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CONSPECTUS:

The widespread use of electrical plants and grids to generate, transmit and deliver power to
consumers makes electricity the most convenient form of energy to transport, control and use.
Balancing electricity demand with electricity supply requires a mechanism for energy storage,
which is enabled by electrical energy storage devices such as batteries and supercapacitors. In
addition to the grid-level energy storage, we have all witnessed the quick growth of the number of
applications that require autonomous power, illustrated by the Internet of Things, and
electrification of transport. Batteries, when developed for targeted applications with specific
requirements, require new materials with improved performance enabled by rational design on the
atomic level. The material tunability knobs include chemical composition, structure, morphology
and heterointerfaces among others. Synthesis methods that would enable control of these

parameters while offering versatility and being facile are highly desired.

In this Account, we describe a synthesis strategy for the creation of new intercalation host oxides,
hybrid materials, and compounds with oxide/carbon heterointerfaces for use as electrodes in
intercalation batteries. We begin by introducing a strategy called the “chemical preintercalation
synthesis approach,” and describing processing steps that can be used to tune the material’s

chemical composition, structure and morphology. We then show how chemical preintercalation of



inorganic ions can be used to improve ion diffusion and stability of the synthesized materials. We
reveal how confined interlayer water can be controlled and how the hydration degree affects
electrochemical performance. This is followed by a demonstration of chemical preintercalation of
organic molecules leading to unprecedented expansion of the interlayer region up to ~30 A and
initial electrochemical characterization of the obtained hybrid materials. We then present evidence
that carbonization of the interlayer organic molecules is an efficient synthetic pathway to create
oxide/carbon heterointerfaces and improve electronic conductivity of oxides, which leads to
improved stability and rate capability during electrochemical cycling. The examples discussed in
this Account show that the chemical preintercalation synthesis approach opens pathways for the
preparation of materials that have not been synthesized previously, such as new phases, hybrid
materials, and 2D heterostructures with advanced functionalities. We demonstrate that chemical
preintercalation can be used to effectively tune the chemistry of the confined interlayer region in
layered phases and form tight oxide/carbon heterointerfaces enabling control of the materials

properties at the atomic level.
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This paper demonstrates formation of 2D heterointerface between structural oxide and
carbon layers via chemical pre-intercalation of organic molecules followed by
carbonization; the enhanced electrochemistry is ascribed to the increased electronic

conductivity and improved structural stability enabled by oxide/carbon heterointerface.



1. INTRODUCTION

Chemically preintercalated layered materials have emerged as promising alternatives to classical
intercalation battery electrodes.! Li-ion batteries are currently the most widely used energy
storage devices due to the high energy and high power density they exhibit.> While it is expected
that batteries will mainly use lithium ions at least in the next few years, more abundant and hence
less expensive ions, such as sodium, potassium, magnesium and aluminum, attract attention for
the development of new energy storage systems.®’ However, ions beyond lithium are either larger
in size than the lithium ion, or they carry a higher charge, which limits their diffusion in the crystal
lattices of electrode materials. Additionally, safety concerns spark interest in developing batteries
with aqueous electrolytes. Recent advances with water-in-salt electrolytes (WISE) show that
electrochemical water splitting can be suppressed thus expanding a potential window and
increasing the energy density of aqueous batteries.® These considerations paint a path forward to
the production of batteries operating with diverse electrolyte compositions, including both solvents
and electrochemically cycled ions. Such technology development poses a need to create new
electrode materials that would be compatible with new electrolyte systems and capable of
efficiently transferring various types of ions in confined environments. This is particularly
important for cathodes, since the cathode is currently a bottle-neck element in commercial
batteries, which, due to the limited capacities, does not allow breakthroughs in energy storage

technology.

Because of their high potential when interacting with ions from electrolytes, oxides are the most
attractive candidates for use as cathodes in batteries. However, in many cases the electronic
conductivity of oxides is low, limiting the kinetics and power density of the batteries.” ° In

commercial batteries, this issue is solved by physically mixing oxides with nanostructured carbons,



serving as conductive additives. But morphological evolution of the electrode during battery
operation revealed substantial displacement of the particles leading to the breakage of conductive
pathways and loss of performance. In addition, physical mixing with carbon helps to improve only
interparticle conductivity, while intraparticle conductivity remains low. Atomic-level nanoscale
integration of oxides with carbon with the formation of tight oxide/carbon heterointerfaces is
desirable to mitigate this issue.!” It can be achieved by creating two-dimensional (2D)

heterostuctures or tightly integrated nanocomposites.

The operation of lithium-ion batteries (LIBs) is based on the process called intercalation.> !!
Intercalation is a chemical reaction, generally reversible, that involves the introduction of a guest
species into a host structure without a major structural modification of the host. In batteries, the
intercalation reaction is an electrochemically driven process in which ions from electrolytes are
being inserted into the cathode material structure on discharge, and they are being extracted from
the cathode structure and being inserted into the anode structure on charge. In this article, we will
be discussing only intercalation-based energy storage devices and therefore we will call them
batteries, regardless of the aqueous or non-aqueous nature of the electrolyte, though
pseudocapacitors also rely on intercalation processes in addition to surface storage during their

operation.

