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Abstract

The use of nanostructured materials in lithium-ion batteries is reviewed with discussion of commer-
cialization or potential for commercialization. Nanomaterials have the advantages of shorter distances for
transport of ions or electrons and accommodation of strains associated with lithium insertion. These ad-
vantages enable the use of high-capacity electrode materials and offer the possibility of improved rate
capability or cycle life. Nanostructuring has enabled the use of inexpensive, low-conductivity electrode
materials, such as lithium iron phosphate and lithium titanate, and has resulted in the commercialization
of batteries with these materials. Conversion-type electrode materials and lithium alloys, which offer sig-
nificantly higher charge-storage capacity compared to conventional intercalation-type materials, have also
been enabled by nanotechnology. The use of carbon nanostructures and carbon-based nanocomposites in
lithium-ion electrodes is also discussed.
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Introduction

Shortly following the widespread commercialization of lithium-ion batteries as power sources in
portable electronic devices, nanotechnology came to the forefront of research and development in materi-
als science. Nanostructured materials, which have dimensions on the order of 100 nanometers or less,
have unique properties that are often significantly different from their bulk (or micron-scale) counterparts.
Because of these unique properties, the use of nanomaterials in lithium-ion battery electrodes offers the
potential for improved performance in terms of charge-storage capacity, rate capability, and cycle life.
Increasing capabilities for synthesis of electrode materials as nanoparticles, nanocrystallites, or nanocom-
posites has resulted in an explosion of research activity in this area and, in several cases, commercializa-
tion of batteries containing nanostructured electrodes.

Nanostructured materials have several advantages that make them appropriate for lithium-ion elec-
trodes." Nanoparticles or nanocrystallites are smaller than bulk materials and thus require shorter distanc-
es for transport of electrons or lithium ions. This can result in enhanced rate capability (and thus power
density) in conventional electrode materials or the ability to use insulating materials that would otherwise
exhibit extremely limited performance. Another advantage is that nanoscale particles or crystals can
more easily accommodate the strains associated with lithium insertion (via intercalation or phase trans-
formation). For intercalation materials, this means there is a larger range of composition over which lith-
ium intercalation occurs, which results in larger reversible capacity. The strain accommodation in nano-
materials also enables the use of high-capacity materials that undergo phase transformation upon lithium
insertion. Nanomaterials also have important disadvantages that must be considered when they are used
in lithium-ion electrodes. Nanoparticles have extremely high surface area and low density. The high sur-
face area results in a higher likelihood of surface reactions, which often involve irreversible lithium con-
sumption upon initial charge or discharge. Because of the low density of nanoparticle clusters, the higher
gravimetric capacities often achieved by nanomaterials can be accompanied by lower volumetric capacity
(“capacity” as it is used hereafter refers to specific gravimetric capacity). Another important disad-
vantage to be considered is that the synthesis of nanomaterials is often difficult and may be prohibitively
expensive.

Detailed review articles on the use of nanomaterials for lithium-ion batteries' or for energy storage
in general® ® have been published in recent years. More focused reviews examine the use of nanomateri-



als in lithium-ion electrodes® " and specifically in positive® or negative® electrodes. The review presented
here is not comprehensive and is intended to give an overview of the use of nanostructured materials in
electrodes for lithium-ion batteries. The references cited here are early, illustrative, or highly-cited exam-
ples of the concepts. Synthesis of electrode materials is not covered here; the reader should consult the
citation of a particular example for synthesis details. The most prominent examples of application or
commercialization are given here, but a more detailed description of commercialization, including patent
analysis, was given in a report by Kuyate and Patel.*

Nanoscale effects in intercalation-based electrode materials

Conventional active materials in positive electrodes of lithium-ion batteries are metal oxides that ac-
commodate lithium via the intercalation mechanism. Intercalation involves the insertion of lithium into
unoccupied sites in the crystal lattice, thus resulting in a small change to the unit cell volume and reversi-
bility on the order of hundreds or thousands of cycles. The most common intercalation materials for posi-
tive electrodes are LiCoO,, which has a two-dimensional layered structure, and LiMn,O,4, which has a
three-dimensional spinel structure. Nanoparticulate or nanocrystalline versions of these materials have
been examined with the hope of achieving enhanced capacity, rate capability, or cycling performance.

An early example showed that LiMn,O, could be prepared in nanoparticulate form using citrate solu-
tion with ethanol dehydration.* This is contrast to the conventional solid state synthesis route, which
produces submicron- to micron-sized particles. LiMn,O, particles with ~100-nm size exhibited higher
delithiation and lithiation capacities (for the lithium-deficient composition, Li;,Mn,0O,) in the first cycle
compared to micron-sized particles produced by solid-state synthesis."* Particles with smaller average
size, around 50 nm, exhibited lower capacities and worse cycling. These smaller particles had defective
morphology and an absence of structural ordering during delithiation, which resulted in a different inser-
tion mechanism and sloping voltage profiles (the absence of discernible plateaus). Kang et al. addressed
the 3-volt region (Li;«Mn,0,) of spinel manganese oxide, which suffers from poor cycling in bulk crys-
talline form."? In this case, ball-milling of the bulk sample resulted in nanograin structure, higher manga-
nese oxidation state, and stable cycling capacity in the 3-V region. The authors concluded that a critical
grain size in the nanometer range allowed for stable cycling around 3 V vs. Li/Li* but at the expense of
lower capacity in the 4-V region.

