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ion—solvent cointercalation chemistries

ab

Haocheng Guo,?® Mennatalla Elmanzalawy, (2°° Prashanth Sivakumar and

Simon Fleischmann (2 *a®

Electrochemical ion intercalation is a multi-step process typically involving transport of solvated ions
through the liquid electrolyte phase, desolvation of ions at the electrochemical liquid/solid interface, and
solid-state diffusion of bare ions within the host electrode. Instead of stripping solvent molecules at the
interface during the desolvation step, ions can also intercalate together with a (partially) intact solvation
sheath into the host electrode, giving rise to cointercalation chemistries. The thermodynamics and
kinetics of ion—-solvent cointercalation processes are fundamentally different from the more common
case of bare ion intercalation. They offer the possibilities of improved kinetics, modified redox potentials,
and enabling intercalation chemistries that are thermodynamically inhibited for bare ions. Thus achieving,
identifying, and controlling electrochemical ion—solvent cointercalation are of importance to the field of
electrochemical energy storage, particularly, in order to enable post-lithium cell chemistries. Herein,
we analyze current efforts of electrolyte formulation and electrode nanoconfinement design to control
inhibit) tools to unambiguously identify cointercalation
phenomena are discussed. While most current efforts singularly focus on the electrolyte formulation, we

(achieve or cointercalation. Analytical
propose a unified approach of matching electrolytes with the host's nanoconfinement environment to
broaden the range and increase the effectiveness of ion—solvent cointercalation chemistries for use in

multivalent ion intercalation, low-temperature batteries, supercapacitors, or dual-ion batteries.

Many rechargeable batteries, like lithium-ion batteries, store energy via redox processes involving electrochemical intercalation reactions of desolvated ions

within the host electrode structure, forming binary intercalation compounds (ion-host). Contrarily, when solvated ions are intercalated into host electrodes,

ternary intercalation compounds (ion-solvent-host) are formed that exhibit different properties. This so-called cointercalation mechanism started to draw
attention when it was shown to enable the intercalation of (solvated) sodium ions into graphite electrodes for the first time, demonstrating that it can enable

novel intercalation chemistries. Furthermore, the energy barrier posed by the ion desolvation step at the electrochemical solid/liquid interface is reduced,

yielding favorable kinetics of the charge storage process. Consequently, many efforts focus on controlling cointercalation phenomena, particularly for emerging

cell chemistries “post-lithium”, which can be relevant for large-scale energy storage. Most research currently considers cointercalation phenomena strictly as
an “electrolyte feature”, while the impact of the electrode is widely neglected or discussed in a different context. This Perspective also puts emphasis on how the

electrode structure can be leveraged to control cointercalation, in particular the nanoconfinement properties of layered and 2D materials. The work
consolidates and unifies the different research directions of cointercalation that study electrolyte formulation or electrode structures in separate contexts.

1. Introduction

network”.! The materials involved have a rich history. One of
the first known intercalation host materials is kaolin clay (mostly

Intercalation reactions are defined as ‘“‘the insertion of ions,
atoms, or molecules into the interplanar voids of a lamellar
structure without destruction of the host’s layered bonding
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consisting of kaolinite, Al03-2Si0,-2H,0), which has been utilized
since ca. 600-700 A.D. in Chinese porcelain manufacturing.” The
confinement of various guest species between the host layers via
intercalation reactions offers a pathway to tailor the properties of
the resulting intercalation compounds.’

Nowadays, intercalation reactions are also of particular
interest to the battery field. Electrochemically driven intercalation

This journal is © The Royal Society of Chemistry 2024
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of ions from a liquid electrolyte into a host electrode is the
prevailing charge storage mechanism of state-of-the-art lithium-
ion batteries (LIBs), as well as of emerging, potentially more
sustainable cell chemistries such as sodium-, potassium-,
magnesium-, calcium-, or zinc-ion batteries.*”