Many transition metal oxides, including vanadium oxide, can be synthesized through low-
temperature sol-gel or precipitation processes.!? One of the synthesis approaches involves
dissolution of the metal precursor in aqueous media using hydrogen peroxide. Through the
sequence of hydroxylation and condensation reactions, the oxide layers grow from the solution
and assemble into a structure with lamellar ordering with interlayer water molecules. We modified

this process by introducing foreign species, such as inorganic or organic ions, which were added



into reaction mixture during solution stage in the form of water-soluble salts (Figure 1). The
cations from these species are trapped between the growing oxide layers, producing a wide family
of new chemically preintercalated layered materials.> '* In addition, we demonstrated that the
precipitate obtained through the sol-gel step can be further processed using aging, hydrothermal
treatment and annealing (Figure 1), providing another level of control of the chemical composition
and structure of the synthesized materials.'* !° Because the layered framework of the oxide phase
is preserved, and only interlayer spacing and chemical composition of the interlayer region are
affected, we called this synthesis method, schematically shown in Figure 1, a chemical pre-
intercalation synthesis approach. This name indicates that expansion and contraction of the layers,
typical for layered phases in intercalation reactions, occur chemically during material formation,
rather than through a post-synthesis interlayer exchange process or electrochemically driven ion

insertion.

WM l
AR, ot 0 e o
hhﬁﬂﬁ SoGel 1 @ X ohék': Aging

Precigirtationip 2% - o;:Hydrotherma
m Process 7% © ,'

_______________

|
j{, VO, polyhedra !
4 1

o Prelntgrcalated :a-\
ion "
» Water molecule :
1
1

e e .t e s e s . et s s e s vt

Figure 1. Schematic illustration of the chemical pre-intercalation synthesis approach.



This Account highlights the promise of the chemical preintercalation synthesis approach for the
creation of new layered phases with directional and controllable ion transport, inorganic/organic
hybrid materials and 2D heterostructures with tight oxide/carbon heterointerfaces. We review the
available reports on chemical pre-intercalation synthesis of electrode materials with the focus on
atomic-level control leading to enhanced transport of ions and electrons leading to superior
electrochemical performance in energy storage systems. We then outline the future steps, enabled
by chemical pre-intercalation, to create new electrodes that could greatly expand current energy

storage technologies.
2. CHEMICAL PREINTERCALATION OF INORGANIC IONS

Chemical preintercalation of inorganic ions has been focused on developing a synthetic ability to
incorporate metal ions with low atomic mass to maintain the light molecular weight of the
produced electrode material leading to the light batteries and high gravimetrically scaled battery
performance characteristics. In the case of inorganic ions, we realized that the chemical
preintercalation synthesis method can be used to investigate two distinct directions. First, one can
chemically preintercalate electrochemically active ions (for example, Na* ions in the case of Na-
ion batteries) with the aim to create positions in the structure of the host favored by these ions and
thus improve ion diffusion (Figure 2a). And second, one can chemically preintercalate
electrochemically inactive species (for example, Mg?" ions in the case of Li-ion batteries) with the
aim to improve structural and electrochemical stability of electrode materials. This second

direction is also called the pillaring approach (Figure 2b).
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Figure 2. Schematic illustration of (a) diffusion and (b) stabilization improvements in battery
electrode materials that can be achieved via chemical preintercalation of inorganic ions.

Chemical preintercalation with inorganic ions was pioneered by Ligiang Mai et al. with the first
synthesized material being lithiated MoO3 nanobelts.!® Chemical lithiation was achieved by
mixing 0-MoOs nanobelts with LiCl solution, which was stirred for two days and then
hydrothermally treated at 180°C for 24 h. The lithiated MoO3 nanobelts demonstrated improved
cycling stability, with a capacity retention of 92% after 15 cycles, as compared to the non-lithiated
MoOs3 nanobelts which retained only 60% of capacity in non-aqueous Li-ion cells. The synthesis
method was later expanded to obtain Na-preintercalated MoO3.!” Compared to pristine MoOs3, the
presodiated MoOs nanobelts showed significant improvements in cycling stability and rate
capability in non-aqueous Li-ion cells. Using in situ XRD analyses combined with electrochemical

tests, it was found that the Na® ions between the Mo-O layers inhibit the irreversible phase
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transformation and stabilize the layered MoOs structure leading to the improved electrochemical

stability.

