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(Abstract: Simple defect modification is a powerful means to
improve material intercalation capabilities. It has received
considerable interest lately as it can directly alter both the
chemical and structural characteristics; techniques of note
include cationic disordering, amorphization, doping, partial
cation reduction, and manipulation of intrinsic defects. De-
fects can reduce the stress and the electrostatic repulsion
between adjacent oxygen layers, which can directly alter the

migration energy and diffusion barriers the alkali ion must
overcome during intercalation. Complementary to experi-
mental observations, theoretical predictions are paramount
to developing a detailed understanding of material-defect
chemistry. This focus review aims to demonstrate that the
optimized design of stable intercalation compounds could
lead to substantial improvements in energy-storage applica-
tions by overcoming intrinsic limitations. D

1. Introduction

Energy use plays an increasingly important role in modern so-
ciety as we move towards increased device portability and di-
minished fossil fuel consumption. These advancements are
spurred by both environmental and economic incentives
based on global concern regarding energy efficiency, green-
house gas emission, and resource scarcity. Global subsidies for
fossil fuels totaled $548 billion in 2013 alone, the bulk of
which went to oil."! This value grossly dwarfs the subsidies for
renewable energies, thereby making it difficult for such tech-
nologies to gain traction on a purely competitive basis. All this
policy exists in spite of the projection that world energy con-
sumption will grow by 56% between now and 2040. Conse-
quently, substantial effort has been made to develop and in-
stall renewable energy-harvesting technologies. However, their
successful implementation will be dependent on reliable and
robust storage devices given that these harvesting methods
are intermittent in space and variable in time, and the majority
of consumption targets cannot be readily tethered to the
grid.”
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Batteries, as devices for chemically storing energy, possess
advantages of high portability, high conversion efficiency, rela-
tively high energy density, long life, and zero exhaust release.
They are ideal power sources for portable devices, automo-
biles, and backup power supplies; accordingly, batteries power
nearly all of our portable or mobile electronic devices and are
used to improve the efficiency of hybrid electric vehicles as
well.®># Unfortunately, considerable improvements in energy
density, power density, and stability are still needed to achieve
energy sustainability (e.g., smart grid and electric vehicle tech-
nologies).”’ Therefore, developing battery technology, particu-
larly rechargeable batteries, has advanced into a crucial issue
for academia and industry over the past several years.

Despite years of intensive research accompanied with signifi-
cant progress, there is significant room for improvement re-
garding the electrode active materials.”’ The overall capacity
and potential cycling window of many electrode materials are
limited to prevent degradation over long-term cycling. In addi-
tion to exploring new cathode materials there have also been
strong efforts to improve the intercalation capacity of already
well-established cathode materials. Such developments are in-
centivized by the fact that approximately 23 and 8% of the
overall battery pack costs stem from the cathode and anode
active materials alone, respectively.”

Electroactive material confinement at the nanoscale has
been the primary means through which battery performance
has improved over the past decade. Correspondingly, the syn-
thesis and characterization of nanostructured electrode materi-
als of various chemistries have been extensively investigated.
Nanomaterials themselves possess high surface energy and
can therefore be considered as deviated from their equilibrium
state.”? However, nanomaterials as a whole suffer from several
basic limitations that restrict their performance in energy-stor-
age applications;*'” additionally, as a result of their small size
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and obtrusive surface effects, the introduction of defects can
play a tremendous role in property (and subsequent per-
formance) alteration. Thus, it is necessary to utilize either one
or several exploitive techniques that can easily increase battery
performance for renewable-energy resources to achieve cost
parity with traditional energy sources. Herein, this focus review
strives to shed light on the positive effects that the intentional
introduction of defects can have on the performance of elec-
trochemically active materials for alkali-ion battery electrodes.
Lithium- and sodium-ion battery systems will be briefly intro-
duced, as will some of the more common defects researchers
can readily control and employ. Findings from the literature
will then be reviewed; ultimately, the role of defects in transi-
tion-metal-based electrode active materials and their corre-
sponding electrochemical properties will be highlighted.

2. Alkali-lon Battery Electrode Chemistry

An alkali-ion battery consists of several electrochemical cells
connected in parallel and/or in series to provide a designated
capacity or voltage. Each electrochemical cell has two electro-
des separated by an electrolyte that is electrically insulating
but ionically conductive. During discharge, when the alkali-ion
battery operates as a galvanic cell, alkali ions exit the negative
electrode (typically carbon) and insert themselves into the pos-
itive electrode (typically some layered transition-metal oxide
(TMO) compound), while electrons move externally from the
negative electrode to the positive electrode. During charge, or
when it operates as an electrolytic cell, the process is reversed
by means of an externally applied electromotive (potential-
based) force. The total energy stored in and released by a cell
during charge and discharge is controlled by the thermody-
namics and kinetics processes of the active electrode material.