Nanostructuring has also proved effective in improving the rate capability of positive electrodes in
lithium-ion batteries. This is mainly due to the decreased diffusion distances required for electrons and
lithium ions in nano-sized crystals or particles. Size-controlled synthesis of LiCoO, was achieved
through hydrothermal reaction and produced samples with average crystal sizes between 6.0 nm and 17
nm.*® Samples with lower crystallite sizes exhibited higher irreversible capacity (during initial delithia-
tion) and lower reversible capacity, especially when compared to bulk crystalline LiCoO,. However, as
shown in Figure 1a, the 17-nm sample showed an advantage in capacity compared to bulk LiCoO, when
cycled at extremely high rate (100C, or 100 theoretical charges per hour). At this rate, the nanocrystalline
sample achieved over 70 mAh g*. The nanocrystalline samples showed no advantage at rates of 50C and
below. It is also worth noting, as shown in Figure 1b, that the nanocrystalline samples showed a more
sloped voltage profile and the absence of a plateau during lithiation. This was attributed to the increased
importance of surface reaction, disordered structure, and distribution of the site energy for reaction with
lithium.™ In the case of spinel LiMn,0,, Hosono et al. showed that single crystalline nanowires had a
distinct advantage in rate capability over several bulk samples and over a wide range of rates (0.8C to
170C).** The nanowires, with a diameter of 50-100 nm, achieved capacity over 80 mAh g™ at the ex-
tremely high rate of 170C. This capacity is 67% of the theoretical value and was compared to ca. 40 mAh
g™ achieved in commercial LiMn,O, materials under the same conditions.* Despite the effectiveness
demonstrated in improving rate capability, any decision to utilize such nanostructuring strategies in a
commercial system would require consideration of the added cost of nhanomaterials synthesis.

The use of nanomaterials has also been used to increase the amount of lithium intercalation in metal
oxides whose bulk crystalline forms have limited capacity. Nanoparticulate forms of B-MnO,," o- and y-




MnO,,"* o-Fe,05," and a-LiFeO,™ ** exhibited intercalation capacity in voltage ranges above 1.5 V vs.
Li/Li*, where previous studies of bulk forms of these materials exhibited little to no intercalation capacity.
An example of this is shown in Figure 2 for a-Fe,Os3, which is a comparison of nanoparticles (~20 nm) to
bulk crystalline particles (100-500 nm).'” The voltage profile for lithiation of the nanoparticles exhibits a
plateau around 1.6 V vs. Li/Li" that is not present in the profile of the bulk material. The lower plateau,
below 1V, is present for both materials and corresponds to the conversion to lithium oxide and metallic
iron (see section on conversion materials below). In situ XRD results confirmed that the upper plateau in
the nanomaterial corresponded to an intercalation mechanism. The authors also determined that this size
effect was independent of lithium insertion rate. They concluded that the nanosized particles more easily
accommodate strain (volume expansion) caused by intercalation before being forced to fully convert into
lithium oxide and iron. Despite these interesting observations and the dramatic nanosized effects, the
voltage ranges of these materials (2.5-3.5 V for MnO, and 1.5-2.5 V vs. Li/Li" for the iron oxides) are too
low to be competitive with conventional materials for positive electrodes.

Nanostructured lithium metal phosphates for positive electrodes

The use of LiFePO, and other metal phosphates as positive electrodes in lithium-ion batteries was en-
abled by nanotechnology. Because these materials have intrinsically low ionic and electronic conductivi-
ty, the use of nanoparticles or particles coated with nanoscale conductive films is necessary to reach full
charge-storage capacity. Electrode materials based on iron or other high-abundance metals are attractive
because of low cost and long-term availability, so LiFePQ, is a promising alternative to LiCoO, for posi-
tive electrodes. Theoretical capacity for full delithiation of LiFePO, is 170 mAh g™, which is another
advantage over LiCoO, (140 mAh g™). The lithiation-delithiation reaction of LiFePQ, is centered around
3.45 V vs. Li/Li",which is lower than that of LiCoO, and results in lower energy density. However, the
lower potential is considered an advantage in terms of safety because the range of thermodynamic stabil-
ity for typical lithium-ion battery electrolytes (cyclic and linear alkyl carbonates with LiPFg salt) is 1.5-
45V vs. Li/Li*?>?" Electrodes that are well within this range avoid dangerous side reactions and gas
evolution, and cells that contain such electrodes can be charged at higher rates without approaching the
stability limits. The use of LiFePO, as a positive electrode material has been reviewed extensively,?*%°
including reviews with focus on synthesis procedures®” and carbon coating.”®

Electrochemical delithiation of LiFePO, and lithiation of FePO, was first reported in 1997 by Goode-
nough and co-workers.?® The cycling mechanism is not intercalation-based and requires phase transfor-
mation between LiFePO, and FePO,4. However, the structural similarity between the two phases results in
a high degree of reversibility.”® Despite the promise of efficient cycling, only ~0.6 lithium ions per iron
atom were able to be inserted or extracted, and the full capacity of 170 mAh g was not achieved.”® The
problem was attributed to extreme rate limitations from the intrinsically low conductivity of the material.
The advantages of nanostructure became apparent when nanocomposites of carbon and LiFePO, were
introduced and exhibited capacities much closer to theoretical values.*> " Nazar and co-workers con-
cluded that synthesis with a carbon precursor and reduction of particle size to the submicron range were
both necessary for improved performance.*® Armand and co-workers found that similar performance im-
provements could be achieved by heat-treating the as-synthesized LiFePO, in the presence of a carbon
source to create carbon-coated particles.*® The presence of carbon facilitated electron- and ion-transport
between particles, and the decreasing of particle size reduced the transport distances required. Various
carbon-coating strategies were subsequently explored and optimized.?® Another strategy that produced
greatly improved conductivity was the doping of LiFePO, with a small percentage of other cations, e.g.
Nb>* or Zr**.** Further examination of LiFePO, determined that neither carbon coating nor doping were
necessary, rather that appropriate particle size with narrow size distribution and mild thermal treatment
could produce similarly competitive performance.®® Using this strategy, particles with average size of
140 nm were utilized to achieve stable cycling at 150 mAh g™* for hundreds of cycles. Further reduction
of the particle size produced electrode behavior that resembled the intercalation mechanism, with a slop-
ing voltage profile and gradually changing lattice parameters in the crystal structure.** * This was an im-




portant observation for nanoscience, in general, as it demonstrated conclusively that particle size in the
nanometer range could have a great effect on reaction mechanism. Nevertheless, the carbon coating is
still considered necessary as it makes the LiFePO, less sensitive to air, preventing Fe** from oxidizing to
Fe**2* Stability of electrode materials in air is necessary for ease of handling and mass production.