One of the attractive hosts for chemically preintercalated species is bilayered vanadium oxide
(BVO) or §-V205-nH20.'% 1 BVO exhibits intercalation of lithium ions at relatively high voltages
making it an attractive candidate for cathode applications. Vanadium is a transition metal ion that
is present in this material in the oxidation state of +5, and it can undergo several reduction steps.
The layered structure of BVO is characterized by an expanded interlayer region with an interlayer
distance of 11.5 A, which is stabilized by water molecules.'® Additionally, materials such as BVO
are attractive for applications as cathodes in not only Li-ion but also beyond Li-ion batteries, since
the expanded interlayer region can accommodate larger electrochemically cycled ions, such as
sodium and potassium, and there could be a possibility of shielding a larger charge in the case of
magnesium and aluminum ions due to the presence of water in the interlayer region.! In aqueous
energy storage systems, the facilitated diffusion of ions removed from water-based electrolytes
can be enabled by confined interlayer water in BVO structure.?’ Therefore, hydrated layered
compounds, such as BVO, are attractive candidates to be used as electrodes in both aqueous and

non-aqueous energy storage cells.
Diffusion

Preintercalation of vanadium oxide with electrochemically active ions has been shown to lead to
advanced electrochemical performance in non-aqueous Mg-ion batteries’' and aqueous Zn-ion
batteries.”> Both cases demonstrated not only high initial capacity, but also improved capacity
retention and rate capability. The improved electrochemical performance is attributed to the
facilitated diffusion of the electrochemically cycled ions in the structure of the preintercalated host
material.
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Because of the large size and mass of potassium ions hindering their diffusion, we selected K-
preintercalated BVO in non-aqueous K-ion batteries as a system to investigate the effect of
chemically preintercalated electrochemically cycled ions on charge storage properties.' &-
Ko0.42V205-0.25H20 with the interlayer spacing of 9.65 A (Figure 3) showed the initial discharge
capacity of 226 mAh/g at a current rate of C/15 and capacity retention of 74% after 50
discharge/charge cycles. When the current rate was increased from C/15 to 1C, 58% capacity
retention was observed (Figure 3). The mechanism of charge storage was determined to be
dominated by diffusion-controlled intercalation.! We attributed the promising charge storage
properties of 8-Ko0.42V205:0.25H20 electrodes to the facilitated diffusion of electrochemically

cycled K ions through well-defined intercalation sites, formed by chemically preintercalated K*

1ons.
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Figure 3. Chemical preintercalation of K ions for non-aqueous K-ion batteries. (a) SEM image
(the inset shows an EDX spectrum), (b) XRD pattern, and (c) TGA weight loss curve of 6-
Ko0.42V205-0.25H20. (d - f) Electrochemical cycling of the 5-Ko.25V205-0.25H20 electrodes in non-

aqueous K-ion cells. Adapted with permission from ref. 1. Copyright 2018 American Chemical
Society.
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Interestingly, our comparison of three alkali ion systems (Li-preintrecalated BVO in Li-ion cells,
Na-preintercalated BVO in Na-ion cells, and K-preintercalated BVO in K-ion cells) revealed that
in all three cases high initial capacities are exhibited by BVO preintercalated with alkali ions.?
The mechanism of charge storage was investigated using a method based on analysis of the cyclic
voltammogram sweep rate dependence.?* We found that as the size of the electrochemically cycled
ion increases, and the interlayer spacing decreases at the same time, the fraction of the diffusion
limited capacity increases. This finding confirms that chemically preintercalating
electrochemically cycling ions creates specific crystallographic sites in the interlayer region of the
material, which favor accommodation of these ions. As a result, intercalation and diffusion of these
ions during electrochemical cycling are facilitated, leading to high performance of the materials.
At the same time, high capacities decrease during cycling, raising a question of how this initial

high performance can be stabilized.

Pillaring

Pillaring of the BVO with iron,?> manganese and nickel?® showed improvement in electrochemical
stability of the ion-stabilized materials compared to the BVO containing only water in the
interlayer region. It suggests that chemically introduced electrochemically inactive ions form
additional bonds with vanadium-oxygen layers, thus suppressing their expansion and contraction,

also known as the lattice breathing effect, during electrochemical cycling.

We tested the same approach was tested in Li-ion batteries by systematically inserting alkali
(lithtum, sodium and potassium) and alkaline-earth (magnesium and calcium) ions into the BVO
structure via our developed chemical pre-intercalation synthesis route based on H20:2-initiated
reaction in the presence of chlorides of aforementioned cations.>? With an 0-V20s precursor, all

materials demonstrated nanobelt morphologies, only in case of the Ca-preintercalated phase the
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nanobelts were not as well-formed as for other materials (Figure 4a). Analysis of the XRD patterns
revealed that the interlayer spacing can be tuned between 9.6 and 13.4 A by changing the nature
of the preintercalated ions (Figure 4b). Moreover, it was found that the interlayer spacing increases
with the increase in the size of the hydrated chemically preintercalated ions, suggesting the ions

reside in the interlayer region together with their hydration shell.

