration. (Right) Time series of the
carbon nanotube potential in response to a sudden change in surface charge, showing
picosecond response. (Provided by L. Yang, B. Fishbine, and L. R. Pratt, unpublished,
2007.)

Finally, it will also be essential to develop ab initio quantum-mechanical simulations for

ECs, since classical potentials cannot be expected to reliably predict interfacial forces, charge
transfer (for pseudocapacitance), activation energy barriers for transport, desolvation or
adsorption, etc. The challenge for ECsisin some ways much greater than for batteries, where
ab initio methods based on DFT have had a major impact in predicting new lithium
intercalation materials and bulk diffusion coefficients. The reason is that battery intercalation
compounds, although complicated, have aregular bulk crystal structure that can be treated
with periodic boundary conditions and a small number of atoms (<100). In contrast,
disordered organic solvent molecules and ions in confined nanostructures require many more
atoms and time dependence to evolve configurations for a proper description. Predictive
guantum-mechanical simulations of such situations clearly present along-term grand
challenge for research. Perhaps the largest impact in the short term would be predicting the
bulk properties of new candidate electrolytesto aid in their selection for usein ECs.
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Modeling of Spectroscopic Methods

Novel characterization techniques can create complex signal outputs whose relation to the
underlying structure or physical phenomena can benefit significantly from computational
modeling. Electronic structure modeling has, for example, been particularly useful for
interpreting nuclear magnetic resonance, infrared, Raman, or X-ray photoelectron
spectroscopy spectra. It is expected that the novel spectroscopic methods that will be
devel oped to characterize chemical systems with spatial and temporal resolution will push
theoretical approachesto the limit and require the further devel opment of more advanced
approaches that treat more accurately the dynamical interaction between electrons (e.g.,
guantum Monte Carlo and other methods beyond DFT, such as the GW method, the Bethe-
Salpeter equation, or dynamical mean field theory), and between the electrons and rapidly
varying external potentials (e.g., time-dependent DFT).

Impact

Revolutionary advances in EES, which are needed to address future needs in energy storage,
utilization, and regeneration, are not likely to occur without an aggressive investment in
developing fundamental scientific understanding of the myriad processes that occur in these
devices. There are tremendous opportunities for significant impact on thisfield from
harnessing the powerful capabilitiesin modeling and theory. For example, with more
accurate models, improved e ectrode nanostructures may be designed for attaining higher
energy density without sacrificing power density. Fundamental new understanding at the
atomistic level for highly charged double layers and transport in nanopores will aso provide
clues to improving the energy density or safety of EES by different (and sometimes
unexpected) choices of electrode and electrolyte materials, as well as different choices of
microstructured and nanostructured electrode architectures.

Many of the goals outlined are ambitious and will require sustained efforts in basic research
to address. The stakes are high, however, because breakthroughs in the theoretical
understanding of nanoscale phenomena and charging dynamicsin EES systems can have an
immediate and lasting impact, not only on EES technology through rational design and
interpretation of experiments but also on the basic science of e ectrochemical systems and
nanostructures. A century after the Gouy-Chapman-Stern model of the double layer was
proposed, it is still by far the most widespread theoretical picture of the diffuse
electrochemical double layer. If new research can develop more accurate, but still tractable,
continuum models for nonlinear dynamics of double layer charging in the context of ECs, for
example—taking into account steric, solvation, or correlation effects in confined spaces—
then they would surely enter the base of knowledge in electrochemistry and permanently
ater how the scientific community treats double layers and pores. Similarly, accurate
atomistic models for MD of important new electrolytes or electrode materials would have
lasting use. The same holds for quantum-mechanical methods, which may become more
tractable and thus more widely applicable with advanced computers of the future.
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CROSS-CUTTING SCIENCE FOR ELECTRICAL ENERGY STORAGE

A broad range of basic research needs common to electrical energy storage (EES), both
chemical energy storage devices (batteries) and el ectrochemical capacitors (ECs), emerged
during the workshop. These * cross-cutting issues’ spanned broad areas of science on new
frontiers. An overarching theme throughout the workshop was the need to reveal the
processes that underpin energy storage at the atomic level so that novel EES materials,
including electrodes, electrolytes and structures with tailored architectures and targeted
properties, may be designed. Such insight will require the close coupling of new capabilities
in nanoscal e synthesis techniques, computational simulation, modeling and theory, and
analysistools. Researchers will push the frontiers of science to develop new approaches for
studying complex physical and chemical events that span broad spatial scales (from
nanometers to centimeters) and temporal scales (down to femtoseconds). The cross-cutting
themes are broadly focused into four different areas:

1. Advancesin Characterization

2. Nanostructured Materials

3. Innovationsin Electrolytes

4. Theory, Modeling, and Simulation

While these cross-cutting themes are described individually in this section, they are actually
interdependent in many cases. For example, the combination of new characterization tools
with theory, modeling, and simulation can be applied to achieve an understanding, at the
molecular level, of chemical events and processes that occur at the surface of an electrode.
These advances might then produce new design rules directed at the synthesis of new
multifunctional nanostructured materials for EES.

ADVANCES IN CHARACTERIZATION
Overview

The ability to answer fundamental questions required to create advanced EES devicesrelies
critically on the development and application of novel characterization tools with increased
gpatial, energy, and temporal resolution. The development of tools that have high sensitivity
and cover the wide time scales of processes associated with EES (femtoseconds—days) has
the potential to revolutionize the field and was a common themein all the priority research
directions (PRDs). Information obtained from these tools will provide fundamental
understanding of EES systems, including electron and charge transfer processes and
mechanisms by which ions interact with electrode materials. In particular, approaches that
combine two or more techniques to provide so-called multi-dimensional analysis will allow
the complex, interdependent processes that occur at electrodes, electrolytes, and the
interfaces to be revealed. The increased neutron and X-ray fluxes and optimized beamline
optics at Department of Energy and other national facilities, combined with specialized
instrumentation, are particularly exciting because these facilities provide opportunities for the
design of an entirely new set of experiments to follow electrochemical processesin real time.
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Research Directions

The devel opment of new materials and chemical processes that will lead to future
generations of EES systemsis critically dependent on identifying, understanding, and

ng the relative importance of the myriad processes that are relevant to the function and
failure of these systems. The design of batteries and ECs with long cycle lifetimes and high
energy-storage capabilities will require a fundamental understanding of charge transfer and
transport. At the atomic level, the direct coupling of electron and nuclear motions needs to be
understood so that predictive theories that define how the electron couples to ions during
transport may be developed. In this way, defect sites may be identified, allowing the design
of self-healing materials for the electrolyte and el ectrode interface. The dynamic structure of
interfaces needs to be characterized so that the paths of electrons and attendant trafficking of
ions may be directed with exquisite fidelity. To accomplish this, the potential landscape of
the electrode interface needs to be defined precisely; this calls for the development of new
combined electrochemical and structural techniques that probe the interface on molecular
length scales, preferably in situ and under operating conditions. With this ability to “observe”
the dynamic composition and structure at an electrode surface during charge transport and
transfer processes, electron and ion flows may be understood. This crucial information will
allow the design of the highest energy storing materials with long cycle lifetimes. Further, the
relationship of the atomic-and molecular-level structure of electrode materialsto
functionality must be understood.

Fundamental challenges abound in confronting the task of building afoundation for the
comprehensive description of charge transfer and transport at electrodes and their interfaces.
To meet these challenges, anew set of analysistoolsis needed that are capable of selectively
characterizing the processes at unprecedented levels of spatial and temporal resolution. Novel
strategies are required to

e characterizelocal processes on timescales that are relevant to the electrochemical process
(femtoseconds—days);

e determine the structural changes induced in active and passive battery components during
electrochemical cycling, both in- and ex-situ, over nanometer to macroscopic length
scales;

e probe structure and reactivity at al the relevant interfaces in batteries and ECs; and

e image structural, electrochemical, and physical/electronic properties simultaneously to
correlate atomic and electronic structure with reactivity.