Examination of other lithium metal phosphates, such as LiVOPO,** %" LiMnPO,,®*° and LiCoPO,*"
“2 accompanied the development of lithium iron phosphate (LFP) electrode materials. However, the low
cost, excellent performance, and safety advantages of nanostructured LFP have made it the phosphate
material of choice and the focus of intense research and development in the industrial sector. It has be-
come the most widely commercialized nanomaterial for lithium-ion electrodes, and is intended mainly for
use in electric vehicle batteries. The worldwide commercial importance of LFP is evident in the amount
of companies involved in its development and production. Hydro-Québec originally obtained exclusive
license on the Goodenough’s patent for this family of materials. Hydro- Québec later partnered with the
University of Montréal and Centre National de la Recherche Scientifiqgue (CNRS) to spin off the company
Phostech Lithium, Inc., based in Canada.*® Phostech later became a wholly-owned subsidiary of Sid-
Chemie AG (Germany) and the team planned to ramp up production to 2500 tons of LFP per year in 2012
with electric vehicles as the target application.** BASF Corporation® and LG Chem, Ltd.* have also en-
tered into agreements with Hydro-Québec and Suid-Chemie, respectively, for mass production of LFP.
Concurrent with this development, A123 Systems,*’ Valence Technology, Inc.,*® and Saft*® developed
their own processes for LFP synthesis and integration into battery systems. Various patent disputes
among some of these parties have been or are in the process of being settled,>® ** which also underscores
the commercial importance of this material. Aside from application in electric vehicles, LFP is also being
considered for grid-scale energy storage* *® ** and for military applications.* 3

Titanium-based nanomaterials for negative electrodes

Various titanium-based compounds have been utilized as negative electrodes in lithium-ion batteries
as alternatives to carbon-based intercalation electrodes. For these compounds, mainly Li,TisO;, and vari-
ous forms of TiO,, lithium insertion and extraction occurs between 1.5 V and 2.0 V vs. Li/Li*. This high-
er potential range results in lower cell voltage (and lower energy density) compared to cells with carbon-
based negative electrodes operating around 100 mV vs. Li/Li*. However, the higher potential is well
within the thermodynamic stability limit of typical electrolyte solutions, so titanium-based negative elec-
trodes largely avoid electrolyte decomposition and harmful side reactions. They can also be cycled at
high rates without the danger of lithium plating, which gives them a great safety advantage over conven-
tional carbon electrodes. Because of inherent transport limitations, titanium oxide electrode materials
must be nanostructured to achieve full capacity and competitive cycling performance. The use of titani-
um-based compounds for lithium-ion electrodes was reviewed by Yang et al.** and Zhu et al.*

Lithium titanate spinel, with the structure LisTisO1,, is similar to lithium iron phosphate in that it cy-
cles between two phases with very similar crystal structure. Insertion of lithium into Li;TisOy, forms
Li;TisOy, (theoretical capacity 175 mAh g™) at 1.55 V vs. Li/Li* and causes negligible volume change,
which results in a high degree of reversibility.>® Following initial reports of synthesis and electrochemical
activity,”” Grétzel and co-workers demonstrated that nanocrystalline and nanoparticulate versions of the
material were far superior than micron-sized versions in terms of rate capability.®>* Following this ad-
vance, the material was commercialized by Altair Nanotechnologies, Inc. (AKA Altairnano) for use in
cells and battery packs with the main advantages of extended cycle life and safety at high charging rates.
Altairnano’s cells and batteries contain LiCoO, or LiMn,0, as positive electrode materials, and the in-
tended applications are electric vehicles and electric grid integration.®® Company literature shows that the
cells can undergo 9,000 cycles at full depth-of-discharge and a rate of 20C (20 theoretical charges or dis-
charges per hour) before dropping to 80% of the initial capacity. There is also other commercial interest
in lithium titanate materials for batteries. Hydro-Québec and Technifin recently entered into a collabora-
tion agreement to develop lithium titanate-based batteries,** and the NEI Corporation manufactures and
sells nanoscale and micron-scale versions of lithium titanate under the trade name Nanomyte®.%




Various polymorphs of titanium dioxide have also exhibited the ability to electrochemically cycle
with lithium.>* The promise of these materials is their theoretically higher capacity (336 mAh g™ for
TiO,=>LiTiOy) than lithium titanate, but performance has not proved to be competitive. Initial demon-
stration showed that 0.5 lithium ions per titanium atom could be cycled around 1.8 V vs. Li/Li" in nano-
crystalline anatase-type TiO,.*® In general, smaller particle size and crystallite size, down to the nano-
scale, resulted in higher amounts of lithium insertion.** ® The use of anatase nanotubes was also explored
but did not produce any dramatic results in terms of improved capacity or rate capability.®® ¢’
Nanowires®® * and nanotubes’ made of TiO,-B (bronze-type polymorph) exhibited slightly higher capac-
ities, but it is unknown whether the long-term cycling of these materials could be competitive with lithi-
um titanate. Furthermore, lithium insertion for most of the TiO, materials required broad ranges (on the
order of 1 volt) to achieve full capacity, which is in sharp contrast to the titanate materials, which have all
exhibited flat voltage profiles and low hysteresis.>*