The pillaring effect was investigated by cycling 6-MxV20s-nH20 (M = Li, Na, K, Mg, Ca)
electrodes in Li-ion cells, where the Li-preintercalated phase served as a reference material
(Figure 4c, 4d). Extended cycling revealed that 6-MgxV20s-nH20 with the largest interlayer
spacing showed the highest capacity retention and rate capability. More interestingly, we found
that the cyclability and rate performance of chemically pre-intercalated BVOs in Li-ion cells
improved with increasing interlayer spacing.? This finding was attributed to a more facile diffusion
of small lithium ions in wider 2D diffusion channels. Additionally, it is believed that chemically
preintercalated ions introduce ionic bonding between the layers of the host oxide phases thus
enabling improved structural stability. Interestingly, it was shown that capacity fading of BVO
electrodes in part is caused by the loss of lamellar ordering of the V-O layers during multiple
intercalation/extraction cycles.?” Therefore, enabling improved structural stability via chemical
preintercalation of ions is an efficient strategy to achieve enhanced electrochemical stability during

battery operation.
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Figure 4. lon-stabilized 8-MxV20s5-nH20 (M = Li, Na, K, Mg, Ca) synthesized via chemical
preintercalation synthesis: (a) SEM images and (b) XRD patterns. (¢ — d) Electrochemical cycling
of the 8-MxV20s5-nH20 electrodes in non-aqueous Li-ion cells: (¢) Cycling performance at a
current density of 20 mA/g. (d) Rate performance at the current rates shown in the figure. Adapted
with permission from ref. 2. Copyright 2018 Elsevier.

While ease of synthesis makes BVO an excellent material for demonstrating the versatility of the
chemical preintercalation approach, other oxides have been successfully synthesized using similar

29, 30 and

processes. Chemically pre-intercalated molybdenum,'® 7 titanium,”® manganese
tungsten®! oxides have been reported, but they have not yet been as extensively studied for energy
storage applications as BVO polymorphs. The chemical versatility of the synthesis approach offers

an opportunity to discover never previously synthesized layered materials and open their

electrochemical charge storage properties for study.
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Figure 5. Control of the hydration degree leading to the improved electrochemical stability of the
0-NaxV20s5-nH20 electrodes in non-aqueous Na-ion cells. (a) Synthesis conditions, (b) XRD
patterns and (e) TGA weight loss curves of the NVO, NVO-a, NVO-h and NVO-ha materials. (c)
Low-magnification TEM and (d) HRTEM images of the NVO-h nanobelt. (f — g) Electrochemical
cycling: (f) cycling performance at a current rate of C/10 and (g) rate performance at the current
rates shown in the figure. Adapted with permission from ref. 15. Copyright 2020 American
Chemical Society.

While the ion-pillaring approach proved to be an efficient and tunable way to control
electrochemical stability, it is important to remember that the interlayer region of chemically
preintercalated BVOs also contains water molecules. An interesting study of the confined water in
the BVO structure showed that it plays a dual role.* First, interlayer water stabilizes expanded
interlayer spacing. But at the same time this water can react with electrochemically cycled lithium
ions forming lithium hydroxide, a poorly reversible process leading to the capacity fading over
cycling.*? Additionally, loosely bound structural water molecules can dissolve in electrolyte during
cycling leading to electrolyte decomposition and a possible interaction with a metallic anode

material and the formation of an insulating oxide/hydroxide layer on the anode surface. Therefore,
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the water molecules that enable large space for ions intercalation needed to achieve high capacity

also cause deterioration of material performance in non-aqueous cells.

Understanding the important role of water in the BVO structure, we attempted to control its amount
in the interlayer region by low-temperature vacuum annealing.'””> By carefully selecting the
temperature of the annealing, it is possible to minimize the amount of stabilizing water molecules
in the interlayer region of BVO without phase transformation. Annealing at 260°C under vacuum
(Figure 5a) led to enhanced electrochemical stability of 8-NaxV20s5-nH20 nanobelts cycled in non-
aqueous Na-ion cells.!> We demonstrated that using low-temperature vacuum annealing, the
interlayer water content can be varied in the 0.50 < » < 1.20 range without a significant change in
the interlayer spacing (Figure 5b-e). The improved capacity retention (Figure 5f, 5g) exhibited
by low-temperature vacuum annealed 8-NaxV20s-nH20 nanobelts was attributed to the partial
removal of the structural water from the interlayer region, formation of additional bonds within
the V-O bilayers, and increased stacking order of V-O bilayers.'> Alternatively, confined water

molecules can facilitate charge storage properties in aqueous energy storage systems? as

demonstrated for tungsten,*® vanadium** and manganese™®

oxides. Therefore, low-temperature
vacuum annealing can be used as an efficient strategy to control interlayer water and

electrochemical charge storage properties of hydrated transition metal compounds.
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Precursor

