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ABSTRACT: Rational design of the morphology and complementary compounding
of electrode materials have contributed substantially to improving battery
performance, yet the capabilities of conventional electrode materials have remained
limited in some key parameters including energy and power density, cycling
stability, etc. because of their intrinsic properties, especially the restricted
thermodynamics of reactions and the inherent slow diffusion dynamics induced
by the crystal structures. In contrast, preintercalation of ions or molecules into the
crystal structure with/without further lattice reconstruction could provide
fundamental optimizations to overcome these intrinsic limitations. In this
Perspective, we discuss the essential optimization mechanisms of preintercalation
in improving electronic conductivity and ionic diffusion, inhibiting “lattice
breathing” and screening the carrier charge. We also summarize the current
challenges in preintercalation and offer insights on future opportunities for the

rational design of preintercalation electrodes in next-generation rechargeable batteries.
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iven the excessive consumption of fossil energy and the
G looming concerns of the climate problem, renewable

energy resources such as solar, wind, and tide have
entered the public spotlight, stimulating research of high-
efficiency energy storage systems.”” Among the studies so far,
the rechargeable prototype of a “rock-chair battery” is still
considered as one of the most promising candidates for energy
storage in the applications of portable devices, electric vehicles,
and grid-scale stations.” It functions as a conversion device
between chemical energy and electrical energy by shuttling ions
between the cathode and the anode.’ Since the successful
LiCoO, and LiFePO, electrodes were introduced by Good-
enough et al. and have been commercialized for a long time,
much effort has been focused on further optimization of
batteries, including development of novel high-performance
electrode materials, rational design of the morphologies and
complementary compounding of electrode materials that can
further i improve the energy and power density, and the cycling
stability."® Despite advancements over the past decades,
substantial limitations of electrode materials have remained
due to their intrinsic properties, especially the restricted
thermodynamics of reactions and the inherent slow diffusion
dynamics induced by the crystal structures. Taking the beyond-
Li-ion battery for instance, their electrodes seriously suffer from
the above restrictions due to the limited diffusion channels and

struction.

strived to develop strategies that can realize fundamental crystal
optimizations, such as via preintercalating of ions or molecules
into the crystal structure with/without further lattice recon-

Preintercalation strategies provide fun-
damental and issues-oriented optimi-
zations for battery electrode materials,
breaking the limitations of intrinsic
crystallographic structures.

Preintercalation has received a lot of attention as an effective
approach to improve electrode performance in recent years. ~
The key feature of this approach is that small fractions of the
electrochemically inactive or partially active elements/guests are
inserted into the host structure before battery cycling. These
intercalated guest species, including organic or inorganic ions,
organic molecules, functional groups and water, interact with the
adjacent host atoms and the ion carriers through bonding,
repulsion, or coordination, optimizing the inherent structure of
hosts and the transport property of ion carriers significantly. The
potentially revolutionary advantage of such an optimization

12,13

crystal degradation associated with larger ions (e.g., Na* and K*)
or multivalent ions (e.g, Mg”* and Zn') intercalation/
deintercalation.”™"" Recognizing this issue, scientists have
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process has led to huge interest in the research of
preintercalation (Figure 1). Generally, there are two different
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Figure 1. Number of citations on preintercalation published
between 2008 and 2018. Data was collected from Web of Science
by searching the keywords “pre-intercalation” and “pre-interca-
lated” and excluding the irrelevant paper.

approaches that have been developed to achieve preintercalated
materials: chemical preintercalation and electrochemical pre-
intercalation. In chemical preintercalation, guest species are
usually inserted during the initial material synthesis through
chemical reactions via solvothermal method, microwave hydro-
thermal method, etc. or with further chemical treatments. In
electrochemical preintercalation, guest species are usually
inserted into the target materials through electrochemical
strategies such as galvanotactic charge/discharge or during
initial synthesis such as via electrodeposition reactions. Given
the different reactions, the obtained preintercalated materials are
slightly different. Chemical preintercalation is easy to implement
for large-scale lattice reconstruction but usually lacks precise
control of the quantity of preintercalation, while electrochemical
methods usually provide the opposite traits due to the precise
control of voltage and reaction time.