Conversion electrodes

Reversible cycling of so-called conversion electrodes with lithium was enabled by the use of
nanostructured materials. Conversion electrodes are those that require breaking and re-forming of bonds
(and the concomitant rearrangement of crystal structure) during cycling with lithium. This is in contrast
with the more conventional intercalation electrodes (LiCoO,, LiMn,0y4, graphite, etc.), which insert lithi-
um into interstitial spaces between atoms, causing no change to the crystal structure and only small in-
creases in the unit cell volume. A schematic comparison between intercalation-type and conversion-type
electrode reactions is shown in Figure 3.% While the intercalation electrodes can only accommodate up to
one lithium ion per metal atom, limiting their capacities to less than 250 mAh g™, the conversion elec-
trodes can react with up to three lithium ions per metal atom, allowing capacities greater than 700 mAh g
! Conversion materials are typically transition-metal oxides, fluorides, nitrides, phosphides, or sulfides.
With the exception of the fluorides, these materials react with lithium at low potentials (0-2 volts vs.
Li/Li*) and are thus intended for negative electrodes in lithium-ion batteries. The initial cycling demon-
stration of various metal oxide nanoparticles by Poizot et al.”® sparked extensive research efforts in con-
version materials. The use of conversion materials in electrodes for lithium-ion batteries was reviewed
initially by Malini et al.” and in great detail by Cabana et al.”

It was long known that metal oxides could electrochemically react with lithium at low potential to
form a mixture of lithium oxide and metallic particles.”” However, the reversibility of this reaction was
not certain until Poizot et al. demonstrated cycling of CoO, NiO, and FeO nanostructures as the active
electrode materials in lithium half-cells.”* The potential vs. composition curves of these cells are shown
in Figure 4 along with the cycling performance. For the initial lithiation, each of these materials reached
near-theoretical capacity for the complete two-electron reduction of the metal. As shown in Figure 4, cy-
cling of these oxide materials occurs mainly in the potential range of 1-3 volts vs. Li/Li*. Thus, the bene-
fit of higher capacity compared to conventional carbon-based negative electrode materials is somewhat
offset by the higher reaction potential of conversion materials (which would result in lower cell voltage
and possibly lower energy density). The lithiation and cycling of Co3O, in the same study (see Figure 4)
also proved that divalent and trivalent reduction of the metal was possible to achieve even higher capacity
(nearly 1000 mAh g™ at the 25" cycle).” Further examination of Co,0, revealed that the surface area and
crystallite size (in the 15-100 nm range) have a strong influence on the reaction path to formation of Li,O
and Co metal.” TEM images showed that electrochemical lithiation of Cu,O microparticles produced
nanograins of copper metal embedded in a Li,O matrix, and the nanograin structure was retained upon
delithiation.”” These types of nanodomain structures are necessary to achieve efficient cycling in conver-
sion materials. This is due to the radical phase transformations that occur during lithiation and delithia-
tion; nanostructure allows for the relaxation of strain and provides shorter distances for electron and ion
transport.

Following these initial demonstrations of conversion materials, a flurry of research into various
nanostructures occurred. Yuan et al. showed that Co3O,4 nanoparticles (as opposed to microparticles with




nanocrystalline structure) could be efficiently cycled, but performance degraded as particle size was re-
duced below 37 nm.” The research community also showed interest in Co;0, nanowires synthesized by
various procedures,”*®" but these materials offered no improvement in performance over the original
demonstration shown in Figure 4. Fe;0, and Mn;0O, electrodes were studied as lower-cost alternatives
and face the same challenges as the other conversion oxide materials. Nanospindles,® nanocrystals,®
nanowires,® and nanocomposites® made of Fe;0, exhibited relatively stable cycling at 800-1000 mAh g’
and reasonable rate capability. Fe,0Os nanoflakes,®® Fe,O5 nanotubes,®” and Mn;O, nanoparticle-graphene
composites®® were also explored, and all exhibited comparable performance to the Fe;O, structures.
Nanostructures of transition-metal nitrides, sulfides, and phosphides have been less studied than those of
the oxides, and they are covered in the review by Cabana et al.” In the absence of direct comparison be-
tween these varied nanostructures, it is difficult to tell which, if any, is the most appropriate for commer-
cialization and if any could be incorporated into conventional battery manufacturing processes.

Transition-metal fluorides have also gained prominence as a type of conversion material that can be
used in the positive electrodes of lithium-ion batteries. Electrochemical reaction of metal fluorides with
lithium occurs at a higher potential, around 3 V vs. Li/Li", because of the extreme ionic character of the
metal-fluorine bond.” As with the other conversion materials, nanostructuring of metal fluorides is es-
sential for cycling in lithium-ion batteries. Badway et al. initially showed that iron fluoride (FeFs) could
be reversibly cycled at near-theoretical capacity by reducing the crystallite size to 25 nm and by combin-
ing with carbon in a nanocomposite.!® This concept is illustrated in Figure 5, which shows the voltage
profile of cycling FeF; electrodes with crystallite sizes of 102 nm and 25 nm. Also shown here is the
higher potential range of fluoride electrodes, with reduction and oxidation curves centered around 3.5 V
vs. Li/Li*. Further increases in cycling capacity (up to 500 mAh g™*) were achieved by altering the solid-
state synthesis procedure, and 680 mAh g™ was achieved with the use of a CrFs-carbon nanocomposite.”
The introduction of oxygen to the structure to create iron oxyfluoride (FeOF) resulted in increased cycling
stability at the expense of reversible capacity.®* While these fluorides are among the highest-capacity
positive electrode materials ever observed, their major obstacles to commercialization are extreme rate
limitations and voltage hysteresis during cycling. They could thus most appropriately be utilized in ap-
plications that require high specific energy density but do not require high power density or energy effi-
ciency.