Another tuning knob that can be used in chemical preintercalation synthesis to achieve
improvements in electrochemical charge storage of the synthesized materials is the transition metal
oxide precursor. Most BVOs discussed so far have been prepared using a sol-gel reaction between
the orthorhombic a-V20s and hydrogen peroxide. Alternative 2D precursors can be found in a
diverse family of 2D transition metal carbides, known as MXenes.*® For example, the reaction
between Ti3C2Tx MXene and H2Oz, carried out in alkaline solutions (NaOH or KOH), produced
ultrathin nanoribbons of layered sodium and potassium titanates.’” MXenes were also used for the
fabrication of 2D MOF sheets and thin films by solvothermally treating V2CTx and meso-tetra(4-

carboxyl-phenyl) porphyrin ligands.*®

Our experiments with the goal to achieve reorganization of the V2CTx framework via anionic
sublattice modification in the presence of alkali and alkaline-earth ions led to the formation of 5-
MxV20s-nH20 (M = Li, Na, K, Mg, Ca).> We conducted the transformation in a two-step process
with the H202-induced reaction followed by hydrothermal treatment. The transformation was
accompanied by chemical preintercalation of alkali and alkaline-earth ions via the addition of
inorganic chlorides into the reaction mixture, leading to the formation of layered polymorphs with
tunable d-spacings in the range between 9.8 and 13.7 A. The absence of carbon D and G spectral
bands in Raman spectra indicated an absence of any bonded or disordered carbon.> A possible
mechanism of transformation involves formation of carbon-based gaseous species emitted from

the reaction vessel, which is consistent with the observed gas evolution during synthesis.

Strikingly, SEM images revealed that by using MXene precursor we synthesized all five
chemically preintercalated phases as 2D sheets (Figure 6a-j), which has never been reported for

BVOs synthesized from a-V20s precursor.? Li-preintercalated material formed flexible nanoflakes
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stacked into a film-like architecture with some pores between the flakes (Figure 6a, 6b). Na-, K-,
Mg- and Ca-preintercalated 6-V20s-nH20 phases showed a flower-like morphology comprised of
2D nanoplatelets growing outward from the center of the flower (Figure 6¢-j). In case of Na- and
K-containing materials, the nanoplatelets are mostly straight, while nanoflakes of Mg- and Ca-

preintercalated phases twist and form more intricate agglomerates.

We selected Li- and Mg-preintercalated MXene-derived BVOs for detailed electrochemical
investigation in Li-ion cells (Figure 6k-p), as these two materials showed the best performance in
case of our synthesis based on a-V20s precursor.? After 50 cycles at a current rate of C/3, the Li-
preintercalated electrode demonstrated a specific discharge capacity of 193 mAh-g™! with capacity
retention of 90%, and the Mg-preintercalated electrode showed a specific discharge capacity of
184 mAh-g! with a capacity retention of 94%.° Interestingly, the best-performing BVO
synthesized from a-V20s showed a capacity retention of only 81.8% after cycling for 50 cycles at
a current density of 20 mA-g'? Impressively, V2CTi-derived 8-LixV20snH20 and §-
MgxV20s5-nH20 electrodes demonstrated exceptional tolerance to high current rates and specific
discharge capacities of 130 mAh-g™!' and 146 mAh-g! at a current rate of 5C, respectively.> We
believe that higher discharge capacity at the highest current rate of Mg-preintercalated electrodes
was caused by the elaborate flower-like surface morphology of the Mg-preintercalated phase,
which enables higher contact area with the electrolyte compared to the stacked particles of Li-
preintercalated phase.> We attributed the advanced electrochemical properties to 2D morphology
of MXene-derived BVOs combined with the structure and composition of the synthesized

materials.
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Figure 6. MXene-derived 6-MxV205-nH20 (M = Li, Na, K, Mg, Ca). (a —j) SEM images of the
individual materials labeled in the figure. (k — p) Electrochemical performance of (k — m) 6-
LixV20s-nH20 and (n —p) 8-MgxV20s-nH20 electrodes in non-aqueous Li-ion cells. Adapted with
permission from ref. 3. Copyright 2020 American Chemical Society.

3. CHEMICAL PREINTERCALATION OF ORGANIC IONS

Hybrid Phases

Inspired by our finding that Mg-preintercalated BVO, with the largest interlayer distance of all
phases synthesized with inorganic ions, showed the highest specific capacity, cyclability and rate
capability, we turned our heads into exploring the possibilities to further increase the interlayer
spacing. We realized that interlayer region can be expanded beyond the limits achievable via
chemical preintercalation of inorganic ions by utilizing large organic molecular ions. Hybrid
V20s/organic materials have been synthesized following two synthesis techniques: (1) interaction

between V205 xerogel with organic species dissolved in liquid media, often water; (2)
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hydrothermal treatment of a-V20s in the presence of organic species. For example, simultaneous
intercalation and polymerization of conductive polymers, such as polyaniline and polythiophene,
was reported.’® Other reports showed insertion of metal coordination complexes*® and
polyelectrolytes.*! It is recognized that due to the negative charge of vanadium-oxygen layers,
insertion of cationic species is most efficient. While synthesis and structure of these V20s/organic

hybrids is described in detail, their charge storage properties were not explored.