To clarify the functionality of preintercalation, a series of
concrete examples are given below. Layered vanadium oxides
with high capacity have been explored as the electrode in
lithium-ion batteries (LIBs) for many years. However, poor rate
performance and rapid capacity fading are still obstacles due to
low electronic conductivity and poor structural stability of
monoclinic vanadium oxides (a-V,0g). Hence, in order to
overcome the above obstacles, a chemical preintercalation
approach has been utilized, with the complete phase transition
from @-V,Oj to alkali metal ion preintercalated f-V¢O,5.'> The
capacity retention after 100 cycles was increased from 37.6% to
over 95%. The rate capability of the preintercalated electrodes
was also much higher than that of the pristine a-V,0;. Beyond
that, the preintercalated 5-M,V,0; (M = Li, Na, K, Mg, and Ca)
was systematically constructed from bilayer vanadium oxides by
Pomerantseva et al.'’ The performances of these electrodes
show an experimental rule that rate capability and cyclability
improve with increasing hydrated ion radius of preintercalation
ions. Furthermore, a great deal of preintercalated electrodes,
such as V205,14—18 V6013,19 MOO3,2 21 MOSZ,ZZ’23 Mn02,24_28
Fe,(Mo00,),>’ VOPO,,*"*! (NianyCoz)sz’33 and carbon-
based materials,** > with improved performances for batteries
and supercapacitors have been reported over the past few years.

In the previous section, we stated that some preintercalation
electrodes do reveal better performance, including high
reversible capacity, outstanding rate capability, and extended
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cycles. Unfortunately, despite several previous great inves-
tigations, the overall mechanisms explaining how preintercala-
tion improves battery performance are still ambiguous. In this
Perspective, we compare the electrochemical performance of
preintercalated electrodes vs the corresponding pristine electro-
des, reveal the relationships between diverse preintercalation
ions and electrochemical properties, and conclude most of the
fundamental mechanisms of preintercalation efforts. The
detailed illustrations, sorted by functions, are shown below.
Electronic Conductivity. It is no doubt that electrical
conductivity is one of the most crucial factors in electrochemical
reactions. The insufficient conductivity of electrodes results in
strong polarization, leading to negative impacts on both capacity
and rate capability. Theoretically, the majority of insertion-type
cathodes are semiconductors, and the minority are insulators,
which are composed of almost or fully empty conduction bands
and almost or fully occupied valence bands, respectively. In band
theory (Figure 2a), there is an energy gap (Eg) to separate the
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Figure 2. (a) Energy band diagrams of electrode materials before
(left figure) and after (right figure) doping or preintercalation. (b)
Scanning electron microscopy image of the single 6-Nag;3V,0;
nanowire device. (c) I-V curves of the pristine @-V,0; and
preintercalated §-Na,33V,05 (NVO). Reprinted with permission
from ref 38. Copyright 2018 Wiley.

lowest-energy level of the conduction bands (E.) from the
topmost energy level of the valence bands (E,). At a certain
temperature, the conductivity (o) is mainly determined by the
density of the carrier (electrons and holes) and transport
properties (u represents the migration rate of positive and
negative charges; eq 1).

o = nqu_ + nqp, (1)

In many early studies, doping was considered a universal
approach for improving electronic conductivity by introducing
impurity levels within the energy gap, associated with increasing
carrier density and modification of transport properties (Figure
2a). As for the electrode materials with cations (Li*, Na*, K*,
Zn**, Ca™, etc.) preintercalation, guest ions introduce shallow
donor levels below the bottom of the conduction band and the
electrons are easily donated from the donor level to the
conduction band. On the other hand, as for the anion
preintercalated materials, the negative ions introduce acceptors
levels that could acquire the electrons from the valence band,
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Figure 3. (a) Schematic illustration of large alkali metal ion preintercalation and an enlarged diffusion channel. (b) Rate performance of pristine
a-V,0; and preintercalated electrodes at various current rates from 0.05 to 4.0 A g™'. Reprinted with permission from ref 12. Copyright 2015
American Chemical Society. (c) X-ray diffraction (XRD) patterns of V,0; with different ions preintercalation in the position of the (001) peak
(left) and the correlation between interlayer spacings and hydrated ion radii with units of A (right). Reprinted with permission from ref 13.
Copyright 2018 Elsevier. (d) Geometric structures of ®1-VOPO, and possible ion diffusion pathways. (e) Diffusion barrier (minimum-energy
path) profiles of sodium ion transport in initial ®1-VOPO, (pure) and the triethylene glycol (TEG) preintercalated VOPO,. Reprinted with
permission from ref 31. Copyright 2017 American Chemical Society.

leading to “hole” formation in the valence band. Nevertheless, in
most electrode materials, because of the terminal negative
oxygen and sulfur that strongly repel the negative charge, it is
difficult to preintercalate anions into the interlayer spacing of the
host.