Among the many types of rechargeable batteries, Li-ion bat-
teries (LIBs) are a mature and robust technology that have
been extensively used in consumer devices and industrial ap-
plications, and are heralded for their high energy and power
densities."” Compared to the comprehensive body of work on
lithium-ion batteries, research on sodium-ion batteries (NIBs) is
still in its nascent stages."? A Na-ion battery functions under
the same principles as Li-ion technology, but with different
characteristics as dictated by the properties of the transporting
ionic species and the consequent effects this has on the elec-
trode materials (Table 1)." Sodium and lithium have similar
chemical properties including ionicity, electronegativity, and
electrochemical reactivity as they are both alkali metals. How-
ever, the larger size and different bonding characteristics of
sodium ions influence the thermodynamic and/or kinetic prop-
erties of sodium-ion batteries, and can lead to unexpected be-
havior in terms of electrochemical performance or reaction
mechanism.

For a given electrode material, the composition, crystal
structure, and morphology can dictate the reaction rate and
transfer processes, and can be manipulated to alter the overall
electrochemical performance. There are several ways in which
alkali ions can be repeatedly incorporated and removed from
the electrode electroactive material. The three main mecha-
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Table 1. Comparative qualities of lithium and sodium for alkali-ion bat-
tery application.

Parameter Lithium Sodium

cationic radius [A] 0.76 1.06
atomic weight [gmol™'] 6.9 23.0

E° (V vs. SHE) —3.04 —2.71
carbonate cost [$/ton] 6000 150
metallic capacity 3829 (Li") 1165 (Na™)
[mAhg™]

metallic capacity 2062 (Li") 1131 (Na™)
[mAhcm™]

octahedral and tetrahe- octahedral and pris-
dral matic

coordination preference

nisms through which lithiation or sodiation occur are based on
intercalation, alloying, and conversion reactions.

Of the three methods, intercalation is by far the most thor-
oughly investigated and well understood, and was the system
on which initial developments in LIBs were based. Intercalation
is the reversible insertion of a guest species (ion or molecule)
into the lattice of a lamellar host structure. It can also occur in
three-dimensional crystals with available empty oxygen tetra-
hedra and octahedra. The overall process of electrochemical in-
tercalation can be broken down into three simultaneous and
sequential processes: 1) redox reactions at the electrode-elec-
trolyte interface, 2) nucleation and growth of the new interfa-
cial phase, and 3) charge and mass transfer. The structure of
the host remains unchanged or is only slightly altered in the
guest-host complex with the inclusion of the intercalation
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compound (intercalate); however, there can be phase changes
depending on the degree or extent of intercalation. The rate
of intercalation can be controlled by imposing an external po-
tential across the cell, and the reaction will stop when this po-
tential equals the free energy of the system. Deintercalation
will occur when the voltage exceeds this free energy.

The following considerations will be made as related to in-
tercalation-based system chemistries alone, mostly because
their synthesis and characterization is more straightforward
and the corresponding results are therefore easier to interpret.

2.1. Transition-Metal Oxide Electrodes

Many of the TMO host materials share crystallographic traits,
typically with a simple layered, spinel, or olivine-derived struc-
ture, however, they often reveal tremendously varying electro-
chemical properties owing to the unique electronic structure
of each TM. Variations in alkali-ion concentration alter the elec-
tronic properties of the TMO host material as the alkali-ion va-
lence electron is donated, thereby shifting the valence state or
modifying the TM—O bonding characteristics. The valence elec-
tronic structure formed between the TM and oxygen ions that
comprise the host material is incredibly flexible, and can lead
to quite large alkali-ion concentrations within these materials.
These valence electrons play a key role in determining the
electronic properties of the TMO, and are largely made of TM
d-orbital and oxygen-ion p-orbital interactions. Experimentally,
it has been demonstrated that the energy conversion accom-
panying alkali-ion intercalation can be attributed to the elec-
tron redox energy and the Madelung potential at the alkali-ion
sites as related to the electron and alkali-ion intercalation, re-
spectively.'"™ For intercalation compounds, the redox reac-
tion depends on the formal valence-state alternation of the
active cation and its covalent bonding with the nearest-neigh-
bor anions.™™

The TM is octahedrally coordinated by oxygen in both the
layered and spinel crystal structures. Within this coordination,
the degeneracy, which would exist in the free TM ion, of the d-
orbitals is broken as viewed through crystal-field theory. Molec-
ular orbital theory expands upon this in that the TM d-orbital
and oxygen-ion p-orbital directly overlap yielding bonding and
antibonding o levels. It follows that other levels arise from the
overlap between the TM 4s and 4p orbitals with the oxygen-
ion p-orbitals. All this is complicated by the fact that the octa-
hedral site typically adopts an imperfect geometry, disrupting
the degeneracy even further. Alkali-ion removal can lead to
structural destabilization or order—disorder phase transitions.