One of the most studied intercalation host materials is
graphite, which can form intercalation compounds with various
guest species. It was found that the electrochemical reduction
of graphite in various alkali-ion containing organic electrolytes
leads to the formation of ternary intercalation compounds con-
sisting of ion-solvent complexes confined between the graphene
layers, e.g., potassium-dimethyl sulfoxide-graphite or lithium-
dimethoxyethane-graphite.*” Such intercalation reactions are
referred to as cointercalation reactions, when they involve the
simultaneous or cooperative intercalation of several species,
ie., ions and solvents, into the host lattice. However, such
ternary ion-solvent-graphite compounds are often unfavorable
for application in LIBs due to their structural instability leading
to graphite exfoliation during electrochemical cycling.®

The success of graphite as an anode material in commercial
LIBs was reliant on the finding that ethylene carbonate (EC)
added to the electrolyte has the ability to form a stable solid
electrolyte interphase (SEI) that is electrically insulating but Li*
conducting.®® This prevents solvent cointercalation, forcing Li*
desolvation at the liquid/solid interface and resulting in the
formation of stable, binary intercalation compounds without
solvent cointercalation.”™"" Similarly, at liquid/solid interfaces
of most researched LIB cathode materials like layered transi-
tion metal oxides, Li" intercalates without its solvation sheath.
As such, most research activity related to LIBs from the 1990s to
the 2010s aimed to prevent or even neglected solvent cointer-
calation phenomena.

When research interest started to shift increasingly towards
“post-lithium” cell chemistries, cointercalation chemistries
gained renewed interest.">'* This is due to the fact that in
post-lithium cells, alternative charge carriers like Na*, K*, Mg*",
Zn>" or Ca®" pose - to a varying degree - increased structural
requirements to intercalation host materials. The reasons lie in
their larger ionic radii and/or higher charge compared to Li".
Most prominently, sodium does not form thermodynamically
stable binary intercalation compounds with graphite,’* but
cointercalation of sodium-ether complexes into graphite shows
favorable electrochemical performance and reversibility,"
enabling the use of graphite anodes even in sodium-ion battery
full cells."® Thus, leveraging cointercalation phenomena can
enable cell chemistries with post-lithium charge carriers that
would not be feasible with the intercalation of desolvated
charge carriers. Several review-type articles give a comprehensive
overview of efforts to control cointercalation phenomena via
modified electrolyte formulation in layered host electrodes.'*"”*8

Besides having an impact on the thermodynamic properties
of the resulting intercalation compounds, the degree of the
intercalating ion’s solvation also impacts the kinetics of the
intercalation process. Electrochemical (co-) intercalation reac-
tions are multi-step processes generally involving (1) transport
of solvated ions through the liquid electrolyte towards the
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Fig. 1 Schematic illustration of a multi-step electrochemical (co-) inter-
calation process. Solvated ion transport trough liquid electrolyte towards
the electrochemical interface, where ions either keep their solvation
sheath (cointercalation) or desolvate during the charge transfer step, and
finally diffuse through the solid-state host towards a vacant lattice site.
Exemplary energetic view of a high energy transition state of an intercalant
during the charge transfer step, which is strongly reduced for cointercala-
tion. lllustration inspired by ref. 27.

electrochemical interface, (2) full/partial desolvation of the
ion (or reorganization of its solvation sheath to some extent)
at the interface, (3) surface transport and/or transport through
an interphase layer to an insertion site (desolvation and surface
transport are usually summarized as the ‘“charge transfer
step”),’® and (4) solid-state diffusion of the intercalant through
the host lattice to a vacant site (Fig. 1).2%*!

The kinetics of the charge-transfer step are strongly influ-
enced by the desolvation process of the intercalating ion at the
electrode/electrolyte interface.”* Cointercalation phenomena
capitalizing on the intercalation of (partially) solvated ions with
minimum reorganization of the solvation sheath into the host
electrode have thus the potential to greatly reduce the charge
transfer resistance.">*® This can be especially relevant for
multivalent charge carriers and/or at low temperature opera-
tion, when full desolvation is associated with large energy
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barriers. Solid-state ion diffusion inside the host electrode can
be accelerated by reducing hopping energy barriers of ions
between adjacent lattice sites.>* The Coulombic/electrostatic
interaction between charge carriers and intercalation hosts can
be reduced in the presence of a (partial) solvation sheath,
potentially offering greater ion mobility. Thus, by directly
affecting the kinetics of the charge transfer and solid-state
diffusion steps, cointercalation phenomena offer the potential
to enable fast-charging and more energy efficient batteries.