The transport of electroactive materials and associated species to an electrochemical interface
involves several complex and interrel ated mechanisms—diffusion, migration, spontaneous or
induced convective movements—that prevail over distances from nanometers to hundreds of
micrometers from the electrode surface. Despite their crucial importance, little is known
about these mechanisms because of the lack of experimental methods and instrumentation
that are required for these in situ measurements. New techniques that combine severa
analytical probes of these important processes are critically needed to understand ion and
electron transport at interfaces. To this end, these so-called multi-dimensiona experiments
could reveal both the transport of the el ectroactive species and the inert ions needed to
maintain macroscopic electroneutrality. In addition, a strong coupling of these measurements
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with theory, modeling, and simulation is needed to provide a complete understanding of
these critical charge transfer and transport processes.

Ultra-fast (megavolt per second) voltammetric techniques have the potential to directly
monitor electron transfer down to the nanosecond range. These techniques can provide
information about critical stepsinvolved in charge transfer and transport, including molecul ar
reorganization and displacement of electroactive species over nanometer distances. High
gpatial resolution in electrochemical measurements may be possible with the devel opment of
new electrodes with nanoscale dimensions. These electrodes could provide precise and direct
local measurements of dynamic concentrations near active electrode surfaces.

Spectroscopic methods can be used to provide additional information to these
electrochemical measurements. New spectroscopic tools are needed that have the nanoscale
resolution necessary to map the region at electrode interfaces and yet not be vulnerable to
high optical index gradients arising from high concentration gradients. Ideally, these
measurements could be conducted rapidly across entire electrochemical diffusion layers.

Recent advances have been made in characterization techniques that have not been fully
exploited for the study of EES systems. Some examples of these capabilities are summarized
in Appendix B, “Probing Electrical Energy Storage Chemistry and Physics Over Broad Time
and Length Scales.” For example, exciting new capabilities for studying both structure and
dynamics are possible at synchrotron and neutron sources. Hybrid microscopic techniques
that combine the ultrafast time resolution of lasers with the nanometer spatial resolution of
electron imaging could provide multi-dimensiona imaging of interfacial dynamics. The
combination of atomic-scale probes, such as scanning tunneling microscopy, with
femtosecond laser modulation of the tunneling current could offer the ultimate resolution of
dynamical processes at electrochemical interfaces. New approaches to conducting these
crucial measurements are needed to obtain a more compl ete understanding of charge transfer
and transport at interfaces.

Impact

New analysis techniques and methodologies will provide unique insights into the critical
structural, chemical, and physical materials properties that will allow arational design of
EES materials with vastly improved performance. Progressin this areais a prerequisite
condition for the development of novel and/or enhanced energy storage and conversion
systems for future applications in portable el ectronics, transportation, and stationary
applications. Specifically, results are expected to lead to an increased ability to design
materials and processes that ultimately will revolutionize the performance of EES devices.
The capabilities devel oped as part of this research will impact many scientific areas in energy
research and many other fields based on interfacial processes.

NANOSTRUCTURED MATERIALS
Overview

Today’ s batteries and ECs depend on porous composite el ectrodes that generally consist of a
random mixture of active material, a conductive additive, and abinder. Thereis no doubt that
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the performance of EES devicesis limited by the performance and interplay of these three
constituent materials. New materials with structures and architectures designed for improved
functionality are critically needed to address this major technical bottleneck for both
chemical and capacitive energy storage devices. Advances in nanoscience have opened the
potential for providing synthetic control of materials architectures, including pore size,
structure, composition, particle size, and even three-dimensional electrode structure down to
nanoscale dimensions. These designed structures could lead to transformational
enhancementsin key energy storage parameters such as capacity, power, charge-discharge
rates, and lifetimes. For example, it may be possible to achieve greatly enhanced double layer
capacitance materials using nanocrystalline materials and porous materials with nanometer-
sized pores. Further, modification of these nanomaterials may even permit specific features,
such as capacitances, to be selectively tuned. Nanoscience a so offers the potential for
designing multifunctional materials that contain self healing or self-regulating components
that hold promise for substantially increasing device lifetimes and enhancing safety. Novel
three-dimensional electrode structures and architectures may lead to significantly decreased
transport impedances.

The key issue related to the development of new materials with tailored architecturesto
transform EES is embodied in the question, “What are the fundamental relationships between
structure and energy storage properties?’” Unfortunately, the required fundamental
understanding to answer the question does not yet exist. However, this question embodies
both the challenges and opportunities associated with this cross-cutting research direction. A
fundamental understanding of the relationships between structure and function for EES
materials will enable the prediction of structures with vastly improved capabilities for EES
applications and generate new methods for synthesizing, characterizing (under operating
conditions), and optimizing energy storage materials.

Research Directions

Nanostructured materials can be as simple as nanoparticles on a support or highly complex,
such as three-dimensional, multifunctional structures. Little is known about the behavior of
even simple nanoparticles under chemical or capacitive energy storage conditions. We need
to understand how the el ectrochemistry of nanoparticles varies with size and whether these
effects are purely kinetic or also thermodynamic in nature (a shift in E°, akin to bandgap
variations in semiconductor nanoparticles). The influence of inter-particle distance on the
electrochemical response aso needs to be investigated. In cases where areaction resultsin a
volume change (e.g., lithium ion intercal ation within a battery electrode), the resulting strain
in the nanoparticle needs to be understood as a function of loading. For example, isthis strain
elastically accommodated, or are defects formed in nanoparticles? Information is also needed
to understand how particles fail—by particle fracture, the formation of a surface layer,
sintering, or other identifiable physico-chemical changesin the bulk chemical composition
and structure of the particle.

Tailored materials can be imagined that will enhance charge transport and increase charge
density in EES. For example, two-dimensional arrays of nanoparticles may be made with
precisely defined size, shape, and inter-particle distances. Innovative, non-lithographic
methods for preparing nearly size-monodisperse metal nanoparticle arrays may provide a
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path for the preparation of metal oxide particles having a composition relevant to chemical
and capacitive energy storage devices. Similarly, well-defined pore arrays and single pores
with the ability to control pore attributes, such as diameter, inter-pore spacing, and pore
surface composition, represent another approach to tailoring materials for EES. These pore
arrays may be made from inorganic or polymeric materials. It may be possible to modulate
pore function by attaching chemical functionalities to pore openings and channels. Changes
in pore size and pore modifications may have dramatic effects on ion mobility, ion solvation,
ion paring, and other key factors that impact EES. Once these rel ationships are understood,
materials could be tailored to create pores with appropriate shapes, sizes, compositions,
modifications, and densities to optimize performance.

Moving from two to three dimensions holds particular promise for greatly improving the
performance of energy storage materials. Currently, among the most efficient materialsin
this regard are carbon aerogel's, which possess enormous surface areas of up to 1000 m?/g.
However, the pores within these materials are highly tortuous with a broad diameter and
shape distribution. This random pore structure is not optimized for ion transport; in addition,
carbon aerogels are electronically resistive materials. Can new materials be designed that
simultaneously optimizeion and electron transport rates by tailoring pore structure? Can the
performance of these materials be further enhanced with selective modification of the pore
walls to provide specific, multiple functionalities? Fundamental questions of ion and electron
transport in these materials must be answered in order to design materials with optimized
performance.