In order to understand the electrical transport property of the
preintercalated electrode experimentally, a solid-state single
molybdenum oxide nanobelt test platform was employed by Mai
and co-workers in 2007, in which it can avoid effects of binders
and conductive additives during the battery assembling
process.”” The corresponding results suggested that the MoOj
electrodes are converted from semiconductor (~107*S m™") to
metallic behavior (107> S m™") after chemical preintercalation of
Li* ions.”® Furthermore, a recent paper has proved that
intercalating organic viologen cations into the interlayer region
also enhances the conductance of MoO;.”” He et al. developed a
Na* ions preintercalated vanadium oxide cathode (6-
Nay;;V,05) by chemical preintercalation process. The electrical
conductivities of the pristine nanowire and Na* ion preinterca-
lated nanowire were tested through a single-nanowire test
platform (Figure 2b), and results show that the conductivity is
greatly improved from 7.3 S m™" (pristine a-V,05) to 5.9 X 10*
S m™" (6-Nay33V,05) after the Na* ion preintercalation (Figure
2c).38

Combining the theoretical hypothesis and the experimental
verifications, we can confirm that the preintercalation approach
has great potential in improving the electronic conductivity of
electrode materials, especially for materials with poor con-
ductivity that seriously suppresses the electrochemical perform-
ance. On the other hand, in the preparation of electrodes, the
integrated conductivity of electrodes is improved by mixing the
conductive additives, such as acetylene black, ketjen black, and
super P. However, a certain segment of the conductive additives
leads to the descent of the mass-specific capacity of electrodes.
Thus, the ascent of the electronic conductivity originating from
preintercalation treatment not only makes for enhanced
electrochemical performances but also would improve the
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specific capacity of electrodes by reducing or exempting the
usage of conductive additives.

Ionic Diffusion Coefficient. The ionic diffusion coefficient is
another key factor in rechargeable batteries. Ceder et al
systematically studied the Li mobility factors in layered lithium
transition metal oxides by using first-principles calculations and
concluded that the Li slab sgacmg and the electrostatic repulsion
were two dominant effects.”” To some extent, interlayer spacing
is affected by electrostatic interactions; that is, these above two
effects are coupled. According to Coulomb’s law, the electro-
static interactions () yield the following eq 2

_ kg,

r’ ()
where k, is Coulomb’s constant (k, & 9.0 X 10° N m* C™2), g is
the quantity of charge, and r represents the distance between
charges. As the interlayer space becomes expanded in the ¢
direction, the electrostatic interactions (u) will diminish with the
increase of the scalar (r), and then the carrier ions will migrate
farther away. Expanding interlayer spacing can relieve the
electrostatic repulsion (diffusion barrier) between two of the
guests (nonbonding interaction) or between guests and hosts
(bonding interaction). The diminution of the migration barrier
of carrier ions is reflected in the ionic diffusion coefficient, which
can be experimentally measured through multiple-rate cyclic
voltammetry, galvanostatic intermittent titration techniques, or
electrochemical impedance spectroscopy.