A schematic of the relevant energy levels in the electrodes
and the electrolyte of a thermodynamically stable LIB relative
to one another is shown in Figure 1. The energy separation (E,)
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) of the electro-
lyte represents the potential window over which the electro-
lyte can reversibly function. The two electrodes serve as elec-
tronic conductors with anode (reductant) and cathode (oxi-
dant) electrochemical potentials of u, and uc, respectively. If
the employed anode has a u, value above the electrolyte
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Figure 1. Schematic illustration of the energy levels involved in a typical Li-
ion electrochemical cell. The dashed red, blue, and green lines correspond
to the Fermi energy of Li in the anode, the lowest energy level of the transi-
tion-metal antibonding states, and a typical placement for the voltage
window for the electrolyte, respectively. Vi is the open circuit potential of
the cell, and u is the chemical potential. The difference between the energy
associated with the stabilization in the two extremes sets the boundary for
the maximum amount of tuning of the V. that can be obtained through
structural modification. Reprinted with permission from Melot et al., Acc.
Chem. Res. 2013, 5, 1226-1238. Copyright 2013 American Chemical Soci-
ety'[lé]

LUMO, then the electrolyte will be reduced unless the anode-
electrolyte reaction becomes blocked by the formation of
a passivating layer (solid electrolyte interphase, SEI). The same
occurs for a cathode with a uc value below the HOMO, but y.
cannot be lowered below the top of the cathodic anion p
bands, which may have an energy above the electrolyte
HOMO; thus, the voltage of many layered oxides is intrinsically
self-limited by the top energy of the O 2p bands. Therefore,
the electrode electrochemical potentials u, and uc must reside
within the electrolyte window to ensure thermodynamic stabil-
ity, thereby constraining the open-circuit voltage of the battery
cell.

3. Defect Chemistry

Defects play an important part in both the chemical and physi-
cal behavior of solids. Often the term “defect” has connota-
tions of some negative side effect. However, much of modern
science and technology centers upon the exploitation or sup-
pression of the properties that defects confer upon a solid. In
this sense, defects are a tool to be utilized at one’s disposal.
Some of the more common defects include point, line, and
plane defects in the form of vacancies; interstitial, dislocation,
and stacking faults; and grain boundaries.

Simple defect modification is a powerful means to improve
material intercalation capabilities. It has received considerable
interest lately as it can directly alter both the chemical and
structural characteristics; techniques of note include cationic
disordering, amorphization, doping, partial cation reduction,
and manipulation of intrinsic defects (i.e., oxygen vacancies,
denoted V in Kréger-Vink notation).!"”*

Defects can directly impact alkali-ion intercalation by shifting
the thermodynamics and improving the kinetics.”® The pres-
ence of defects increases the system energy and they can po-
tentially serve as nucleation sites that facilitate the electro-
chemical phase transition. Surface-reaction-limited (SRL) dy-
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namics predict that the phase boundary extends from surface
to surface along planes of fast ionic diffusion in which defects
or facet edges can act as nucleation sites.””” Such results have
been verified experimentally, where defects have been report-
ed to promote the phase transition by providing low-energy
mass-transport routes during the phase-transition process.?”
Defects may also reduce the stress and electrostatic repulsion
between adjacent oxygen layers, which can directly alter the
migration energy and diffusion barriers the alkali ion must
overcome during intercalation.?”

The resulting performance impact of defect introduction is
not always as straight forward as would be expected. For ex-
ample, the addition of defects can modify the covalency of the
electroactive species or the long-range interaction between
alkali ions of different crystallographic planes. Experimentally, it
has been observed that it is possible to suppress the cathode-
electron energy level by increasing the ionic nature of the elec-
trode material. The position of the cathodic conduction-band
states can be directly determined by metal-ligand (MX) bond-
ing characteristics and is reflected in the interatomic distances,
in which short distances imply stronger (predominately cova-
lent) bonds. Increasing the ionic contribution to the bonding
coincides with a decrease in the separation between the bond-
ing (0) and antibonding (o*) orbitals (or any splitting of degen-
erate orbital states, which are often seen in transition-metal
oxides); this in turn gives rise to a greater difference in energy
between the alkali-ion 1s and the lowest-unoccupied 3d metal
levels (0%). This ultimately increases the cell potential, and has
come to be known as the inductive effect (Figure 1); it has
been demonstrated experimentally as a way to tune redox po-
tentials in a wide variety of systems. Through this mechanism,
it is possible to adjust the open-circuit voltage through struc-
tural modification, which in turn alters the charge density of
the MX bonds."™ The following is a summation of the most
common and impactful defects in alkali-ion battery electrode
materials.