It may also be possible to achieve revolutionary breakthroughs in device performance by
tailoring specific structures in materials to enhance functionality. Thistailoring might include
functions such as the ability to repair or heal defects, self-regulate, self-clean, sequester
impurities, and tolerate abuse. Other types of multifunctionality to improve electrochemical
and capacitive energy storage may be achievable once the fundamental basis of the
relationship of structure and function, as well as failure modes, is understood. Complex
materials can provide a means of reversibly bridging high-temperature runaway conditions.
Current technology involves an irreversible phase change in alow-melting-point separator
material. It may be possible to design the architecture of the separator to contain a phase
change material and allow reversible current limitation during temperature excursions.

Impact

A fundamental understanding of the rel ationships between the structure and function of
energy storage materials, and the development of new synthetic methods for precise control
of device architectures, can move capacity, power, and lifetime improvementsto EES
devices beyond the incremental to the transformational—a result with the potential to
dramatically change the energy landscape of the United States. Advances in materials
architectures in other contexts could give rise to opportunities to create multifunctional
materials for energy storage devices that might eliminate the significant dead weight in
current devices and provide the framework for high energy and power densities, fast charge-
discharge rates, long lifetimes, and self-regulating, safe operation. Finally, research on
nanostructured materials will have a broad impact on the energy landscape beyond the focus
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on EES. Similar materials issues are critically important to fuel cells, solar cells, solid-state
lighting, and hydrogen storage materials.

INNOVATION IN ELECTROLYTES
Overview

The fundamental purpose of the electrolyte in any EES device is to transfer ions between
electrodes during charge and discharge cycles with minimal transport impedances. An ideal
electrolyte provides high ionic conductivity over a broad temperature range, is chemically
and electrochemically inert at the electrode, and is inherently safe. Too often, the electrolyte
isthe weak link in the energy storage system.

Research in electrolytes for batteries and ECs needs to move away from current inadequate
concepts and toward redefining a new generation of electrolytes. This goal will be achieved
only by understanding the many physical and chemical phenomenathat govern electrolyte
performance. Atomic- and molecular-level understanding of ion-ion, ion-solvent, and ion-
electrode interactions is needed and will be enabled by new capabilitiesin synthesis,
characterization (electrochemical, spectroscopic and imaging), and computation. This key
information could produce wholly new conceptsin tailored electrolyte ions and in ionic and
nanocomposite polymer electrolytes, for example, that could revolutionize EES performance

Research Directions

Understanding electrolyte interactions and processes at the atomic and molecular levelsis
critical for establishing a framework of rules that govern specific parameters essential to
optimal EES performance. Our knowledge of these physical and chemical parametersin EES
is quite limited and represents a major bottleneck for the development of future EES devices.
These parameters include high ionic conductivity, low or high fluidity, wide el ectrochemical
potential window (in both the thermodynamic and kinetic senses), low volatility, broad
temperature range, and stability tolerance. Further, understanding of the behavior of ions and
solventsin bulk and at electrode interfaces, of their dynamics on solvation timescales, and of
structures at atomic length scales must be gained. The importance of ion-ion and ion-solvent
interactions in avoiding ion-pairing in the bulk phase and in the electrode interphase is not
understood. The dynamic aspects of ion polarizability that enter into ion association,
mobility, and interfacial interactions also need to be determined. The experimental results
from these and other studies would be complemented and strengthened by computational
investigation and new analytical tools that can be employed in the relevant spatio-temporal
scales.

Comprehensive understanding of the electrical double layer—its structure, dimensions, ion
and solvent content, electrical field distribution and relaxation dynamics—is a critically
important research goal. It iswell known that high concentrations of salts serioudly alter the
electrical double layer from classical models, through specific ion-electrode interactions, ion
desolvation, and changes in the distribution of electrical gradientsthat drive electrode
reactions. Our understanding of such effects in the context of solid, often structurally
heterogeneous el ectrodes used in modern battery and capacitor systems, and in concentrated
saltslikeionic liquids (ILs), is quite inadequate at present. New characterization tools for
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studying double layer capacity and dimensions, and how composition and structure vary
gpatialy and temporally in an electrochemical context, are critically needed, and would
represent valuable adjuncts to other aspects of electrolyte design as well asto studies of new
electrode materials themselves.

ILs based on ions such as imidazolium, phosphonium, and quaternary ammonium are of
increasing electrochemical interest. Their attractive virtues of high ion concentrations, low
volatility, good temperature tolerance, and potentially wide operating voltage windows make
this class of materials particularly interesting as el ectrolytes for EES. Thereisalarge,
unexplored structural diversity in ILs, and the design rules of these materials as useful
electrolytes remain at a primitive state.

New battery electrolyte concepts are needed that go beyond today’ s polymer electrol ytes.
Immobile materials like inorganic compounds, polymer electrolytes, and polymer hosts offer
another significant advantage over mobile materials. Once they form a stable passivating
(non-electronically but ionically conducting) layer at an operating electrode interface, their
lack of continued access to the electrode surface renders them kinetically inert. Designing
polymers with tailored architectures could alow higher ion mobilities. The surfaces of pores
could be modified to permit ions (rather than anion pair or ion clusters) to diffuse through a
weakly interacting medium. Novel systems with tailored structures—such as ion-conducting
glasses and metal oxides, in which ion mobility is facilitated by vacancies, defects, or well-
defined channels—may provide alternative approaches. Inspiration for these enhanced ion
transport systems may be gained by studying membranes and poresin biological systems.
Drawing on analogies to biological structures responsible for intercellular ion transport, pore-
like structures might be assembled in block copolymers that exhibit weak coupling to ions.
Polymeric analogs of ILs, where the cationic component, such an imidazole derivative, is
incorporated into a polymer, are areas that could benefit from an understanding of the
relationships of the structure and ion transport in these systems.

Another promising arearipe for exploration is nanoparticle composites. The interstitial space
in ensembles of high-surface-area nanoparticles should provide conductive channels for ion
transport, somewhat anal ogous to models for proton conduction in Nafion™. Clearly, the
nanoparticle concentration in the ensemble must be beyond the percolation threshold, and the
particles may need surface treatments to achieve reasonable conductivities. Sintered
nanoparticle composites could provide free-standing monoliths that combine high
conductivity, excellent mechanical properties, and the potential for ssmple processing. The
synthetic chemistry of nanoparticles and their surfaces, and simulations of particle self-
assembly and ion transport in such materials, could be key elements in the design of critically
needed materials

Batteries, ECs, and other EES devices do fail; and smart materials that are designed to
respond to deviations in device performance could dramatically improve device reliability,
safety, and lifetime. Recent progress in designing responsive polymers has provided
materials whose properties reversibly change in response to temperature, pressure, and other
external stimuli. It might be possible to design materials that moderate temperature
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excursions within batteries, and polymer layers that selectively remove dendrites or restore
conductive pathways in composite electrode structures.

Impact

Theidea electrolyte for a battery or an EC is one that imposes no limitations on the intrinsic
voltages of the electrochemical reaction couples or the charge state of the double layer and
that isindefinitely stable, is very temperature tolerant, poses no safety hazard or
environmental disposal issues, is lightweight, and can be deployed at low cost. The current
understanding of the many complex and interdependent processes that govern electrol yte
performance in EESis extremely limited. With fundamental understanding of electrolyte
processes at the atomic and molecular levels, new insights into the design of novel
electrolytes will dramatically increase the performance of EES devices. These improvements
will have relevance to fuel cells, electrolytic hydrogen production, and other technologies
involving charge/ion transport.