1

Lithium alloys for negative electrodes

Nanostructured materials enable the use of lithium alloys as negative electrodes in lithium-ion cells.
The electrochemical alloying of certain metals with lithium at room temperature in organic electrolyte
solutions was first demonstrated by Dey.*? At low potentials, these metals electrochemically react with
lithium to form alloys of distinct stoichiometric composition. Similar to the conversion-type electrode
reactions discussed in the previous section, electrochemical alloying reactions require phase transfor-
mation, significant rearrangement of atoms, and large changes in volume (strain). The de-alloying and
continued cycling of these electrodes results in disintegration or pulverization of active particles. In other
words, a lithium-alloy particle is unable to accommodate the strain associated with removal of a large
amount of lithium, and the particle responds by separating into smaller, separate sub-particles. Sub-
particles that become isolated from the rest of the electrode are no longer active, and the result is a loss in
cycling capacity. In many cases, nanoparticles and thin films of nanometer thickness can better accom-
modate the strain of de-alloying and cycling. Nanostructured lithium-alloy electrodes demonstrated the
best ability to obtain theoretical capacity and retain higher capacity with continued cycling. Lithium-
alloy electrodes have been the subject of extensive research in the last decade, and they were reviewed in
detail by Larcher et al.,” Park et al.,”* and Zhang.*® The mechanisms of electrochemical alloying and de-
alloying with lithium were also reviewed by Zhang.*

The first demonstrations of electrochemical lithium-alloying at room temperature showed that this
process occurs with Sn, Pb, Al, Au, Pt, Zn, Cd, Ag, Mg, Bi, and Sb and does not occur to any measurable
extent with Ti, Cu, Ni, or stainless steel.”” " Silicon also electrochemically alloys with lithium, and it has




the highest gravimetric capacities (theoretical and observed) amongst this group.*** The most lithiated
lithium-silicon alloy known to exist at room temperature is Li,,Sis, which has a theoretical lithium-storage
capacity of 4200 mAh g (relative to silicon mass). This value is an order of magnitude higher than the
theoretical capacity of carbon-based electrodes, which are commonly used as negative electrodes in
commercial lithium-ion batteries. Silicon has thus become the most extensively studied of the lithium-
alloy electrodes, and it is the lithium-alloy electrode most often considered for commercialization. Lithi-
um-silicon electrodes for lithium-ion batteries have been reviewed in detail with particular emphasis on
nanostructured electrodes.*® %

The use of nanocomposites and nanomaterials enabled the extended cycling of lithium-silicon elec-
trodes. In one of the earliest demonstrations of this, a composite of silicon nanoparticles and carbon black
was used as the active material in lithium half-cells.'® The nanomaterials significantly outperformed a
micron-scale composite of silicon and carbon in terms of cycling capacity. While the micron-scale mate-
rial decreased from 2900 mAh g™ to under 500 mAh g™ in only 5 cycles, the nanomaterial exhibited 1300
mAh g at the 22" cycle. However, the capacity was still exhibiting a significant decrease at this point in
the cycle life, and subsequent research in lithium-silicon electrodes has addressed ways of nanostructuring
such electrodes to obtain both high capacity and stable cycling. Silicon films of nanoscale thickness have
been used to demonstrate the ability to retain high capacity after tens, hundreds, or thousands of cycles.'*
104 \/acuum-deposited silicon films of 50-nm thickness retained 3600 mAh g™ capacity after 200 cycles at
2C rate (two theoretical charges or discharges per hour). Thus, silicon has an intrinsic ability to reversi-
bly cycle near its theoretical capacity, but this ability is highly dependent on electrode structure. It has
not yet been possible to translate the cycling performance of nanosized films to that of a three-
dimensional porous electrode with a high amount of capacity per unit area. Transport issues inevitably
come into play in the design of lithium-alloy electrodes, and capacity and reversibility are often limited
by the electronic or ionic conductivity of the composite electrode rather than that of the individual elec-
trode components.

Silicon nanowires were introduced as a way of obtaining enhanced interparticle contact (and thus
transport) while retaining the benefits of nanosize strain relaxation in the radial direction.'®'® While
these early reports had a limited amount of capacity and cycling data, Cui and co-workers renewed inter-
est with their fabrication and testing of vapor-deposited silicon nanowires on stainless steel substrates.'”’
The wires, with an average diameter of 89 nm, maintained good contact with the substrate upon cycling
and steady capacity above 3000 mAh g for the first 10 cycles at C/20 rate (20 hours per theoretical
charge or discharge). However, continued cycling at C/5 showed a steady decrease in capacity to 2000
mAh g™ after 80 cycles.'® Continued improvements in cycling stability are needed for silicon electrodes
to be commercially competitive with carbon-based negative electrodes in lithium-ion batteries. Research
continues in many related areas, including nanoparticle size optimization'® and in situ investigation of the
lithiation-delithiation process.”® Several companies promote upcoming products based on lithium-ion
batteries with silicon electrodes. These include Nexeon (UK), who advertises silicon nanowire
batteries' based on earlier work by Green et al.***; 3M, whose website publicizes cycling and rate data
for batteries with silicon-based negative electrodes**®; and Amprius, which spun off from Yi Cui and co-
workers’ research at Stanford University.***