3.1. Disordering

Cation disorder involves the intermixing between the alkali-ion
and the transition-metal sublattice, and is more likely to exist
in systems in which there are varying redox sites, be it in the
form of several transition-metal elements or a single multiva-
lent element. Disordering has been shown to increase the
solid-solution behavior, reduce the two-phase transformation
domains, lower the alkali-ion extraction energy, and modify the
diffusion/transport properties during the de/intercalation pro-
cesses.'”3173 The volumetric expansion and changes in lattice
parameters, as a function of inserted alkali-ion concentration,
are seemingly negligible in disordered materials (typically on
the order of <1%). This in turn leads to less mechanical stress
and superior capacity retention for an electrode material; mini-
mal structural change is also conducive to substantially en-
hanced alkali-ion mobility. Additionally, disordered materials
tend to experience less change in their local alkali-ion environ-
ment, as a function of state of charge, because of a more ho-
mogeneous cation distribution.
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3.2. Amorphization

Interest in amorphous material hosts has been steadily grow-
ing over the past several years. Crystalline hosts are formed at
elevated temperatures, which means that particle growth is
often inevitable, whereas amorphous electrodes can be pre-
pared at low or even ambient temperatures thereby preserving
the active state of the constituents and suppressing particle
growth. Furthermore, this saves time and energy during pro-
duction.

From an operation standpoint, the storage capacity in crys-
talline materials is critically dependent on several factors in-
cluding guest-ion site energy, crystal-growth orientation, expo-
sure of electrochemically active facets, as well as phase transi-
tions and structural stability.?” By contrast, the use of amor-
phous structures is proposed to work in a similar manner to
disordering in that it can ease the diffusion of incoming ions
by providing a more open framework for ion migration.!'8 381
Amorphous electrodes often demonstrate improved kinetics
because there is no macroscopic phase transition. The greater
Gibbs free energy of formation of kinetically stable amorphous
phases enhances the cell potential and potential window over
which the material can reliably operate, thus boosting the cell
energy density.#>*?

3.3. Doping

Doping is often used as a means to achieve partial cation re-
duction—although the latter can be successfully done without
such means—to introduce mixed-valence states into the transi-
tion metal and, thus, tune the electronic transport properties
of the material.*” Mixed conductivity is necessary, both elec-
tronically and ionically, at the atomic scale for charge-neutrality
preservation during alkali-ion transport, at which the chemical
diffusion coefficient is ultimately rate-limited by the slower of
the two processes. The introduction of oxygen vacancies is
well known to increase the conductivity in oxide materials.“>*
Supervalent metal doping has demonstrated its ability to sig-
nificantly increase the electronic conductivity, effectively over-
coming the low intrinsic limitations of several materials.””

3.4. Nonstoichiometry

Although doping of foreign elements (solid-solution-limited
dissolution) into some host compound is the most common
approach used to improve phase properties, there are several
alternative strategies that can also be exploited. One such
method involves the introduction of native defects (i.e.,
oxygen nonstoichiometry).

Several studies have been devoted to examining the effects
of lithium nonstoichiometry in LIB electrodes, particularly for
LiCoO,, in which such effects are accommodated by oxygen
vacancies that can also be accompanied by either cation
mixing and/or a perturbation of the oxygen stacking layers. Ac-
cordingly, the local environment of some cobalt ions can be
modified by the presence of the oxygen vacancies. The struc-
ture of these lithium overstoichiometric compounds makes
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them more stable against the (de)lithiation process and is
a beneficial approach towards preventing structural distortion,
and thus shows potential for LIB electrode development.“®4?
Notwithstanding, the recent rejuvenation in NIB research activ-
ity has revealed, if not anything else, that analogous materials
can behave substantially different than expected based on
their prior LIB performance.”” There have been a minimal
number of reports concerning the role of defects in NIB elec-
trode materials and the potential impact they may have on the
overall electrochemical performance.®"*?

3.5. Surface defects

Surface defects present at the electrode-electrolyte interface
are expected to serve as nucleation sites that promote phase
transitions between the redox and charge/mass transfer pro-
cesses. As nucleation sites, surface defects may lead to the
propagation of the transitioning phases into the bulk of the
electrode upon cycling or potentially enhance the charge
transfer. Surface defects have been documented as having the
ability to dominate the electrochemical properties.”*

Electrode materials displaying surface defects have been
commonly synthesized by annealing the pristine materials with
a reactive gas or through substitutional doping techniques.
The difficulty introduced with such techniques is that of main-
taining the desired local chemistry while controlling the physi-
cal features at the same time. Suitable manipulation of the sur-
face chemistry and introduced defects may also serve as
a buffer zone to protect the electrode material from the elec-
trolyte when submitted to prolonged cycling, or in such cases
where the charging process is discontinuous (i.e., frequency
regulation); however, the principle aims of employing surface
defects are to enhance the Li* storage capacity and improve
the overall electrode kinetics.