Zhao et al. quantitatively described the enhanced ionic
diffusion by studying the chemical preintercalation of alkali
metal ions into five typical cathode materials A—-M—0 (A = Lij,
Na, K, Rb; M = V, Mo, Co, Mn, Fe—P)."? Figure 3a shows the
schematic illustration of large alkali metal ion preintercalation
and an enlarged diffusion channel for lithium-ion diffusion. The
structural models of the preintercalated compounds were
obtained through rotation electron diffraction and X-ray
diffraction measurements. The diffusion channel sizes were
then estimated by using density functional theory based on the
above models. It is noticeable that almost all of the
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Figure 4. (a) Schematic illustration of the layered vanadium oxide xerogel with large lattice breathing and the iron preintercalated vanadium
oxide xerogel with inhibited lattice breathing. (b) Lattice parameter (dy,) difference between pristine and preintercalated vanadium oxide
during the first discharge—charge process. Reprinted with permission from ref 15. Copyright 2015 American Chemical Society. (c) Diffusion
barrier (Ej,..) of A ions (A = Li*, Na*, K, Rb*) in A—V—O obtained from ab initio calculations. (d) Capacity fading per cycle vs the radius of
different preintercalation ions at a current density of 1.0 A g™'. Reprinted with permission from ref 12. Copyright 2015 American Chemical
Society. () Ex situ XRD patterns of pristine MoS,and methyl-functionalized M-Mo$S,during cycling at a current density of 1.0 A g~': (i) first
discharge to 0.6 V, (ii) first charge to 3V, (iii) after 20 cycles, and (iv) after 50 cycles. Reprinted with permission from ref 22. Copyright 2017

Royal Society of Chemistry.

preintercalated vanadium oxide electrodes with enlarged
channel sizes show a better rate performance than the pristine
a-V,0; electrode. Remarkably, the K—V—O electrode, which
has the largest interlayer spacing, exhibits the highest rate
capability, indicating that the enlarged diffusion channel can
facilitate Li migration in the interlayer region during the charge—
discharge process (Figure 3b). As another example of
preintercalated vanadium oxides, 0-K,V,04-nH,O has been
successfully demonstrated as a record-high-capacity cathode
material (268 mAh-g”') for potassium-ion batteries by
Pomerantseva et al.” With the help of K* ion preintercalation
during the chemical process, the interlayer spacing has been
expanded to up to 9.65 A, which greatly contributes to the
facilitated diffusion of K" ion carriers. This phenomenon has also
been observed in layered iron/manganese-based oxides for
sodium-ion batteries in the previous work of Wang et al.*> On
account of the expanded interlayer structure originating from
large-sized K" ion preintercalation through a chemical
procedure, the diffusion coefficient of Na® ion carriers has
been greatly increased and the as-prepared electrode
(Ko,FegsMnys0O,) shows the highest reversible capacity at
various current densities for sodium-ion batteries, compared
with Li* and Na* ion preintercalated electrodes. Insertion of
alkali metal ions and bivalent alkaline earth metal ions into
bilayered vanadium oxide has been systematically investigated
by Pomerantseva et al., and their results show that the interlayer
distance of §-M,V,05 (M = Li, Na, K, Mg, and Ca) increases
with the increase of the hydrated radius of preintercalation ions
(Figure 3c)."

Expanded interlayer spacing is not only driven from the
preintercalation of alkali metal ions or alkaline earth metal ions,
but it is also achievable by preintercalation of water, organic
molecules, or co-intercalation of ions and water. For instance,
bilayered vanadium oxides xerogel with water preintercalation
(V,04nH,0) by chemical process has been studied as the
cathode material for Mg and Zn batteries.'™*' Its crystallo-
graphic structure could be described as pairs of single
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monoclinic V,05 layers separated by water molecules and
stacked along the z-axis, which was determined through the
atomic pair distribution function technique by Petkov et al. for
the first time."” Because of the large interlayer spacing for facile
ion (de)insertion, V,04-nH,O exhibits improved performance
compared with traditional @-V,0j;. Layered polyanion-type al-
VOPO, with organic molecule (triethylene glycol or tetrahy-
drofuran) preintercalation was developed through a chemical
displacement reaction by Peng and co-workers in 2017.”" X-ray
absorption fine structure characterization revealed that the
selectable organic guests are successfully intercalated into the
individual VOPO,, leading to a controllably expanded interlayer
spacing. The improved Na" ion transport kinetics, reflected in
enhanced rate performance of sodium-ion batteries, has been
supported by the small calculated energy barrier (Figure 3d,e).
Another example of VOPO, with ultralarge expanded structure
(d-spacing of 1.4 nm) has been introduced for magnesium
batteries by the same displacement reaction with phenylamine
molecules.”® Such a large expanded interlayer spacing is
attributed to the stacking of bilayer phenylamine molecules
onto the layered structure of the VOPO, host, substantially
relieving the diffusion kinetics issues in the multivalent Mg** ion
battery.