THEORY, MODELING, AND SIMULATION
Overview

Advances in algorithms for theory, modeling and simulations, and computer technologies
provide unparalleled opportunities for understanding the complexities of chemical processes
and materials needed for the next generation of EES systems. One of the Priority Research
Directions (PRDs) is “Rationa Materials Design through Theory and Modeling.” However,
advances in theory, modeling, and simulation were noted as a critical need in all of the other
PRDs, and are therefore included in this cross-cutting summary. Theory, modeling, and
simulation can effectively complement experimental effortsin fundamental scientific
research on EES and can provide insight into novel charge storage mechanisms, predict
trends, and provide design criteriafor new materials and guide experiments. In the future,
large multiscale computations that integrate methods at different time and length scales will
be able to provide a fundamental understanding of processes such as phase transitions in
electrode materials, ion transport in electrolytes, charge transfer at interfaces, and electronic
transport in electrodes. A more demanding goal for theory is the design, from first principles,
of new materias with better performance for batteries and ECs.

Research Directions

Multiscale modeling is a cross-cutting research topic that is critical to all aspects of basic
research on batteries and ECs. It can be used to explore physical and chemical processesin
energy storage systems occurring over the full range of length scales—from the atomic to the
macroscopic, and time scales—from femtosec to seconds, thus providing an understanding of
complex phenomena, molecules, and materials and their interplay with the architecture of the
material. For example, extremely short timescales (femto- to nanoseconds) characterize
simulations and experiments on kinetics and phase formation. Longer timescales are needed
for issues of lifetime, based on mechanisms of degradation. To this end, theory can guide and
provide aframework in which to interpret experiment and assist in the design of molecules,
materials, and systems. In electrode materias, for example, theory will be particularly
important in uncovering the nature of the phase transitions and providing knowledge of
diffusion properties, intercalation mechanisms, and electrochemical and transport properties.
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An even more demanding goal is to use multiscale smulations to help design electrode
materials with properties desired by users, such as porous carbon materials with desired
morphologies.

Computer simulations can make important contributions to investigation of the structure and
dynamics of electrolytes to provide an understanding of factors contributing to ion transport
mechanisms and ionic conductivity. They will play akey role in the design of new

electrol ytes with appropriate stability and conductivity properties and in the exploration of
high-risk areas such as finding solid polymer electrolytes with high room temperature
conductivities and understanding the effect of pore size on the electrolyte structure of ECs.
Finally, in the research on electrode—el ectrol yte interfaces, new or expanded theory is
essential to gaining a comprehensive understanding of the nature of the interface, of which
little is known but which nevertheless is the subject of much speculation. Such theory will be
especially important for exploring phenomena occurring at the interface that are crucia for
energy storage systems, including the charge transfer processes at the interface, structure of
the double layer at the interface, and desired coatings.

Multiscale modeling represents a new opportunity for the design of novel materials for
batteries and ECs with defined properties. The ultimate realization of such avirtual design
capability would mean that a user need only specify adesired set of properties, along with
system or environmental constraints. The computational approach would provide materials or
devices, with suitable and optimal approaches for their synthesis. For example, with the help
of theoretical and methodological advances and high-performance parallel computing, it will
be possible to carry out reliable, first-principles-based simulations of new e ectrolytes with
new components for the formation of protective coatings or nanocarbon materials for ECs
with desired pore size and morphology. Also, it will be possible to design composite
electrodes and cells that consist of several different materials with specially designed
features, such as expansion and contraction. In addition, high-throughput virtual screening of
many candidate materials may use calculations at one or more length scales to screen many
possibilities and will be a useful computational tool where experimental testing takes along
time and is expensive.

To take advantage of these opportunities for multiscale modeling in EES systems, close
collaboration among experimental and computational researchersis necessary. Validation of
new theoretical methods with experiments on model systemsis essential to ensure reliability
of computational simulations, especially in collaboration with characterization scientists
using neutron, X-ray, electron, electrochemical, and spectroscopic techniques. Finally, access
to best-in-class high-performance computing resources at national facilities, aswell as local
computer clusters, is essential for realizing the potentia of theory, modeling, and simulation
to contribute to major breakthroughsin EES.

Impact

New computational methods for theory, modeling, and simulation will play acrucial rolein
the future development of a fundamental understanding of chemical and physical processes
needed for designing and synthesizing new materials for batteries and ECs. Coupled with
new characterization techniques and synthesis, computational methods will enable the design
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of materials at the nanoscale, expediting new discoveries critical for energy storage systems.
These computational methods will have broad applicability to many other areas central to
many diverse energy technologies that require the development of new tailored materials and
chemical processes.
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CONCLUSION






CONCLUSION

Generation of electricity from renewable resources, such as solar and wind, and the use of
electricity in transportation offer great potential to reduce our dependence on foreign oil and
reduce global warming caused by CO,. However, widespread implementation of these and
other sources of electrical energy will be possible only if there are effective systems of
electrical energy storage (EES) for portable el ectric power on the one hand and stationary
electric power on the other hand. Current EES technol ogies, based on chemical energy
storage (batteries) and el ectrochemical capacitive (EC) energy storage, fall far short of
meeting these future needs. Rechargeabl e batteries are ubiquitous in today’ s mobile society.
But these devices, which power mobile phones, MP3 players, and laptop computers, have
limited energy storage capacity and slow recharge cycles that restrict their usein either
transportation or electrical grid applications. Batteries also have limited lifetimes because of
degradation of their electrode materials during charge/recharge cycles. Restrictionsin
operating temperatures, especialy below 0°C, also impact their widespread use.

ECsare related to batteries, but ECs store energy directly as charge whereas batteries store
energy in chemical reactants capable of generating charge. ECs have higher discharge rates,
and thus high power performance, than batteries because their charge is not limited by
kinetics and mass transport, as is the case with batteries. Because ECs store charge physically
rather than chemically, these devices have longer lifetimes than batteries, which suffer from
degradation of electrode materials during charge-discharge cycling. The highly reversible
charge storage processin ECsresultsin device lifetimes in excess of hundreds of thousands
of charge-discharge cycles. However, ECs have lower energy densities than batteries and are
limited to operation below about 3 V, which restricts their current applications.

Advances in EES technol ogies to date have generally been based on empirical approaches to
the identification of electrode materias and electrolytes; traditional system architectures
easily fabricated with techniques that are available to modern industrial laboratories are
commonly used. Although EES systems have been used for nearly two centuries, our
knowledge of the chemical and physical processes that occur in batteries or ECsis
surprisingly very limited. To make the revolutionary breakthroughs needed to meet future
energy application requirements, it is critical to understand the myriad, interconnected
processes involved in the operation of these devices. Ultimately these processes affect such
key performance issues as charge-discharge behavior, system failure, and device safety. For
example, batteries, to the end user, appear to be simple; however they are dynamic systems
that change with every charge-discharge cycle over their lifetime. What would appear to be a
simple interface between the battery electrodes and electrolyte isin fact acomplex set of
phases that change with time—some of these phases can be advantageous to the operation of
a battery, while others degrade its lifetime. If we could understand the formation and changes
of these phases, it may be possible to design materials that take advantage of processes and
optimize battery performance. The knowledge needed to elucidate these and other
phenomena that occur in EES systems can be obtained only through fundamental research.
Thisresearch will lay the foundation needed for realizing revolutionary technology
breakthroughs needed for future EES applications.
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This Report outlines substantial technical challenges required for advances in EES and
presents priority research directions that offer promise for addressing these challenges. In
particular, emerging capabilities in nanoscience offer unprecedented opportunities to enable
the development of new EES concepts that could transcend today’ s technol ogies. These
include the ability to design nanoscale materials with specific functionalities, to characterize
materials structures at the nanoscal e and observe chemical processes from femtosecond to
second timescales, and to model and predict new structures and functionalities
computationally. Many of the central challengesin EES—electron and ion transport,
interfacial processes, and multifunctional nanomaterials, for example—are also of
importance in other energy-related areas, such as fuel cells, hydrogen production, photocells,
and others. Thus the knowledge gained in basic research in ESS will have broad impact in
other areas related to long-term energy needs.