In the process of selecting the appropriate organic molecules to be compatible with our H20:-
initiated aqueous synthesis route, we came up with the following criteria. The organic molecules
must be soluble in water, they should form positively charged species, and they should have
variable size to observe tunability of interlayer region. For these reasons, we selected several linear
organic  molecules, decyltrimethylammonia  (DTA), decamethonia (DMO) and
cetyltrimethylammonia (CTA), have been selected in the form of respective bromides (Figure 7a).
We found that the structure of the hybrid products depends on the ratio of vanadium oxide and
organic molecule precursor. At low organic molecule concentration in the sol-gel synthesis step,
regardless of the nature and length of organic species, the interlayer spacing in the produced hybrid
materials was around 12.5-12.7 A (Figure 7b). However, when the concentration of organic
molecules was increased, DTA-, DMO- and CTA-preintercalated BVOs exhibited interlayer
spacing that increased with increase of the length of chemically preintercalated linear organic
molecule (Figure 7b, 7¢). The largest interlayer spacing of about 30 A was observed for the CTA-
preintercalated BVO (Figure 7b, 7d), which was confirmed by both XRD characterization and
TEM imaging (Figure 7e). These results suggest that depending on the concentration of organic

molecules in synthesis, they can adopt different orientations in the interlayer region (Figure 7c¢).
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Figure 7. Chemical preintercalation of (a) decyltrimethylammonia (DTA), decamethonia (DMO)
and cetyltrimethylammonia (CTA) linear organic ion into the interlayer region of BVO. (b) XRD
patterns of the samples with high and low organic ion precursor concentrations and non-
preintercalated 8-V20s5-nH20. (¢) Schematic illustration of the possible orientation of linear
organic ions in the interlayer region. (d) SEM and (e) HRTEM images of 6-(CTA)xV20s-sample
obtained with high organic precursor concentration. (f — g) Extended cycling of all preintercalated
samples synthesized with high organic precursor concentrations in (f) Li-ion and (g) Na-ion non-
aqueous cells. 8-MgxV20s-nH20 electrodes were used as a reference. Adapted with permission
from ref. 13. Copyright 2018 SPIE — the international society for optics and photonics.

It is likely that at low concentrations linear organic molecules reside in the interlayer region with
their chains almost parallel to the vanadium oxide layers. While at higher concentration, linear

organic molecules can orient themselves at an angle possibly up to 90°, corresponding the

orientation perpendicular to the vanadium oxide layers.

We compared the extended cycling performance of all three hybrid materials in Li-ion and Na-ion
cells with the performance of Mg-preintercalated BVO (Figure 7f, 7g). While the initial capacities
were lower for all organic-preintercalated phases compared to the reference, some of them
demonstrated better capacity retention. Most interestingly, CTA-preintercalated material showed

increased capacity over cycling. For this sample, the capacity of 150 mAh/g was measured at cycle
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50, similar to the 50 cycle capacity of Mg-preintercalated BVO. In Na-ion cells, CTA-containing
electrode material again demonstrated activation-like behavior with capacity increasing over
cycling. For Na-ion cells, the first cycle capacity was slightly lower than in the following cycles
for all three phases. Such electrochemical behavior could indicate evolution and re-arrangement
of the interlayer species during cycling that would enable more space for electrochemically cycled

Li" ions.

Oxide/Carbon Heterointerface

Many 2D materials, such as transition metal dichalcogenides, MXenes, layered oxides and all
kinds of graphene-based materials, have been reported as potential electrodes for energy storage.’
Despite high electrochemical activity, individual layered materials have certain limitations, which
can be overcome by combining them by alternating layers of different materials and creating a
heterointerface.'® For example, a major limitation of layered oxides, their poor electronic
conductivity, can be mitigated by arranging layers in such a way that oxide layers will alternate
with layers of conductive material, such as graphene or MXene. In such materials, often called 2D
heterostructures, electrons are transported through the electrically conductive layer and ions move

through open 2D diffusion channels.*?

Assembly can be controlled via a bottom-up approach, in which a 2D heterostructure is grown
from the solution. One of the existing reports revealed a reaction between antimony sulfide,
sodium molybdate, thiourea and glucose to produce a MoS2/C heterostructure with high
performance in Na-ion batteries.*> Enhanced rate performance of the heterostructure compared to
that of pure MoS: was attributed to the intimate contact at the heterointerface enhancing transport

of electrons and Na" ions. The bottom-up strategy to synthesize 2D heterostructure is a promising
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route as it allows control over the sequence of the layers due to the electrostatic interactions and

assembly processes in solution, such as chemical preintercalation synthesis.