In this section, the dominant mechanism of diffusion
improvement in preintercalated electrodes has been attributed
to the diminution of electrostatic interactions because of the
preintercalation-induced interlayer spacing expansion. In
particular, this improvement is more obvious in the electrodes
with preintercalation of large radius or hydrated radius ions. A
series of previous experimental proofs have indicated that the
preintercalation approach could effectively be conductive to
improving the migration of ion carriers in the electrode materials
which suffer from the low ionic diffusion coeflicient. It is also
worth noting that excessive intercalation could lead to the split
of host material especially for the two-dimensional layered
electrode materials into single layer structures or collapse
following the loss of electrochemical activity. Thus, the
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optimized species and amount of preintercalation for specific
electrode material/crystal structure still need to be systemically
investigated.

Inhibiting “Lattice Breathing”. During the charge—discharge
process, ions are extracted from (or inserted into) the electrode
structure, and in most cases, this leads to the changes in internal
strain and stress. O3-type layered cathode materials, for
example, are used to illustrate the above phenomenon.*’
There is an increased lattice parameter ¢ of the unit cell owing
to the intensive repulsion force between the two neighboring
oxygen layers caused by Li extraction (charge). The upward
oxidation states of the center metal contribute to shrinking of
metal—oxygen bonds at the same time, leading to a decrease of
parameters a and b. The changes in parameters reverse
directions during Li insertion (discharge). These types of
expansion and shrinkage during the electrochemical reactions
are called “lattice breathing”.”” Tt is no doubt that this repeated
“breathing” leads to irreversible damage of the lattice structure,
especially in the ¢ direction. Over time, collapse of the structure
occurs, leading to severe capacity fading. Furthermore, other
layered types of electrode structures, such as V,0;, LiVO,,
LiNbO,, MoS,, and so forth,* have also been observed to have
this phenomenon (some materials show an opposite tendency of
expansion and contraction during (de)insertion, which depends
on which interaction is dominant).

To suppress this collapse, some pillar ions in the interlayer
region have been introduced to stabilize the layered structure.
Wei et al. developed a vanadium oxide xerogel with Fe** ion
preintercalation (Fe-VO,) for sodium-ion batteries.'> Because
of the preconstricted interlayer spacing originating from the
strong electrostatic attraction between positive iron atoms and
terminal negative oxygen atoms, the lattice breathing is well
inhibited during the (de)sodiation process, which is conducive
to enhancing the cycling stability (Figure 4a,b). To reveal the
deep-layer theoretical illustration of relationships between the
preintercalated vanadium oxide containing different preinterca-
lation ions and corresponding cycling stabilities of lithium-ion
storage, Zhao et al.'” combined the theoretical calculated
diffusion behaviors (diffusion barrier, E, ,,,;.,) of preintercalation
ions in hosts and the experimental atomic absorption spectros-
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copy results, which reflect the deintercalation amounts of
preintercalation ions from hosts (Figure 4c,d). They found that
the larger diffusion barrier of preintercalation ions is, the less
they are deintercalated from the hosts and the better the cycling
properties of the preintercalated vanadium oxide materials are.
Then they concluded that appropriate large alkali metal ion
intercalation in the admissible crystal structure (without
structure damage) can stabilize the diffusion channel, leading
to enhanced cycling stability. In addition, when comparing the
sodium-ion storage performances of pristine MoS, to that of
methyl-functionalized MoS,, Huang et al. found that methyl-
functionalized samples exhibit much better cycling stability.”*
The ex situ XRD results indicate that the interlayer change of
pristine MoS, is up to 42% and that of the methyl-functionalized
sample is only 16%, which demonstrates that organic molecules
and functional groups also play important roles as the pillars in
inhibiting lattice breathing (Figure 4e¢). For the aqueous Zn-ion
battery, Nazar et al.'* first found that water spontaneously
intercalated into the structure of 6-Zny,;V,O; when the
electrode was immersed into an aqueous electrolyte and
deintercalated accompanying Zn*" intercalation upon electro-
chemical discharge. The (de)intercalation of water can buffer
the electrode lattice parameter change, especially in the high-
capacity electrode for multivalent ions storage.