Lithium-alloy electrodes other than those based on silicon have been far less studied, but particular at-
tention has been paid to tin, SnO,, and aluminum. Tin forms the alloy Li,,Sns, which has a theoretical
capacity of 990 mAh g™. Similar to the silicon alloy, lithium-tin has a sloping voltage profile mainly in
the range of 0-1 V vs. Li/Li*. Winter and Besenhard reviewed the early work on tin and tin-related com-
pounds as lithium alloys.'™® As expected, scaling down the size of Sn particles to the submicron and na-
noscale ranges has resulted in significant increase in cycling stability.*** " Tin oxide (SnO,) has also
been studied as a less expensive variation in which lithium oxide is irreversibly formed upon initial lithia-
tion. The resultant metallic tin then reversibly cycles with lithium in the stable oxide matrix. Nanofibers
and nanoparticles showed decent performance and better cycling for smaller structures.**® *** However, it
is unclear whether there is an advantage of any tin-based electrode over silicon, given the higher cost and
lower capacity of tin. Aluminum, which forms the single alloy phase LiAl with lithium, has a theoretical



capacity of 990 mAh g and is cost-competitive with silicon. It is one of the few lithium-alloying materi-
als that exhibited worse performance when scaled down to the submicron and nanosized ranges. This was
observed for aluminum particles™ and films'?* and was attributed to the formation of a rigid oxide layer
on the surface.'?

Nanostructured intermetallic alloys can also be used as active electrode materials in lithium-ion bat-
teries. The benefit in this case is the addition of an inactive metal into the host metal, which helps to
buffer the large strains upon lithium alloying and thus improve reversibility. The improvement in cycling
performance is accompanied by a sacrifice in lithium-storage capacity. The characteristics of a large
number of intermetallics for electrochemical lithium-alloying were compiled and reviewed by Zhang.
This strategy has been applied to improve the cycling performance of aluminum nanostructures with lithi-
um by adding small percentages of copper'® or yttrium*? to the host material. Even more prominent in
the literature is the addition of transition metals to tin nanostructures to improve cycling performance.'>
127 The most studied of these materials has been amorphous Sn-Co nanoparticles, which exhibited en-
hanced capacity over crystalline and bulk counterparts'® and was further enhanced with the addition of
carbon.'® Versions of this material were commercialized by SONY for the negative electrode in their
Nexelion™ battery, which was rated at 30% higher capacity per volume relative to conventional lithium-
ion batteries.™®® The early version of this product was intended for video cameras**® while a more recent,
larger version was aimed at personal computers.*?
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Carbon nanostructures as active materials in negative electrodes

Active materials in the negative electrodes of lithium-ion batteries are typically graphite or related
forms of carbon, so it is not surprising that nanoscale forms of pure carbon have been explored in the
hopes of achiever higher reversible capacity or enhanced rate capability. In bulk graphite, lithium interca-
lates between the layers in a series of discrete, ordered compositions (the staging phenomenon) with a
maximum composition of LiCs (corresponding to 372 mAh g™). The resulting potential profile is charac-
terized by a slope at low lithium content, two flat plateaus below 100 mV vs. Li/Li"*, and very low hyste-
resis owing to low resistivity and reaction overpotentials. The low potential has the advantage of high
energy density (from high cell voltage) with the disadvantage of safety issues due to the possibility of
lithium plating. The use of nanoscale forms of carbon has mainly resulted in increased cycling capacity at
the expense of a disadvantageous potential profile (broad potential range and high hysteresis). These ef-
forts were reviewed in detail by Kaskhedikar/Maier*® and Su/Schogl.™*

Carbon nanotubes are the quintessential nanomaterials and are considered for a wide range of applica-
tions due to their exceptional mechanical and electronic properties. The use of carbon nanotubes in lithi-
um-ion batteries was reviewed by Landi et al.*** Single-wall carbon nanotubes (SWNT) are single graph-
eme tubules with diameters of several nanometers and lengths in the submicron to micron range. Gao et
al. first explored the electrochemical insertion of lithium into SWNT."***3* They observed reversible ca-
pacity of 600 mAh g™ upon initial cycling, which increased to 1000 mAh g™ when ball-milled SWNT
was used. It was proposed that ball-milling induces disorder in the SWNT, which leads to increased sites
for reaction and access to the inside of the tubes.”** As shown in Figure 6, the potential profile of SWNT-
Li cycling is characterized by broad voltage range (0-3 V vs. Li/Li"), high hysteresis, and large irreversi-
ble capacity upon initial lithiation (probably due to electrolyte breakdown and solid-electrolyte-interphase
formation on the high surface area). Qualitatively, Smalley and co-workers made similar observations
with SWNT and lithium, but in their case the reversible capacity was 460 mAh g™*.** The absence of dis-
tinct peaks in the cyclic voltammogram allowed them to rule out the staging mechanism for lithium inser-
tion. Using in situ XRD as support, they proposed that the lithium ions intercalate between nanotubes in
a bundle and disrupt the inter-tube binding.

Multiwall carbon nanotubes (MWNT) consist of graphitic sheets rolled in concentric cylinders and
have also been examined for electrochemical insertion of lithium."** The potential profiles of MWNT
lithiation and cycling were very similar to those of the SWNT studies: high irreversible capacity (mainly
near 1V vs. Li/Li* and thus attributable to electrolyte decomposition), broad voltage range of 0-3 V vs.