Dopamine (DOPA) hydrochloride is a widely used carbon precursor because it can adhere to a
wide range of organic and inorganic surfaces, and it can efficiently polymerize and carbonize
during heat treatment processes.** DOPA is also highly soluble in water which makes it an

attractive carbon precursor to incorporate into an aqueous-based synthesis approach.
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Figure 8. Formation of the oxide-carbon heterointerface via chemical preintercalation synthesis.
(a) Schematic illustration of the synthesis strategy for the preparation of 2D 3-CxV20s5-nH20
heterostructure and reference 6-V20s-nH20 material. (b) XRD patterns and (c¢) Raman spectra of
the d-(Dopa)xV20s precursor, 6-CxV20s5-nH20 and 8-V20s5-nH20 materials. (d) BF-STEM image
of a 6-V20s5-nH20 nanobelt (top) and 2D 3-CxV20s-nH20 nanobelt (bottom) combined with the
averaged line histograms extracted by analyzing contrast in rectangular areas outlined in yellow in
BF-STEM image. (e, f) Electrochemical cycling properties of non-aqueous Li-ion cells containing
2D 3-CxV20s-nH20 heterostructure and 6-V20s-nH20 electrodes. (e) Cycling stability at a current
density of 20 mA/g. (f) Rate capability at increasing current densities shown in the figure. Adapted
with permission from ref. 4. Copyright 2020 American Chemical Society.
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Motivated by their properties, we utilized chemical preintercalation of DOPA molecules between
bilayers of vanadium oxide followed by the hydrothermal treatment, leading to carbonization of
organic molecules, to form a layered §-CxV20s-nH20 heterostructure (Figure 8a).* We found that
chemical preintercalation of dopamine led to increase in the interlayer spacing, which has then
decreased after hydrothermal treatment of the dopamine-preintercalated BVO intermediate phase
(Figure 8b). The (001) peak in the XRD pattern of 2D heterostructure showed clear splitting into
two peaks that correspond to interlayer spacings of 11.2 and 10.6 A. Raman spectra revealed the
presence of highly disordered carbon layers in 2D heterostructure (Figure 8c). The presence of
carbon layers was further confirmed by scanning transmission electron microscopy (Figure 8d).
A line of light grey was observed in the middle of the interlayer regions, which suggested the
presence of a carbon layer. This feature was further highlighted in the line-averaged histogram
extracted from the selected regions. For some parts of the nanobelt, the line-averaged histogram
showed only deep dips in contrast intensity, which correspond to the vanadium oxide layers.
However, in other nanobelt areas, the vanadium oxide bilayers are marked by the deepest dips in
intensity, were accompanied by additional dips in the dark, high intensity interlayer regions, which
provided direct evidence for the presence of carbon layers. We have also confirmed the formation
of the carbon layer by electronic conductivity measurements: the electronic conductivity of the 2D
heterostructure phase was found to be two orders of magnitude higher than that of the pristine

BVO.

We studied the electrochemical performance of the pristine BVO and the 2D heterostructure
electrodes was studied in Li-ion cells (Figure 8e, 8f). At a current density of 20 mA g, BVO
electrodes showed an initial discharge capacity of 219 mAh-g™!, which quickly decayed over

extended cycling, exhibiting a capacity retention of 58% after 30 discharge/charge cycles. While
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the 2D heterostructure electrodes demonstrated a slightly lower initial discharge capacity of 206
mAh-g’!, they exhibited significantly higher capacity retention compared to the reference material,
with 94% of the initial capacity retained after 30 cycles. We attributed the improved capacity
retention to the formation of robust heterointerfaces between the carbon and vanadium oxide
layers, which stabilized the lamellar ordering of the layers and led to enhanced structural and
therefore electrochemical stability. The rate capability evaluated by cycling Li-ion cells at various
current densities clearly showed that the electrode material containing carbon layers exhibited
significantly higher capacities at increased current densities. Such electrochemical behavior
indicates improved charge transport kinetics, leading to improved tolerance of high currents. The
increase in rate capability of the heterostructure electrodes can be ascribed to the improved electron
transport via the carbon layers accommodated between vanadium oxide layers combined with the
presence of 2D diffusion channels available for the electrochemically cycled Li* ion movement.
The presence of the carbon layer in the interlayer region of BVO is likely to affect diffusion of
electrochemically cycled ions, especially in case of defect-rich amorphous carbon. In this work,
however, the carbon layers formed intermittently, and carbon-free areas in the interlayer region
enabled efficient transport of Li" ions. Enrichment of the produced materials with carbon could be
achieved by increasing concentration of organic molecular ions in chemical preintercalation
synthesis process, which can however lead to phase separation and formation of nanocomposites.*’
More studies are required to understand the mechanism of transformation to controllably

synthesize materials with oxide/carbon heterointerfaces.

CONCLUSIONS AND OUTLOOK

The examples discussed in this Account demonstrate that the chemical preintercalation synthesis

approach allows atomic-level control for the preparation of new materials with targeted structures
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and tunable electrochemical charge storage properties. We showed how by selecting precursors in
the reacting mixture, the interlayer chemistry, interlayer distance, and morphology of the produced
layered phases can be controlled, and how these parameters enable tunability of ion diffusion,
electronic conductivity, and structural stability of these materials when they used as electrodes in
reversible reactions of interactions with ions from electrolytes. We believe that more substantial
advances in energy storage technology can be achieved via chemical preintercalation synthesis of
electrode materials. Some progress has been already reported,*® however with the growing family
of chemically preintercalated materials new insights are forthcoming. In the following paragraphs,

we discuss the prospects of chemical preintercalation for future developments.