In terms of the electrode materials with lattice breathing-
induced poor cycling stability, the inhibiting effect is one of the
best ways to tackle this insufficient cycling, and it could be easily
achievable through preintercalation. However, it should be
noticed that the interlayer spacing might shrink during
preintercalation of positive ions (especially multiply charged
ions), although it might be enlarged sometimes (depending on
which interaction is dominant). The shrinkage of interlayer
spacing probably gives rise to diminution of the ionic diffusion
coeflicient, which is detrimental to the rate performance of the
electrode. Thus, while we try to improve the cycling stability by
using the method of inhibiting "lattice breathing", the side effects
of multiply positive-charged ions cannot be underestimated.

Screening Effect of Water Intercalation. Generally, the stronger
polarizing nature of multivalent ions compared with that of
monovalent ions, which leads to the suppressive intercalation
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kinetics, is one of the most fatal obstacles that cannot be ignored
in the development of multivalent ion batteries, such as the ones
utilizing Mg?*, Ca**, Zn**, and AI’" ions as charge carriers. Many
researchers found that the multivalent ion batteries work better
with aqueous electrolytes than nonaqueous systems and water
co-intercalation exists in aqueous systems. It is well-known that
the electrostatic repulsion (f) between the two adjacent
multivalent ions yields the following eq 3

fo—
er’ 3)
where &, is the permittivity and r is the distance between two
adjacent multivalent ions. Notably, the permittivity of water is
approximately 80 at room temperature, which is much larger
than that of vacuum and most common solvents. Therefore, the
co-intercalated or structural water in host electrodes paves the
way for facile migration of multivalent ions because the water
molecules coordinate to multivalent ions as charge screening
media to reduce the Coulombic repulsion (“lubricating” effect).
The enhanced insertion reaction of Mg** ions into hydrated
vanadium bronzes was reported as early as 1992.** After that,
hydrated vanadium oxides with different contents of crystal
water were systematically investigated by An et al.'” By
combining the results of electrochemical performance and
structural characteristics, they concluded that the major role of
the preintercalation is the shielding effect, which is related to
reducing the diffusion barrier in the Mg** ion insertion reaction,
rather than increasing the interlayer spacing (Figure Sab).
V,0;5-nH,0 was also investigated for aqueous Zn-ion batteries.
The solid-state magic-angle-spinning nuclear magnetic reso-
nance (NMR) technique was employed to explore the effects of
structural water during the charge—discharge process, whose
results clearly prove that water is highly involved in the
electrochemical reactions (Figure Sc,d,e).'® Because of the
decreased effective charge of Zn>* by the screening effect of
water media, the water molecule preintercalated electrode
exhibits a high energy density of 144 Wh kg™' at a power density
of 10* W kg™". Furthermore, screening effects can also function
in Zn/water or Ca/water co-intercalation electrodes, which was
proved by both Nazar et al. and Alshareef et al. Their results
show that the water could facilitate the electrochemical
(de)intercalation of Zn** ions into the structure.'**

Although the screening effect of water is extraordinarily
beneficial to reducing the electrostatic repulsion between ion
carriers, it still has an obvious shortcoming. The electrodes
modified by the screening effect are more stable in aqueous
battery systems than organic battery systems as the organic
systems usually work at a higher voltage (4.2 V) compared with
aqueous systems (1.25 V). The existence of a water molecule at
high voltage could be a severe safety issue because release of gas
relevant to the decomposition of water could occur. That means
that we need to do more testing when adopting this approach,
particularly long-term cycling testing.