4. Graphene and Carbon

In studies less focused on defect formation and characteriza-
tion, Guo et al. synthesized carbon-carbon nanotube compo-
sites by means of a soft-templated self-assembly process.*
The porous and defect-rich structure was initially frozen into
the sample by carbonization, but both effects were lost due to
solid-state amorphization upon cycling. This loss was accompa-
nied by a steep drop in the capacity after the initial cycle and
noticeable capacity fading upon cycling. Reddy et al. demon-
strated that the Li* capacity and cycle stability were greater in
nitrogen-doped graphene than in undoped graphene, and as-
cribed the discrepancy to the introduction of surface defects
into the system.®” Disordered graphene nanosheets have also
been shown to enrich Li* capacity owing to additional reversi-
ble storage sites such as edges and other defects.®®

DFT results have also suggested that the presence of grain
boundaries in graphene will enhance the Li adsorption signifi-
cantly, as displayed in Figure 2. Moreover, the energy barrier
for the diffusion of a Li adatom along the gain boundary is
smaller than that normal to the boundary, which suggests that
grain boundaries may channel Li" ions during the lithiation
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Figure 2. a) The adsorption energy of a Li adatom on different sites in the
boundaries. b) Interaction energy of a Li adatom with different structural de-
fects such as a monovacancy, divacancy, Stone-Wales defect, and grain
boundaries of several orientations. Insets are the local atomic structures for
the most stable adsorption sites of a Li adatom on these five structural de-
fects. Reprinted with permission from Zhou et al., J. Phys. Chem. C 2014, 48,
1226-1238. Copyright 2014 American Chemical Society.””

process. Thus, not only can point, edge, and dopant defects
enhance the lithium adsorption of graphene, so can grain
boundaries.®”

Graphite is the most commonly used anode material for
LIBs, but its application in NIBs is severely limited. This was cor-
roborated recently by theoretical calculations showing that the
minimum interlayer distance necessary for Na* ion insertion is
0.37 nm (the interlayer distance of graphite ~0.34 nm).”® Re-
cently, many carbon nanostructures and derivatives have been
found to be receptive to Na* insertion, but they rely on the
presence of graphite nanocrystallites and nanovoids, which is
less than ideal seeing as the latter only takes place over a low
and narrow potential range.”

First-principles calculations regarding Na adsorption on gra-
phene with various percentages of divacancies (the most
common type of vacancy defect observed) and Stone-Wales
defects show that adsorption is not possible for pristine gra-
phene. However, the presence of defects enhances the adsorp-
tion, and the potential is larger when the adatoms are on and/
or around the defective zone. With the increase in defect den-
sity, the maximum capacity obtained is much higher than that
of graphite and it increases with the density of the defects. For
the Stone-Wales maximum possible highest-density divacancy
defects, capacities of 1070 and 1450 mAhg™', respectively, can
be achieved. The divergence in performance from pristine gra-
phene is due to changes in the bonding charge distribution
leading to enhanced charge transfer. Similar findings were ob-
served for Li and Ca adsorption,”"®” and such findings have
been experimentally verified in half-cells by other groups.®”
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For a porous graphene network, it was shown that divacan-  sublattice, leaving oxygen vacancies, or by the infusion of tita-
cy defects can act as seed points that initiate plating of lithium  nium interstitials. However, Magnéli phases will form at consid-
metal within the interior of the porous network structure® erably high deviation from the ideal stoichiometry.® There are
This is preferential in that it controls metallic lithium formation  several ionized oxygen vacancies that need be considered for
and circumvents dendritic growth, which can be unpredictable  a given temperature range, most notably fully ionized vacan-
and pose a safety concern. This entrapment of lithium metal  cies (Vg), but also singly ionized (V;) or even neutral (V) va-
results in very high specific capacities and energy densities of  cancies.

approximately 850 mAhg™' and 547 Whkg™', respectively. As Shin et al. recently studied the role and concentration de-
expected, based on the proposed plating process, the charge-  pendency of oxygen defects in TiO, through thermal treatment
storage capacity increased with the relative level of defective- involving hydrogen reduction (Figure 3).% Pristine TiO, was

ness. Unlike graphitic carbon, there is no voltage plateau compared with argon and hydrogen-treated nanoparticles,
below 250 mV, but rather a gradual slope below 1V, which in-  where the treatment time varied between one and seven
dicates that a different reaction mechanism is at play. X-ray dif-  hours. The electronic conductivities follow the Arrhenius form
fraction (XRD) and X-ray photoelectron spectroscopy (XPS)  with activation energies determined during heating and cool-
analyses lead to the conclusion that the primary reaction ing. The activation enthalpies for the pristine and hydrogen-
mechanism is lithium-metal plating, in which Li;C; catalyzes an  treated samples were nearly identical, which indicate that the
increase in the localized charge density that initiates plating. mechanism of conduction does not change during reduction
Expanded graphite was produced by initially forming graph-  and that the nonstoichiometry is locked into the material. The
ite oxide that was then partially reduced to limit the large  conductivity actually increased by one and then two orders of
amount of oxygen-containing groups that sterically hinder the  magnitude after hydrogen thermal treatment for one and
sodiation process. When tested, the expanded graphite deliv-  seven hours, respectively.
ered a high reversible capacity of 284 mAhg™' at a current The electronic conductivity is limited to the bulk value of
density of 20 mAg™', with superior capacity retention (73.92%  anatase. Compared to Ar-annealing, H, thermal treatment ef-
after 2000 cycles at 100 mAg~").*¥ The defects enhance sodia-  fectively increases the bulk value of the electronic conductivity
tion because of the strong ionic binding energy between the  and thus not only gives enhances the capacity at low C rates
Na* ions and the defects, which effectively overcomes the van  but also improves storage kinetics at high C rates. Based on
der Waals interaction between the graphene sheets. Moreover,  impedance analysis, the lithium-ion diffusivity for the one-hour
larger interlayer distances and
defects may account for both