Hydrated layered ion preintercalated phases showed promise in improving charge storage capacity
and electrochemical stability, however, the hydration degree and interlayer ion content are often
fixed parameters. Computationally guided experiments can help understand how the amount of
confined ions and water will affect charge storage properties, expansion/contraction of the
interlayer region and associated stresses and strains. The variation of chemical composition of the
confined interlayer region needs to be combined with the experimentally measured diffusion
coefficients and computational predictions of the ion diffusion and structure stability, including
diffusion energy barriers and ion diffusion pathways depending on the nature of chemically

13+

preintercalated and electrochemically cycled ions. Chemical preintercalation of Al°" ion into the

interlayer spacing of the oxide structure remained unsuccessful at the time of this account

13* ion can be beneficial not only for the synthesis of new cathode materials

publication. Inserting A
for Al-ion batteries, but it also can allow increasing the interlayer distance beyond that obtained

with chemical preintercalation of Mg?" ion and demonstrate energy storage properties superior to

those achieved by Mg-preintercalated BVO. The radius of the hydrated Al** ion is 4.75 A (for
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comparison, the radius of the hydrated Mg*" ion is 4.28 A), which can lead to the chemically
preintercalated layered oxides with the record large interlayer distance obtained with inorganic
ions. Better control of the chemistry of the layers can further improve charge storage properties of
chemically preintercalated materials. The control of transition metal ion in the composition of the
structural layer can enable further tunability of charge storage properties, including potentials,
specific capacities, stability, electronic conductivity and rate capability. This can be achieved, for
example, by using precursors of different transition metal ions in the synthesis or by utilizing solid
solution MXene precursors. Moreover, it is important to analyze the interactions between pillaring
species and host structure as well as the expansion/contraction of the pillared phases during
electrochemical cycling, requiring joint efforts from the experimentalists and theorists. Some
insights could be obtained through in situ XRD? and operando atomic force microscopy*’
experiments. /n situ monitoring of the interlayer water is necessary to fully understand its dynamics
and how it affects evolution of the components in the system during cycling. Such experiments are
challenging as they require monitoring of not so easily detectable species and a cell as a whole,
which could be achieved by the multidisciplinary team of scientists. Phase evolution of the
chemically preintercalated layered phases at gradually increased temperatures needs further
investigation to understand the temperature stability window for each of the metastable ion
preintercalated oxides. Additionally, chemically preintercalated phases with open layered crystal
structure can serve as precursor to obtain more crystallographically dense complex oxides via
annealing at high temperatures. Understanding temperature-induced phase evolution as a function

of ionic content can enable controllable synthesis of new functional materials.

With organic molecules, it remains unclear how versatile the chemical preintercalation synthesis

approach can be when the nature of the organic ion is changes. For example, chemical
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preintercalation of the redox active organic ions can be used to enhance charge storage properties
of the synthesized materials via combined redox processes associated with transition metal ion in
the structural layer and organic molecules in the interlayer region. In order to synthesize such new
hybrid phases, it is necessary to understand how the chemical composition of organic molecules
affects chemical preintercalation processes. The role of hydroxyl, amine, and aromatic groups
needs to be unveiled. While carbonization of chemically preintercalated dopamine molecules was
shown to lead to improved electrochemical stability and rate capability, it is still unclear how
efficient carbonization of organics can be promoted with the goal of obtaining graphitic rather than

amorphous carbon, and extended carbon layers rather than small islands.

In situ investigation of the chemically preintercalated oxides with expanded interlayer regions can
shed light on volumetric characteristics of charge storage properties. In fact, expanded interlayer
regions assume low volumetric capacity, however only under the assumption that one row of
electrochemically cycled ions intercalates into the interlayer region. However, with expanded
layers, two or more layers of electrochemically cycled ions can reside in the interlayer region.
Such phenomenon has been demonstrated for MXene electrodes cycled ion Na-ion cells.*® No
experimental data exists on the analysis of the atomic structure of discharged chemically
preintercalated oxides. We need to better understand the mechanism of charge storage and in situ

structure evolution of chemically preintercalated electrodes in energy storage devices.

Due to the well-established sol-gel and precipitation chemistries of transition metal oxides,
synthesis of versatile chemically preintercalated materials is possible and new reports are expected
on the synthesis of new materials. In addition, other synthetic approaches, such as ion exchange
reactions® and post-exfoliation chemical preintercalation reactions in solutions,*® can be used. As

a result of these research efforts, materials synthesized via the chemical preintercalation approach
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can advance energy storage technology by offering improved ion storage capacities, controllable

potentials, extended electrochemical stability and higher tolerance towards high currents.
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