Li/Li*, and high hysteresis (~1 volt or higher difference between lithiation and delithiation).”**** Re-

versible capacities ranged from 100-400 mAh g™, lower than those of the SWNT and not significantly
higher than conventional carbon electrodes. Heat treatment of MWNT was shown to have a significant
effect on electrochemical behavior; samples that were heat-treated to higher temperature or more highly
graphitized tended to exhibit lower irreversible and reversible capacities and better cycling stability.***™
This was attributed to the lower surface area and lower amount of irregularities in the heat-treated sam-
ples.’*® Despite years of research into carbon nanotubes, more recent studies of lithium insertion and cy-
cling still showed no significant advantage over the use of conventional micron-scale graphite or carbon
particles in terms of capacity or rate capability. Electrodes made of these materials are still hindered by
the problems of large irreversible capacity (which causes large consumption of lithium during initial bat-
tery charging), broad voltage range, and high voltage hysteresis.™** A more appropriate application of
carbon nanotubes in lithium-ion batteries is in the fundamental research studies of electrode reactions
themselves. For example, Liu et al. performed an in situ TEM study of the electrochemical lithiation of
graphitic layers in MWNT and were able to observe its effects on layer spacing and mechanics.** Such
high-resolution imaging of the lithiation process is only possible with nanomaterials and could not be per-
formed with conventional carbonaceous electrode materials.

Carbon nanofibers (CNF) are another type of nanostructure considered for lithium-ion electrodes.
Yoon et al. argued that CNF could potentially be produced at a lower cost than conventional carbons be-
cause they are able to be graphitized at lower temperature.*** CNFs that were highly graphitized exhibit-
ed evidence of staging phenomena, voltage profiles similar to those seen in commercial carbon electrode
materials, and reversible capacities of 350-400 mAh g*. However, irreversible capacity on the first cycle
was large (~300 mAh g™), and continued cycling was not shown. Electrospun CNFs were also examined
but exhibited broader voltage profiles and similar irreversible capacity.*** *** Reversible capacity at 50
mA g rate was observed (greater than 400 mAh g™ for 50 cycles) but required a voltage range of 0-3 V
vs. Li/Li" to achieve full capacity.'*®

Graphene has suffered from the same performance drawbacks as other carbon nanostructures in the
negative electrode of lithium-ion batteries while being touted in the literature as a possible alternative to
conventional carbons. Graphene is a single sheet of sp? hybridized carbon and can be envisioned as an
exfoliated graphite layer or an “unzipped” carbon nanotube. The use of graphene in lithium-ion batteries
was reviewed by Liang and Zhi,*** Pumera,'* and Brownson et al."*® Graphene, like other carbon
nanostructures, has the drawback of low volumetric capacity because of its high surface area and low
density. For lithium cycling, graphene exhibited a broad potential range with high hysteresis and signifi-
cant irreversible capacity in the first cycle**”*° (again due to electrolyte decomposition on the surface
around 1 V vs. Li/Li*), and it showed decreasing capacity with continued cycling.****** The charge-
discharge voltage profile and cycling behavior of graphene are shown in Figure 7 compared to that of
graphite. These curves are typical of all the carbon nanostructures above and show that a wide voltage
range must be used to obtain full capacity (compared to graphite, which only requires a 0.5-volt range to
obtain the great majority of the capacity).

The applicability of carbon nanostructures as active lithium-storage materials in batteries is called in-
to question by their poor performance as demonstrated to date. The large irreversible capacity upon ini-
tial lithiation would require the use of a significantly larger positive electrode as a lithium source, which
would result in lower overall energy density and possible transport limitations. The broad potential range
(requiring as high as 3 V vs. Li/Li" for full delithiation) would also result in low energy density, and large
voltage hysteresis causes low energy efficiency. It is likely that carbon nanostructures are more useful as
conductive additives or as part of nanocomposites in electrodes rather than as active materials themselves.

Carbon-based nanocomposites

Aside from being considered as active lithium-insertion materials, carbon nanostructures can be com-
bined with another active material to form a composite with higher conductivity or better cycling than the
active material alone. This strategy was reviewed in detail by Su and Schégl.** The most common ex-




ample is the coating of a nanoscale layer of carbon on LiFePQO, particles for improved conductivity as
discussed above. In a related example, LiFePO, nanoparticles were also combined with graphene via
mixture in suspension, and the composite exhibited improved capacity and rate capability compared to
carbon-coated LiFePO, particles.®* Various other strategies for combining lithium metal phosphates with
carbon nanostructures to obtain enhanced conductivity have also been attempted.**®

Another active material that is commonly combined with nanoscale carbon is silicon, which forms an
alloy with lithium for negative electrodes, as described above. In this case, carbon may not only improve
conductivity but can also buffer or confine volume changes upon lithiation and delithiation to obtain im-
proved cycling. Silicon-carbon composites for lithium-ion electrodes were reviewed by Kasavajjula et
al.,*® but many more related attempts have since been made. Hertzberg et al. used a computational model
to predict that stable cycling of silicon could be achieved by confining it in a rigid shell, thus preventing
long-range pulverization.™ The authors verified the model by fabricating and testing a nanocomposite
structure consisting of a 300-nm diameter silicon tube enclosed in a slightly large carbon tube. Stable
capacity was observed at 80 mA g for 250 cycles. The added weight of carbon resulted in capacity
around 800 mAh g™, less than a quarter of theoretical capacity. Using a similar strategy, Kim and Cho
observed higher capacities (> 2700 mAh g*) and less stable cycling in a nanocomposite consisting of a
silicon rod of 4-nm diameter surrounded by an amorphous carbon layer of 1-2 nm thickness.™®> Converse-
ly, Cui et al. demonstrated that similar cycling behavior could be achieved by using carbon nanofibers
with thin layers of amorphous silicon deposited over the surface.™® In 2009, Samsung Co. published a
report of nanocomposites of silicon and carbon nanotubes (SWNT and MWNT variations).™’ This sug-
gests there may be commercial interest in such materials, especially if they enable the use of high-
capacity electrodes.