The Report stresses that to achieve the ambitious performance goals required in future EES
systems, fundamental knowledge of the physical and chemical processes that occur in these
systemsisrequired. A major cross-cutting theme in the report is the need for new
characterization tools that will provide an atomic- and molecular-level understanding of these
key processes. These needs include the development of electrochemical and spectroscopic
methods that can provide insight into charge and mass transfer within electroactive particles
and electrolytes as well as across el ectrode-€l ectrolyte interfaces. The required information
includes high-resolution structural information, as well as the ability to examine dynamic
processes that occur across the range of femtosecond to second timescales. Imaging
techniques, especialy those that can provide chemical information, could examine displacive
phase changes within electrodes. Combined characterization techniques could provide critical
information on the formation and permeation of protective electrode-electrolyte interface
phases, and on the effect of nanoscal e dimensions on el ectroactive particles and on
electrolytes in organized porous structures. New capabilities in high-flux photon and neutron
sources and specialty instrumentation at these facilities offer new capabilities for studying
both structure and dynamics.

A second cross-cutting theme in the Report is the need for developing novel materials
tailored for optimal EES performance. In chemical energy storage, nanoscale materials with
tailored architectures hold exceptional promise for decreasing the ionic transport distance
between positive and negative el ectrodes while maintaining a matching el ectronic transport
to the current collectors. Strategies are also needed to create new anode and cathode
materials that provide a stable electrode-electrol yte interface at all states of charge and
discharge to achieve long cyclelife. Thisis critically important, for example, if the driving
ranges of plug-in hybrid electric vehicles are to become practical for more than just short
commutes. Developing these new strategies will require in-depth understanding of the
interfaces and interphases between the electrodes and electrol ytes. From this knowledge,
electrode materials and electrolytes could be designed as a system to optimize battery
performance. For example, new materials that store ions by displacement reactions rather
than intercalation could provide less disruption of the interface and lead to longer battery life.
New concepts are also needed to deliver higher energy capacities by increasing the number
of electrons accepted per redox center.

80



Many of the materials used in today’ s ECs have been adapted from batteries, although the
process of charge storage in the two systemsis quite different. New materials specifically
designed for ECs are critically needed for achieving a step change in EC performance. As
was the case for chemical energy storage materials, before new materials can be designed,
the fundamental principles that govern capacitive charge storage must be understood. With
thisinformation, tailored nanomaterials with well-defined pore structures could be designed
to yield vast improvementsin EC performance. Further, the introduction of multiple
functionalities into these pores could allow charge storage by multiple mechanisms. These
modifications could allow capacitances to be tuned selectively or to provide self-healing
properties to extend device lifetimes. Using the principles of nature, self-assembly offersa
completely new approach for developing novel nanomaterials and architectures. Self-
assembly could also provide less costly routes for manufacturing both ECs and batteries.

A third cross-cutting theme in the Report is the need for innovations in electrolytes.
Electrolytes are key components of EES, providing the means of transferring charge/ions to
electrodes. Comprehensive understanding of the electrical double layer isacritical need;
once gained, it would provide valuable information on the governing principles of EES
operation. These principles would allow new electrolytes to be designed to provide higher
operating voltages, higher conductivity, and wider electrochemical windows. Special
emphasis was given to the passivation layer that forms at the electrode-el ectrolyte interface
where the interface is not thermodynamically stable. The solid el ectrolyte interphase (SEI)
not only must provide kinetic stability to the interface but also must be permeable to the
working ion. Insertion/extraction of the working ion into/from an electrode particlein a
charge-discharge cycle in a battery causes the electrode particles to change dimensions and
thus the interface. At high rates of charge-discharge, i.e. at high power, the SEI must reform
rapidly compared with unwanted chemical reactions at the unprotected interface.

Increasing the stable voltage across the electrolyte of an EC was aso emphasized as a key to
higher energy density of the device. The interaction of electrolytes with poresin ECs may
have vastly different capacitive performance as a function of pore size. Thusit may be
possible to design electrolytes for specific electrode materials. Conversely, materials could
be designed to control ion mobility, ion pairs or ion clusters. Understanding the effects of
electrolyte degradation and impurities may revea routesto designing “smart,” self-repairing
electrolyte solutions for EES systems that could lead to greatly improved lifetimes.

The fourth cross-cutting theme that arose from all sections of the Report is the need for
advances in theory, modeling, and simulation. Fundamental advances in computational
algorithms and computer technologies were recognized as providing an unparallel ed
opportunity for providing the new insights into the complexities of processes and materials
needed to make the groundbreaking discoveries that will lead to the next generation of
electrical storage systems. Theory, modeling, and simulation can effectively complement
experimental efforts on EES systems and can reveal mechanisms, predict trends, identify new
materias, and guide experiments. In the future, large multiscale computations that integrate
methods at different time and length scales will be able to provide a fundamental
understanding of processes such as phase transitions in electrode materials, ion transport in
electrolytes, charge transfer at interfaces, and electronic transport in electrodes. A more
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demanding goal for theory isthe design, from first principles, of new materials with better
performance for batteries and ECs. Because batteries and ECs operate under very different
conditions, it was recognized that very different computational challenges exist for these EES
systems.

At the heart of these research activities, the materials science community will be called upon
to design new materials and to devise synthetic routes to nanomaterials of agiven
morphology. These will be designed so as to allow optimum transfer of ions within and
between electrodes, as well as of electrons between the operative redox couples and the
current collectors that contact the external electric circuit. These materials must be abundant
and non-toxic; the mass and charge transfers must occur with minimal energy loss over a
charge-discharge cycle; and within a cell, alarge portion of the theoretically available
electrical energy at high power must be available over many cycles. The chemistry
community will identify redox couples capable of receiving more than one electron at afixed
voltage, or the electrolyte that will give thermodynamic stability with electrodes that give a
high cell output voltage. However, both material's scientists and chemists must be guided by
an intuition educated by a deeper understanding of the complex processes operativein an
electrochemical cell. This understanding will be made possible only by advanced physical
and electrochemica measurements and computational tools. The design of optimal cell
architectures, whether inspired by self-organized natural system or by the theoretical
modeler, must eventually be realized by the engineer who fabricates the end product. Clearly,
an interdisciplinary collaborative research effort is essential for the breakthroughs the
targeted goals demand.

At the close of the workshop, the panelists were very enthusiastic about the potential of EES.
They concluded that the identified targets for portable and stationary EES could indeed be
met with a sustained commitment to interdisciplinary basic research. This research would
focus on the fundamental s involved in the charge and mass transfer processes of
electrochemical cells; the structural changes associated with chemical energy storage; the
tailoring of accessible redox couples; the development of thermodynamically stable cells of
high energy density; the ability to control, synthetically, the assembly of nanoparticles with
tailored morphology into designed architectures; and the electrochemical characterization of
both components and the end product. The advances in nanoscience, computation, and
characterization offer unprecedented potential for achieving these goals. The workshop
concluded that now is a propitious moment for a major commitment to a sustained research
effort into EES, an effort that addresses an urgent need to achieve a secure energy future for
our nation.
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ABBREVIATIONS, ACRONYMS, AND INITIALISMS

A/V active electrochemical area to volume
ASR area-specific resistance

BASE B"-AlO; solid electrolyte

CD charge depleting

CS charge sustaining

DG distributed generation

DOE U.S. Department of Energy

EC electrochemical capacitor

eCVT electronic continuously variable transmission
ESR equivalent series resistance