the sloped and flat regions ob- (@ (b)
served in the potential profiles 3.04 Pristine TiO,  Ar-1h-TIO,, H;-1h-TiO,,| 350 ™ cm’”’""’“"{;"':fr’;
] 5 o Discharge capacity of H,- 28
of disordered carbon atoms.** i 300 o Charge capacity of Ar-1h-TiOp,
254 250 > Discharge capacity of Ar-Th-TiO,;
) Charge capacity of Pristine TiO,
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formed either through the re- 10 C as a function of hydrogen-treatment time. Reprinted with permission from Shin et al., Chem. Mater. 2012, 3,
moval of oxygen from the anion  543-551. Copyright 2012 American Chemical Society.””
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hydrogen thermal treatment was an order of magnitude
higher than that of stoichiometric TiO,, whereas the material
treated for seven hours was roughly equivalent. These results
were corroborated by cyclic voltammetry (CV) analysis apply-
ing the Randles-Sevcik equation. As expected, the H, thermally
treated material was effective towards enhancing electrochem-
ical performance, as was the Ar-annealed material. More explic-
itly, the argon and hydrogen specimens treated for one hour
measured capacities of 148 and 180 mAhg™', respectively,
whereas pristine TiO, only achieved 64 mAhg™". This enhance-
ment can be attributed to a denser electrode morphology
with better crystallinity, particularly at particle surfaces. Howev-
er, too high a degree of reduction can be detrimental to per-
formance.

Based off the physical property and electrochemical analysis,
a defect model was proposed for TiO, ;"% It was revealed that
too high a degree of reduction can actually have deleterious
effects caused by a drop in the free Li* concentration owing
to association with excess electrons. Thus, the electronic con-
centration is compensated by oxygen vacancies, whereas Li*
defects dominate at low O levels. Thus, this model effectively
explains how greater H, treatment can lead to greater elec-
tronic but diminished ionic conductivity.

The same general trend was observed for TiO, nanotube
arrays annealed in CO and N,; the improved intercalation ca-
pacity and rate capability of the CO-annealed arrays was attrib-
uted to the presence of surface defects and cation groups
with oxygen vacancies, which not only improved the charge-
transfer conductivity of the arrays but also promoted the
phase transitions.”" These results very clearly show the need
to optimize defect concentration, and the significance balanc-
ing both the electronic and ionic transport can have on achiev-
ing high-rate-capability electrode materials.

The use of amorphous TiO, has also proven beneficial for Li-
ion battery application over its crystalline counterpart both in
terms of capacity and rate capability.”®”>”* EIS examination re-
vealed that crystalline TiO, is more electronically conductive
than its amorphous counterpart, most likely due to the lack of
long-range structure and a higher presence of defects that can
act as scattering sites for electron transport. However, EIS also
indicated that amorphous TiO, has a considerably higher Li*
diffusivity than its crystalline analogue, most likely because of
expansion of the interlayer that lithium occupies. This in-
creased number of defects and expanded interlayer distance
also leads to an extended potential range and removal of pla-
teaus in the dis/charge profiles.?®

These findings were further demonstrated in the Na-ion bat-
tery system by Xiong etal. who found that the capacity of
amorphous titanium dioxide nanotube electrodes improves
with  cycling, eventually reaching a maximum of
150 mAhg "#" CV and power-law relationships were utilized
to determine the storage process(es) at play. It was found that
the discharge process starts as a mainly capacitive-limited
mechanism that converts to a mixed contribution (diffusion
and surface capacitance) as the potential drops below a certain
threshold. Observation of the pre-edge X-ray absorption near-
edge structure (XANES) feature suggested an increase in the
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structural disorder upon Na™ intercalation, but this eventually
reached a saturation point that coincided with the maximum
capacity attainable. It was further speculated that the capacity
becomes limited as some of the intercalation sites remain inac-
cessible and some of the Na ions irreversibly remain in the
structure. These results highlight some of the potential, and
often unexpected, differences that can arise from the use of
amorphous electrode materials.