Compensating Capacity Loss. In battery systems, one of the
main reasons for capacity loss is the loss of ion carriers, which is
mostly related to the formation of a solid—electrolyte interface
or irreversible metal plating at the anode side during the first
cycle. This phenomenon is common in full-cell systems,
especially in carbon materials with large surface area. In 2003,
researchers realized that the excessive Li* ions in the interlayered
lattice can compensate for the first cycle capacity loss caused by
the adverse reactions.*>*” With the aid of a certain amount of
excessive ion carriers on the anode and/or cathode side, the
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carrier loss during the first cycle was compensated for and the
remaining amount of active carriers during subsequent charge/
discharge cycling was increased, resulting in an increase of
reversible capacity.*® In addition, another main reason is the
activity loss of materials caused by dissolution of the active
elements. The traditional Li(NianyCoZ)Oz material, for
example, suffers from severe capacity decay owing to the
dissolution of Mn(II). In 2015, the preformed controllable
solid—electrolyte interface by electrolyte reduction on the
surface of materials during the electrochemical prelithiation
process at about 1.2 V was reported. It can effectively restrain
sustained Mn(II) dissolution into electrolyte, leading to
outstanding retention of capacity (Figure 5f).*” The agglomer-
ation of active material could also lead to activity loss, which
usually happens in conversion-type anodes. With this in mind,
Xu et al. demonstrated a Ca** ion preintercalated conversion-
type anode (CaV,0,) by using a chemical method for sodium-
ion batteries, which provided a promising way to tackle the issue
of agglomeration.”” During the first cycle, the nonactive CaO
nanograins were generated from Ca®** ions and uniformly
distributed. Then they acted as a spectator, producing a self-
preserving effect in the following cycles, inhibiting the
agglomeration, and leading to better reversibility of the active
components.

In this section, the preintercalation approach, which refers to
the addition of excessive ions to the battery systems before
cycling, is considered as a highly promising strategy to
compensate for the activity losses, which include loss of ion
carriers, dissolution of the active elements, and agglomeration of
active material. Furthermore, physically mixing the additives (a
small amount of corresponding metal or metal oxide powder)
inside of the electrode materials is equally valid, which is used in
some industrial applications for the same reason for compensat-
ing losses.

Summary and Outlook. As a promising optimization strategy
that has gradually become a research hotspot, preintercalation
that emphasizes an issues-oriented solution can target and
overcome multiple limitations in electrode materials, including
lack of electronic conductivity and ionic diffusion, “lattice
breathing”, and strong polarizing of multivalent ions. Rationally
designed preintercalated electrodes have shown dramatic
improvements in electrochemical properties, such as capacity,
rate capability, and cycling stability, compared with correspond-
ing nonintercalated electrodes. However, although prior
research has identified many successful cases, challenges and
opportunities still exist in application of the preintercalation
strategy.

First, in some preintercalated electrodes, it is inevitable that
the preintercalation guest species deintercalate from the host
structure into the electrolyte during cycling. This process causes
the following two issues: (1) The diffusion ions from the
electrolyte occupy the sites previously taken by preintercalation
species, causing degradation of electrodes and the loss of carriers
in the electrolyte. This phenomenon severely removes the
advantages of preintercalated electrodes. (2) The guest species,
especially in the case of water molecules, can act as the catalyst
and/or reactant, resulting in severe decomposition of the
organic electrolyte and/or undesirable side reactions at the
electrode sides. It not only causes degradation of battery
performance but also may lead to safety problems because of the
gas generation and thermal release accompanying this process.
Therefore, more effort should be paid to clarify the optimum
amount of preintercalation, which could avoid deintercalation of
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preintercalation species. Besides, long-term testing and high/
low-temperature testing are compulsory because this is related
to safety concerns.

Despite the fact that prior research has
confirmed many successful cases, chal-
lenges and opportunities for develop-
ing preintercalated electrodes still exist.

Second, although the preintercalated electrodes have better
electrochemical performance, the additional cost of the
preintercalation strategy must be taken into account. Actually,
some preintercalation methods are too complex and expensive
to be used in large-scale industrial production. For instance, it is
unpractical to realize large-scale producing preintercalated
electrodes by using electrochemical preintercalation methods
with current conditions of industrial techniques. Thus, it is
strongly recommended that the feasibility of preintercalation
methods should be assessed based on the real conditions before
developing preintercalated electrodes, and the investigation of
emerging general preintercalation methods is very meaningful.

Undeniably, the preintercalation strategy is an especially
useful and issues-oriented solution to provide fundamental
optimizations and overcome many intrinsic limitations through
intelligent design. A rich variety of preintercalation methods can
be tuned and adapted to improve the performance of electrodes
that have specific disadvantages. We believe that this Perspective
will provide guidance and offer new ideas for electrode
researchers in developing prominent next-generation batteries.
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