In terms of other lithium-alloying elements, carbon nanocomposites have been explored with tin and
SnO; in attempts to improve their lithium-cycling behavior. Yu and co-workers synthesized unique
nanocomposites composed of tin nanparticles embedded in carbon microtubes*® and carbon
nanofibers.”® Both materials exhibited cycling behavior that was far superior to that of commercial tin
nanopowder. Other nanocomposites that exhibited superior cycling behavior to tin or SnO, alone were
carbon tubes (~200-nm diameter) filled with tin,"*° carbon-encapsulated hollow tin naparticles,*** elastic
carbon spheres filled with multiple tin nanoparticles,*®” tin nanoparticles embedded in a micron-scale car-
bon matrix,'* and graphene-SnO, hybrid nanoparticles.'** **°

Oxide materials have also been combined with carbon to form nanocomposites with enhanced cycling
performance and rate capability. Zhi et al. synthesized carbon-cobalt nanocomposites with various types
of structures and oxidized them to form Co;0,-carbon nanocomposites.® The composites exhibited su-
perior cycling stability at a rate of 0.2C compared to Co30, particles of 20-30 nm diameter. In another
study, a composite of ~20-nm Cos;0, particles anchored on graphene sheets exhibited both superior cy-
cling and rate capability to Co;O, particles alone. Similarly, the reversible cycling of Fe,O; as a conver-
sion material was enabled by synthesizing it in the presence of graphene oxide to form a
nanocomposite.’®” Capacities above 1000 mAh g™ for 50 cycles were observed. The authors concluded
that the combined synthesis, rather than simply mixing Fe,O3 nanoparticles with graphene oxide, was
necessary to achieve high-capacity cycling. Despite the impressive improvements achieved with these
nanocomposites, the incorporation of carbon into conversion-type electrode materials has not addressed
the issue of voltage hysteresis, which was observed as significantly with the nanocomposite electrodes as
it was with the unaltered conversion electrodes. This, along with the complicated (and likely expensive)
synthesis procedures required, calls into question the usefulness of nanocomposites in bringing conver-
sion electrodes to the commercially-relevant sphere.

Conclusion

Nanomaterials have made a significant impact on the science of lithium-ion batteries, especially when
used in electrodes to achieve higher capacity, rate capability, or cycle life. Investment in this area has
resulted in rapid development and commercialization of batteries containing lithium iron phosphate or



lithium titanate as electrode materials. The inherently low conductivity of these materials required that
they be implemented in nanostructured form to exhibit competitive performance in terms of capacity and
rate capability. Silicon is a higher-capacity alternative to carbon for negative electrodes, and its use in
lithium-ion batteries was also enabled by nanostructuring. Silicon nanoparticles and nanocomposites ap-
pear to be the next nanomaterials slated for commercialization. Nanostructured conversion materials and
carbon nanostructures have also been examined as alternative electrode materials, but the advantages they
offer are as yet outweighed by performance limitations.
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Figure 1. (a) Rate capability of nanocrystalline and bulk LiCoO, at various discharge rates (1-100 C
rate). Solid lines are fitted results. (b) Crystallite size dependence of the second lithiation potential
curves for LiCoO,. Adapted with permission from Journal of the American Chemical Society, Okubo et
al., Volume 129, Pages 7444—-7452. Copyright 2007 American Chemical Society.
http://dx.doi.org/10.1021/ja0681927
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Figure 2. Voltage-composition curves for lithiation of nano-Fe,03; and bulk Fe,O3 (“M-Fe,03”) hematite
samples. The zoom in the inset shows a small 1.6-V plateau for bulk Fe,Os. Rate: 1 Li per formula unit in
5 h at 25°C. Reproduced by permission of The Electrochemical Society from Journal of The
Electrochemical Society, D. Larcher et al., Volume 150, Pages A133-A139, Copyright 2003.
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Figure 3. Differing crystallographic reaction mechanisms (intercalation and conversion) occurring in the
active materials of electrodes during battery charge or discharge. The intercalation reaction typically
involves at most 1 electron transfer per metal atom (typically <250 mAh/g) whereas the conversion
reaction can involve as many as 3 electrons transferred per metal atom (typically >700 mAh/qg).
Reprinted from Journal of Fluorine Chemistry, Volume 128, G. Amatucci and N. Pereira, “Fluoride
based electrode materials for advanced energy storage devices”, Pages 243-262, Copyright 2007, with
permission from Elsevier.
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Figure 4. Properties of lithium cells with metal oxide conversion electrodes. (a) The voltage vs.
composition profile for various cells cycled between 0.01 V and 3 V (vs. Li/Li") at a rate of C/5 (1 lithium
ion per metal atom in 5 hours). (b) Cycling capacity for the same cells (including a Co3O4/Li cell) under
similar conditions. Inset: the rate capability of a CoO electrode. Reprinted by permission from

Macmillan Publishers Ltd: Nature, Volume 407, Pages 496-499, copyright 2000.
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Figure 6. Electrochemical lithiation/de-lithiation of SWNT electrodes: effect of sample treatment on
potential profile. Top: purified SWNT. Middle: SWNT ball-milled for 1 minute. Bottom: SWNT ball-
milled for 10 minutes. The data were collected at a constant current 50 mA g™*. Reprinted from Chemical
Physics Letters, Volume 327, B. Gao et al., “Enhanced saturation lithium composition in ball-milled
single-walled carbon nanotubes”, Pages 69-75, Copyright 2000, with permission from Elsevier.
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Figure 7. Lithium insertion/extraction properties of graphene and related materials. (A) charge/discharge
profiles and (B) cycling performance of (a) graphite, (b) graphene, (c) graphene + carbon nanotube, and
(d) graphene + fullerene Cg. Specific current is 50 mA g™. Reprinted with permission from Nano
Letters, Yoo et al., Volume 8, Pages 2277-2282. Copyright 2008 American Chemical Society.
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