5.2. Vanadium Oxide

Liu et al. investigated the effects of surface defects on the elec-
trochemical performance by annealing V,O; aerogels in differ-
ent reactive environments (N, and air).?”* The N,-annealed
films adopted a less crystalline structure composed of particles
with smaller grain size. The N,-annealed films also had a nar-
rower bandgap than the air-annealed films, and the color indi-
cated that the vanadium valence state was a mix of V** and
V**. Both of these effects could be attributed to the existence
of defects in lower valence states. Electrochemical impedance
spectroscopy confirmed an improved electrical conductivity in
the N,-annealed V,05 films with defects such as V**, V*, and
oxygen vacancies. The N,-annealed films also showed consider-
ably enhanced capacity and cycle stability when compared to
the air-annealed films. The discrepancy between the two films
was also attributed to the presence of surface defects, which
can act as nucleation centers in the phase transition during Li*
de/intercalation. Another group also confirmed this finding by
comparing the Li* capacity of pristine and O,/H,O-treated
V,0s, and attributed the difference in the electrochemistry of
the two materials to the nonstoichiometric and surface point
defects, which serve as additional charge-storage sites.”!

Sun et al. also explored the role of defects on electrochemi-
cal performance by synthesizing highly ordered and defect-
rich vanadium oxide nanorolls, further corroborating the im-
portance of defects in improving the electrode material per-
formance.” The defected VO nanorolls exhibited superior ca-
pacity and cycle stability compared to the pristine VO nano-
rolls, results that were related to the V**/V®* ratio, detectable
cracks in the wall surfaces, and residual organic surfactant. The
electrochemical enhancement was attributed to the additional
redox sites that result from the atomic-scale disorder and the
enhanced accessibility of Li* to the nanorolls because of
cracks in between the layers and present due to defects. The
results suggest that perfectly ordered materials may not be
the ideal structure for electrochemical applications due to the
limited ion-diffusion rate.”®

Tepavcevic etal. electrochemically synthesized nanostruc-
tured bilayered vanadium pentoxide, the structure of which
was confirmed by synchrotron-based XRD and X-ray absorp-
tion spectroscopy (XAS) as well as TEM (Figure 4)."" Intercalat-
ed water residing within the interlayer spacing was removed
through a simple vacuum annealing step, and its electrochemi-
cal performance was compared with orthorhombic V,05 syn-
thesized by means of a more traditional approach. The struc-
ture is composed of stacked V,0; bilayers made of base-orient-
ed square-pyramidal VO, units that are arranged parallel to
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Figure 4. Synchrotron XRD and molecular simulations of electrodeposited
vanadium oxide: a) bilayered and orthorhombic V,0s. b) First four dis/charge
cycles of bilayered and orthorhombic V,05 electrodes at 20 mAg~" within
the potential window of 3.8-1.5V (vs. Na/Na™"). c) SAXS and WAXS spectra
for as-deposited, discharged, and charged bilayered V,0s. Reprinted with
permission from Tepavcevic et al., ACS Nano 2012, 6, 530-538. Copyright
2012 American Chemical Society.”

one another at regular intervals, in which the stacked bilayers
are separated by large interlayer spacing of approximately
13.5 A. However, it was observed that there was defective var-
iation with the spacing between bilayers and that the atomic
ordering of the overall structure was limited to the short-range
scale. The bilayered V,05; material was found to have a higher
degree of local symmetry than its orthorhombic counterpart
because of the decreased apical V-0 bond length.

The bilayered V,0, cathodes demonstrated a specific capaci-
ty of 250 mAhg™' and were able to maintain 85% of their ini-
tial capacity after 350 cycles with the current density varying
from 20 to 630 mAg~'. The sodium intercalation performance
of the orthorhombic material was significantly less at
150 mAhg™" and rapidly decreased with cycling, despite the
long-range order that could potentially enable unhindered dif-
fusion. The mechanism of sodiation was also determined to be
different, as revealed through the discharge potential profiles.
Sodium-ion incorporation into the bilayered structure shows
solid-state solution intercalation with no apparent phase transi-
tion, whereas the incorporation of Na™ into the orthorhombic
electrode is accompanied by two phase transitions. The ex situ
characterization demonstrated that the deintercalation of bilay-
ered V,0; electrodes was accompanied by the loss of long-
range order while short-range order was preserved. This phe-
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nomena was determined to be reversible and could be attrib-
uted to the electrostatic interaction between sodium ions and
the terminal oxygen of the square-pyramidal VO unit. Con-
versely, the orthorhombic V,0; experienced deterioration and
eventual loss of crystallinity after extended cycling. The results
were reinforced in a imitative study.”® These findings suggest
the advantage of short-range-ordered structures deviating
from the thermodynamic equilibrium for sodium-ion battery
application.