EV electric vehicle

FCHV fuel cell hybrid vehicle

GM General Motors

HEV hybrid electric vehicle

HRPSOC high-rate partial-state-of-charge

IC internal combustion

LL load leveling energy storage systems
Ni-Cd nickel cadmium

Ni-Fe nickel-iron

NiMH nickel metal hydride

Ni-Zn nickel-zinc

ocv open circuit voltage

PHEV plug-in hybrid electric vehicle
R&D research and development

SEI solid-electrolyte-interphase

SLI starting, lighting, and ignition (automotive)
SOC state of charge

TD transmission and distribution
USABC U.S. Advanced Battery Consortium
VRLA valve regulated lead—acid battery
ZEBRA Na/S or Na/Ni/Cl, cells
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1. INTRODUCTION

The projected doubling of world energy consumption within the next 50 years, coupled with the
growing demand for low- or even zero-emission sources of energy, has brought increasing awareness
of the need for efficient, clean, and renewable energy sources. Of particular interest are energy
sources based on electricity that can be generated from renewable sources, such as solar energy.
Indeed, advances in solar photovoltaic cells, thermoelectrics, and other electrical energy technologies
offer enormous potential for meeting future energy demands. However, the efficient utilization of
electricity generated from these and other renewable sources requires some form of electrical energy
storage, such as batteries or electrochemical capacitors (often referred to as ultracapacitors or
supercapacitors). Both of these storage devices are based on electrochemistry, and the fundamental
difference between batteries and electrochemical capacitors is that the former store energy in
chemical reactants capable of generating charge, whereas the latter store energy directly as charge.

Today’s energy storage technologies fall far short of the requirements for efficiently using electrical
energy efficiently in transportation vehicles, commercial and residential applications, and even
consumer devices. For example, electrical storage devices with high energy and power densities are
needed to power electric vehicles with performance comparable to that of today’s petroleum-fueled
internal combustion (IC) vehicles. In addition, both recharge time and overall lifetimes of storage
devices are important considerations if electrically powered vehicles are to become practical. For
commercial and residential applications, electricity must be reliably available 24 hours a day. Even
minute-to-minute fluctuations in electrical power can cause major costly disruptions. Thus for large-
scale solar- or wind-based electrical generation to be practical, electrical storage devices are critical to
meeting off-cycle demands, effectively leveling the phased nature of these energy sources. Because of
these t?chnology gaps, energy storage has been singled out as a critical need for a secure energy
future.

This document was produced in preparation for a Department of Energy (DOE) Office of Basic
Energy Sciences Workshop titled “Basic Research Needs for 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, commercial and residential uses, and
portable devices. Thus it provides a common background for the workshop participants and sets the
technological basis for the workshop. The document was prepared by Oak Ridge National Laboratory
in consultation with subject matter experts from other national laboratories, universities, and industry.

! Basic Energy Sciences Advisory Committee, Basic Research Needs to Assure a Secure Energy Future, Proceedings of
Basic Research Needs to Assure a Secure Energy Future, John Stringer, chair, Gaithersburg, MD, February 2003.
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2. ELECTRIC ENERGY STORAGE APPLICATIONS
2.1 TRANSPORTATION

Overview

The development of transportation vehicle technology is being pursued by DOE and the automotive
industry with several overarching goals in mind:

e increasing transportation vehicle energy efficiency

e promoting fuel switching away from petroleum-derived fuels and increasing reliance on
electricity, hydrogen, biofuels, and/or liquid fuels from unconventional resources

e decreasing vehicle emissions and adverse environmental impacts

e improving safety and vehicular performance

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

Table 1. The functional role of electricity storage in transportation vehicles

Vehicle technology Functional role of energy DlStlIlglllS.hlllg top-level
storage requirements
Conventional IC engine Startup and ancillary services Cost and cycle life
Mild hybrid electric vehicle . Operate at 45 to 75% charge, very
(HEV) HOWTE G ST long cycle life, V = 45 to 145 V
Stop-and-go power plus Operate at 45 to 75% charge, very
Strong HEV propulsion assist long cycle life, V =200 to 290 V
Plug-in HEV Propulsion over 40- to 60-mile High spemﬁc power and energy,
range deep discharge, long cycle life
All-electric vehicle (EV) Propulsion (no IC engine) SHilh TpaE e e Al I,

deep discharge, long cycle life

Transient power for acceleration
and maneuvering

LTI E Y Power for fuel cell compressor

High specific power, moderate

(FCHV) vl e o e G, T specific energy, long cycle life
and transients
HEVs, EVs, FCHVs Regenerative brake energy High charge rate

recovery

2.1.1 Advanced Engine Technology

Gasoline IC engines form the standard against which other engine technologies are judged. Gasoline
IC engines can achieve power densities of 50 to 70 kW/L, whereas diesel-fueled engines have
somewhat lower power density. However, the peak power of a vehicle engine is needed only
infrequently, and automotive passenger car and light truck engines are designed for nearly a 10:1 ratio
of peak to average power output. The specific cost of IC engines is now in the range of $30-$35/kW,
which sets the benchmark for fuel cell systems and electrical-power systems for automotive
applications.
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Advanced IC engines. Desired functionality for IC engines is high specific output, reliable and low
emissions output over 7,500 hours in operation, pumping losses as low as possible, and wide brake-
specific fuel consumption plateaus permitting efficient operation at lower speeds and lower torque.
Research and development (R&D) goals are to increase the overall efficiency of IC engine systems
from 35 to 45% and to extend fuel options to biofuels, liquid fuels from unconventional sources, and
hydrogen.

The sole role for electrical storage in an advanced IC engine is to provide startup power and ancillary
power for services when the engine is shut down.

Hybrid electric vehicles. Hybrid electric vehicles (HEVs) are based upon combining an IC engine,
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 IC engine. HEVs achieve higher
fuel efficiency by

e use of battery power to allow the IC engine to avoid operating conditions and transients in which
the IC engine operation is inefficient (idling, acceleration, deceleration)
e recuperating braking energy to replenish the energy storage system

The IC engine sustains the charge level of the battery. During periods when combustion engine
operation is inherently inefficient and the vehicle operates on battery power—idling at stop lights,
low-speed operation—the engine is turned off. The key HEV systems include very efficient electric
motors and energy storage systems with high turnaround (charge—discharge) efficiency capable of
very long cycle life in a charge-sustaining mode—a mode in which the state-of charge does not
undergo large swings very often because the IC engine power is used to recharge it.

Two major subcategories of HEVs have emerged over the past 10 years. Toyota presently owns 65%
of the HEV market with its strong hybrid designs based on Toyota’s proprietary electronic
transmission system: the single-mode power-split electronic continuously variable transmission
(eCVT). These systems operate at 30 kW or more and are designed for higher voltages in order to
reduce thermal burden, size, and cost. Honda is the preeminent manufacturer of mild hybrids with its
integrated motor-assist crankshaft-mounted starter/alternator unit. The Honda Accord HEV operates
at 12—14 KW or less, and mild hybrids are currently designed for lower voltages.

Both Honda and Toyota specify nickel metal hydride batteries for their HEV products in order to
provide an 8-year, 80,000-mile to 10-year, 100,000-mile warranty on their hybrid components. This
warranty interval reflects the charge-sustaining (CS) mode of operation that imposes many shallow
cycles on the energy storage components. Desired functionality for CS-mode hybrid vehicles is an
energy throughput of >20-MWh cycles, which implies typical values of >300,000 cycles at shallow
discharge. Energy storage batteries in CS-mode hybrids nominally operate at 60% of their total
charge with a total working range of 45 to 75% (a 30% swing in the state of charge).