Following a simple precipitation method, amorphous and
crystalline V,05; were prepared through various thermal treat-
ments.”? It was proposed that crystallographic Li* storage
sites that are responsible for Li* trapping and irreversible
phase transitions can be quenched by the incorporation of lat-
tice disorder that can effectively discourage phase transitions.
The amorphous material outperformed its crystalline counter-
part with respect to reversible capacity, rate capability, and
cycle performance. It was theorized that such discrepancy is
due to vacant lattice sites and the enlarged accessible surface
area that promote diffusion pathways throughout the amor-
phous V-O network. There was appreciable capacity loss for
both crystalline and amorphous V,0s in the first cycle (5 Li*
ions lithiation, 2.6 Li* ions delithiation); however, the absence
of peaks in the differential capacity versus voltage (dQ/dV)
curves of the amorphous material revealed that this did not
result from irreversible Li trapping, as was the case for crystal-
line V,0;. Further analysis determined that the irreversible ca-
pacity loss in the first cycle was due to a parasitic reaction
with surface hydroxyl groups. This was effectively suppressed
by removal of such hydroxyl groups by treatment with n-butyl-
lithium.

The effects of crystallinity on vanadium pentoxide with re-
spect to NIB performance were also recently investigated
(Figure 5)."® Amorphous and nanocrystalline V,05 were pre-
pared through a combination of sol-gel processes paired with
electrochemical deposition and were investigated as a cathode
for a sodium-ion battery. The amorphous V,0; electrodes with
short-range order and a more open framework demonstrated
a discharge capacity of 241 mAhg™" when examined as the
positive electrode material for Na-ion battery applications,
whereas its crystalline counterpart had only a capacity of
120 mAhg™". The significant difference between the crystalline
and amorphous phases arises from the fast Faradaic reactions
that occur in amorphous V,05 stemming from a percolated dif-
fusion network. Moreover, because diffusion now occurs
through isotropic percolation and is not confined along a pref-
erential pathway, the overall charging/discharging rates are
much faster. The discrepancy in performance is primarily ac-
credited to the low entropic energy associated with the order-
ing of intercalated atoms and a more open framework. The
less structured and more open channels reduce the diffusion
barrier for sodium ions to transition between sites, which leads
to high rate capability and energy density.

Zhao etal. detailed the synergistic effect between crystal
structure and intercalated ions both experimentally and theo-
retically. Most notably, they demonstrated that pre-intercala-
tion of alkali-metal ions (Li, Na, K, Rb) in V—O can dramatically
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improve the Li-ion cycling performance. However, this finding
was not ubiquitous for all TMO systems as negligible or even
negative changes in performance were observed for alkali-ion
pre-intercalation in Co—O, Mn—0O, and Fe-P-O. As resolved
through DFT analysis, the diffusion barrier of pre-intercalated
ions increases with cation size because of the interaction, and
resulting distortion, with the terminal oxygen along the V-0
diffusion layer. Although the interlayer diffusion of a large ion
can be suppressed, this effectively hinders interlayer slippage
and vertical collapse between layers, thus allowing Li ions to
diffuse more freely. For pristine and pre-intercalated V,0Os, the
capacity retention after 100 cycles at 100 mAg™' was 38 and
95%, respectively. The pre-intercalated compounds recorded
lower initial capacity values, but they showed a diminished ir-
reversible phase transition based on CV analysis.®”

In a separate investigation, crystalline water was incorporat-
ed into the V,O; lattice through the intercalation of water mol-
ecules. Although well known as a technique for bolstering the
performance in a Li-ion setting, the new study was found to
work for Na-ion battery applications as well.®'®® The hydrated
V,05:nH,0, in which n=0.55 as derived from TGA analysis,
cathode displays an excellent sodium storage capability of
338 mAhg™' at a current density of 50 mAg~', which is much
higher than pristine, orthorhombic V,0;. More interestingly, CV
characterization showed that a capacitive charge storage
mechanism accounts for a significant proportion of the total
observed capacity, and actually becomes more prevalent as
the scan rate increases. Moreover, it was determined that the
crystalline water is not totally exchanged during cycling based
on ex situ XRD and FTIR analysis. These studies demonstrate
that the optimized design of stable intercalation compounds
could lead to substantial improvements in energy-storage ap-
plications.
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6. Concluding Remarks

The aims of this focus review were to highlight how the posi-
tive effects of defect introduction in the development of opti-
mized intercalation compounds could lead to substantial im-
provements for applications in energy storage. The defect
types covered include, but are by no means limited to, cationic
disordering, amorphization, doping, partial cation reduction,
and manipulation of intrinsic defects. One of the main issues
associated with defect introduction is the assurance of homo-
geneity; for example, the degree of amorphization can be diffi-
cult to reliably quantify/control. The summarized findings very
clearly show the need to optimize the defect concentration,
and the significance that balancing both the electronic and
ionic transport can have on the achievement of high-rate-capa-
bility electrode materials. However, there is still significant
work to be done to gain a solid fundamental understanding
and, thus, control of the influences and impact of impurities
on the processing, morphology, and properties of inorganic
materials for application in energy conversion and storage.
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