At present there is no standard system voltage for either mild or strong hybrids. Toyota’s HEV
systems are designed for battery potentials of 201to 288 V and use multistep power electronics to
achieve output potentials of 500 to 650 V for the eCVT systems. Mild hybrids operate at lower
voltages and do not require power electronics to boost the voltage. Honda vehicles require battery
potentials of 144 V, and systems offered by General Motors (GM) and others require battery
potentials of 42 V.

In city driving, about 30% of a typical vehicle’s engine output is lost to braking. One of the efficiency
advantages of an HEV over a conventional vehicle is its use of regenerative braking. An HEV is
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designed with electronically controlled brakes and maintains traditional friction brakes as a backup.
Low-end HEVs employ electronically controlled braking as parallel regenerative braking systems, an
incremental upgrade of conventional antilock brakes. High-end, more fuel-efficient HEVs implement
series regenerative braking systems that recuperate the largest percentage of the available braking
energy. The HEV decelerates, the direction of the torque in the vehicle motor reverses, and it operates
as an electric generator, converting the change in the vehicle’s momentum into electricity (with about
30-35% conversion efficiency) and storing it in the battery. Thus HEVs require that the energy
storage system have a high enough charge rate to accept the regenerated energy during braking.

All-electric vehicles. Development of battery electric vehicles (EVs) started in the early 1970s and
had diversified into several system architectures by the early 1990s. Propulsion components ranged
from 75 kW (Ford—DOE ETX program) to 120 kW (GM EV1 program) and primarily used lead—acid
batteries for energy storage. Storage levels for EVs are nominally 30 kWh because of weight
considerations and technology limitations in the past. A range of 60 miles to over 100 miles,
depending on driving conditions and ancillary loading, was typical for all-EVs. Future EVs planned
by Mitsubishi will have four wheel motors (~48 kW each) and a 300-mile range.

The desired functionality of EVs must include single-speed propulsion components so that no shifting
is required. This in turn places a high burden on the electric machine’s constant power speed ratio.
EVs require high-specific-energy batteries and perhaps ultracapacitor energy storage components for
long cycle life in a charge-depleting (CD) mode of operation with superimposed CS mode dynamics.
The combined influence of CD and CS modes on lithium battery cycle life is unknown at this time.

All-EVs benefit from higher-voltage operation, nominally in the range of 900 V.

Plug-in hybrid electric vehicles. Plug-in
HEVs (PHEVs) function in a manner
similar to EVs except that the IC engine i
acts as range extender for the battery. Solinde
Plug-in HEVs have the additional Plug-n wiring ‘f
requirements for IC engine management hamess
and electric generator operation. The
PHEYV usually departs architecturally
from the HEV in having a series hybrid
propulsion system, like the EV (Fig. 1). In
series hybrids, the drive train is powered
by the electric battery (or storage system),
and the role of the IC engine is simply to
recharge the battery.

16 KWh li-ion
battery pack

Cooling duct

120 kW electric motor

The transmission in a PHEV has the same  gjg 1, phantom view of the recently announced GM Volt

challenges as in an EV in terms of single- PHEYV. It shows the packaging of a small 3-cylinder engine
speed no shifting, torque for grade and 53-kW engine-generator along with a 120-kW (EV1)
holding, acceleration performance, and traction drive and 16-kWh lithium-ion battery pack sourced
cruise capability. High power is from Cobasys-A123 Systems and Johnson Controls-Saft

demanded from the energy storage system  Advanced Power Solutions, LLC.

during acceleration, passing maneuvers,

and braking. High energy is demanded from the energy storage system to maximize the all-electric
range of the vehicle.
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In general, expansion of the usable state-of-charge window for electricity storage operation, along
with long electricity storage system life over many deep discharge cycles, are critical requirements for
reducing the incremental costs of PHEVs.”

Fuel cell hydrogen vehicles. Several manufacturers have developed near-commercial hydrogen fuel
cell power plants in road-ready vehicles. Among them are Toyota, Honda, BMW, GM, and Ford. The
functionalities are similar to those of PHEVs from the vehicle level because the system is series
hybrid with all-electric drive. Fuel cell hybrid vehicles (FCHVs) depart from conventional HEV's in
that fuel cell plants permit component packaging in and beneath the vehicle floor pan and better
packaging flexibility for the traction motor(s) (either an axle motor with half-shaft links to wheels or
in-wheel motors). Currently, the driving range of an FCHYV is limited by its inability to store more
than approximately 2 kg of hydrogen per high-pressure cylinder (composite tanks at 350 bar/

~5,000 psi).

Today’s fuel cells are inherently slower in response than IC engines. When rapid power changes are
required (e.g., acceleration), IC engines can change speeds on the order of 100,000 rpm per second.
Current fuel cells have a significant lag due to gas flow rates and typically require several seconds to
respond to a demand for power that traverses a 10 to 90% sweep of total power. Thus in FCHVs, the
high power for acceleration, maneuvering, and braking support must be delivered by the energy
storage systems. FCHVs also require moderate energy density storage for startup in cold climates,
powering the air compressor, powering ancillaries, and recuperating energy.

2.1.2 Energy Storage Technology Requirements

Energy storage technologies and their respective applications are summarized in Fig. 2. 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 U.S. Advanced Battery Consortium (USABC) has
consolidated the requirements for energy storage systems for HEVs into a compact table of
requirements (Table 2). In Table 2,

e “Energy efficiency” refers to the round-trip efficiency involved in a discharge and recharge event.
The high efficiency values given are problematic for batteries but are achievable with
ultracapacitors under most conditions.

o “Cycle life” implies operation for over 7,500 hours in service (not calendar hours), during which
time the component will be at high electrical stress levels and in harsh environmental conditions.

o “Self-discharge” is the natural decay of charge from the storage device. For ultracapacitors, the
present USABC requirement on self-discharge is ambiguous and under review. If cell capacitance
is 3000 F and the test time is 72 hours, then for 4% voltage loss over those stand time hours, the
internal self-discharge equivalent resistance must be greater than 27 Q. If the capacity of the cell
is lower, 650 F for example, then it can have a much higher self-discharge resistance of 123 Q.
Manufacturers typically specify self-discharge as an equivalent current, such as 5.2 mA of
leakage.

In all cases, the desire to minimize resistive losses and associated thermal loads, and to reduce the
size and weight of the equipment, are the technological drivers toward higher system voltages (and
hence lower electrical currents). Over the long term, energy storage potentials are expected to
converge to 240 V for strong HEVs, and associated electromechnical system equipment voltages will
remain in the 650-V to perhaps 800-V range. Because of the relatively higher power requirements for

2 T. Markel and A. Simpson, Plug-in Hybrid electric Vehicle Energy Storage Design, NREL/CP-540-39614, National
Renewable Energy Laboratory, May 2006.
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Fig 2. 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 not attainable with current technology.

Table 2. Electricity storage requirements, as published by the U.S. American Battery Consortium, for
three different HEV architectures’

System attributes

Discharge pulse
Regenerative pulse

Cold cranking pulse @ !30°C
Available energy (CP @ 1kW)

Recharge rate (kW)

Cycle life/equiv. road miles
Cycle life and efficiency load

profile
Calendar life (years)

Energy efficiency on UC10 load

profile (%)

Self-discharge (72 h from max. V)
Maximum operating voltage (Vdc)
Minimum operating voltage (Vdc)
Operating temperature range (°C)
Survival temperature range (°C)
Maximum system weight (kg)
Maximum system volume (L)

Selling price ($/system
@100 K/year)

42 V transient power
assist

13kW,2s

8kW,2s

8 kW, 21 V min

60 Wh

2.6 kW

750 km/150,000 miles
ucC 10

15

95%

<4%

48

27

—30 to +52
—46 to +66
20

16

130

7 C. Ashtiani et al., “Ultracapacitors for Automotive Applications,” Journal of Power Sources 154, 561-566 (2006).
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heavy vehicles such as buses, the electricity storage and electromechnical systems in HEV and EV
buses would have much to gain by raising their system voltages to 1500 V.

2.1.3 Major Unmet Technology Goals for On-vehicle Electrical Energy Storage

Specific energy and power. The leading electrical energy storage technologies today are
electrochemical cells and ultracapacitors. Electrochemical cells are capable of very high specific
energy; e.g., lithium-ion batteries, which are considered the standard advanced battery, currently offer
about 200 Wh/kg with a maximum theoretical capability of 385 Wh/kg. As can be seen in Fig. 2, the
energy and discharge power requirements for PHEVs and EVs are in the range of 10,000 to

20,000 Wh and are about an order of magnitude higher than for HEVs. Further, these combined
requirements imply weights and volumes for electricity storage that are unattractively high. These
requirements will not be met by incremental advances in current electrical energy storage
technologies. Fundamental breakthroughs in materials and chemical processes in electric storage
technology are needed to achieve the values of energy density while meeting requirements of weight
and cost that will make widespread use of PHEVs and EVs attractive.

Very long cycle life, no wear mechanisms. A major drawback of all electrochemical cells is the
limited serviceable life due to electrode wear mechanisms, associated with mass transport of the
electrode constituents.

Recharge rates. Lithium-ion technology has a very high discharge rate capability, but its recharge
rate is far more limited. Thus matching lithium-ion systems to the requirements of regenerative
braking energy systems is a concern.

Temperature range of operation. Transportation vehicles must operate in a wide temperature range;
current specifications are —30 to 52°C. Both the charge and recharge rates at cold temperatures are
low for lithium-ion systems, and at —40°C, they are typically 20 to 30% of room temperature charge
rates. By contrast, ultracapacitors do not lose the capability for high power delivery at cold
temperatures and are capable of functioning well at —40°C. Because of these synergistic attributes, the
combination of ultracapacitors with lithium cells is being actively explored by industry.

A variety of performance-degrading effects can found in batteries at the upper end of the range of
vehicular operating temperatures. As an example, nickel metal hydride (NiMH) batteries are known
to experience reversible side reactions that lower efficiency at 45°C and above, as well as other side
effects at 50°C and above that can shorten their life or reduce their charging capacity.

Operation at high temperature can also lead to thermal runaway of batteries—self-discharge of
current, which leads to more heat generation, thereby increasing the temperature and the levels of
self-discharge further. Lithium-based systems can generate internal heat at 60-80°C and may require
active cooling for vehicular applications. Thermal runaway can occur, but at much higher
temperatures. Reducing exothermic and gas-producing reactions in battery systems would both
extend the life and expand the range of safe operation.

Reliability. Attaining high reliability in energy storage system operation will require that latent flaws
in electricity storage systems be diagnosable; the alternative is that the flaws will result in failures that
will show up only after months to years in service. Industry experience has shown that undiagnosable
latent flaws, such as electrolyte impurities or incompletely mixed phases, are definitely a concern for
the lithium-ion system.
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Capacitor range and self-discharge. Ultracapacitor technology shortfalls are relatively high levels
of self discharge (i.e., leakage.) and the limitation to cell potentials below 3 V.

Abuse tolerance. Any high-energy storage system has the potential for safety problems. Batteries
have the fuel (anode) and oxidizer (cathode) packaged together, and unintended release of the energy
can have serious consequences. Abuse tolerance in battery systems depends on the choice of materials
used in electrode structure and other components, as well as design choices by the manufacturer (e.g.,
the use of shutdown separators, over-voltage cutoff devices, vents in the cells to release pressure and
electrolyte). Safety becomes more critical as the energy and power density of batteries approach those
of high explosives. Safe operation and resistance to abuse without catastrophic results are key
elements in developing new high-energy power sources for transportation vehicles.

Ultracapacitors are far more tolerant of abuse than lithium systems and can tolerate over-voltage and
over-temperature conditions for more than 2 hours with benign failure. (In this instance, benign
failure refers to controlled venting of evolved gasses via an engineered vent aperture or through a
container breach.)

Cost: The challenge currently facing lithium-ion cell manufacturers is improving the manufacturing
process to result in lower costs.

2.2 STATIONARY ELECTRICAL ENERGY STORAGE: TRANSMISSION AND
DISTRIBUTION GRID, RENEWABLE ENERGY, AND DISTRIBUTED
GENERATION

Electrical energy storage is required for efficient use of renewable energy sources (both local and
distributed applications) and for efficient and reliable transmission and distribution (TD) of electrical
energy (i.e., grid applications). Because these storage devices are stationary, the technology drivers
are quite different from those for transportation vehicles or portable power. Enhanced electricity
storage capabilities for renewable energy and electric grid applications have the potential for the
following top-level benefits:

e Providing responsive power to meet the minute-to-minute fluctuations in electricity demand and
increase operational margins against grid system upsets.

e Improving the reliability and stability of the grid in situations where conventional solutions are
becoming increasingly problematic.

e Improving the efficiency of off-grid solar and wind power and enabling the integration onto the
grid of large-scale solar or wind energy plants

e Providing capability to “peak shave” or “load shift,” thus enabling peak loads to be met during
periods when new generation or TD assets cannot yet be brought on-line

2.2.1 Transmission and Distribution Grid Applications

With large-scale energy storage systems unavailable, the electricity network system has evolved in
such a way that there are built-in inefficiencies within the TD system, and conditions in which the
required reliability and stability of the grid are not achieved. Application of advanced energy storage
technologies could make the grid more reliable and stable while improving the energy efficiency of
grid operations.

To date, large-scale applications of energy storage for TD have not been extensive. Currently, roughly
2.5% of the total electric power delivered in the United States passes through energy storage. That
amount is primarily limited to applications associated with pumped hydroelectric storage. The
percentages are somewhat larger in Europe and Japan, at 10% and 15%, respectively, in large part
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because of favorable economics in those areas.” Using advanced electrical storage technologies could
have a significant impact on grid reliability and stability.

Grid reliability and regulation. Individual consumers perpetually make independent choices “to
turn on or turn off the electricity”—whether appliances, electric lights, or industrial equipment. Even
in large regional grid systems where the high number of these decisions causes the individual effects
to largely cancel out, the aggregated demand for electricity has small, rapid fluctuations (on the order
of seconds to a minute) in the level of electricity demand, or load. The generation of electrical power
cannot be exactly matched to these small, rapid fluctuations in load.

Figure 3 shows an actual variation of power load for a winter day on a segment of the U.S. grid. The
large-scale features of the variation in power load (demand) are relatively easy for power systems
operators to anticipate and match by increasing or decreasing the level of electricity generation on the

grid. However, as Fig. 3 illustrates, the demand for electric power will fluctuate on a time scale of
seconds or minutes.

25000

22500 -

20000 -

22222 Regulation

zzzzz

System Load (MW)

17500 +

15000 \
0:00 4:00 8:00 12:00 16:00 20:00 0:00

Fig. 3. An electric power demand load on the ERCOT, Texas, segment over 24 hours
on a winter day.’

The term “regulation” refers to minute-to-minute balancing of the power system. Why is matching the
generation to power load so important to power system operators? When the instantaneous electricity
generation level is mismatched to the instantaneous load, it is manifested as a shift in the ac frequency
at which the power grid operates. The frequency of ac power in the United States is designed to be

60 Hz, but it will dip to, say, 59.5 Hz when the demand for electrical power exceeds the generated
level by 1 part in 120. Not only does the customer receive power at a slightly shifted ac frequency
when that happens, but also the rotating generator equipment at power generation plants is
constrained to rotate at the slightly shifted frequency.

* Handbook of Energy Stora