There are unresolved challenges associated with the imple-
mentation of cointercalation chemistry into batteries. The for-
mation of ternary ion-solvent-host intercalation compounds
is usually associated with large volume changes of the host
material and/or phase transitions due to the large size of
intercalants, potentially leading to host material exfoliation
and degradation. Moreover, the choice of electrolytes enabling
cointercalation may become limited to solvents with strong
ion-solvent interactions such as ethers,'”*® which are not always
compatible in full cell chemistry. Furthermore, the fundamental
mechanism of cointercalation is still under debate and needs to be
resolved.”®

Overall, given the impact of cointercalation both on the
thermodynamic stability of intercalation compounds and on
the kinetics of charge transfer and solid-state diffusion pro-
cesses, it is critical to develop generalizable design strategies to
achieve (or suppress) ion-solvent cointercalation phenomena.
Currently, such efforts are primarily targeting the electrolyte
formulation, but few works are starting to develop efforts to
control cointercalation by tailoring the electrode structure.
Herein, we aim to bridge both research directions and propose
a unifying approach of matching the structure and chemistry of
ion-solvent complexes in the electrolyte with the geometrical
and chemical nanoconfinement environment in layered host
electrodes. We hypothesize that this will yield enhanced control
over ion-solvent cointercalation and could drastically expand
the playground of electrode and electrolyte chemistries, leading
to an improved rate and stability of various intercalation battery
concepts. Suitable characterization methods for an unambig-
uous identification of ion-solvent cointercalation phenomena
are also presented.

2. Controlling solvent cointercalation
by electrolyte formulation

Typical liquid electrolytes employed in electrochemical energy
storage devices consist of ionic charge carriers (cations and
anions) dissolved in a liquid solvent mixture (with the excep-
tion of ionic liquids). Electrolyte compositions are usually
designed towards high ionic conductivity, their ability to form
stable solid electrolyte interphases, and a wide operating vol-
tage and temperature range.”® In the bulk electrolyte, cationic
charge carriers like Li* or Na' are typically surrounded by a
shell of solvent molecules (solvation sheath). The cation solva-
tion sheath structure is strongly influenced by cation-solvent
interaction, which is primarily driven by the Coulombic
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attraction between cations and polar solvents.>® During the
charge transfer step at the electrode/electrolyte interface, the
solvation sheath can be stripped off (desolvation) and “naked”
cations are inserted into the solid host electrode structure.?®
However, utilizing specific electrolyte formulations, solvent
cointercalation phenomena can be observed, that is, cations
are inserted into the electrode structure together with parts or
the entirety of their solvation sheath, forming ternary intercala-
tion compounds (ion-solvent-host). This section explores how
cointercalation can be achieved (or suppressed) by adjusting
either the electrolyte solvent or the electrolyte salt.

2.1. Controlling ion-solvent cointercalation by adjusting
electrolyte solvent

Graphite anodes became successful in LIB technology because
the addition of ethylene carbonate (EC) solvent to the electro-
Iyte prohibits solvent cointercalation due to its passivating film-
forming abilities (SEI formation).'® Desolvated Na® inter-
calation in graphite is only possible to a negligible extent, but
was shown to be significantly improved by cointercalation of
diglyme solvent in a pioneering work of Jache et al.*

A survey of linear ethers, linear carbonates, cyclic ethers and
cyclic carbonates (Fig. 2A) reveals that reversible electrochemi-
cal sodiation of graphite is only successful in linear ether
electrolytes because they exhibit cointercalation phenomena
(Fig. 2B)."* Yoon et al. demonstrated the thermodynamic
favorability (i.e., negative formation energies) of ternary
Na'-diglyme-graphite compounds because they overcame the
thermodynamically unfavorable local interaction of naked Na*
and graphene sheets.'* Their work based on density functional
theory (DFT) calculations shows that high desolvation energy
barriers (Eqcs) for Na* solvated with linear ethers (Egqes > 2.0 €V
for the first solvent molecule) are a prerequisite for coin-
tercalation."* Additionally, they indicate that the lowest unoccu-
pied molecular orbital (LUMO) level of a Na'-solvent complex
needs to be above the electrode Fermi level to prevent chemical
decomposition.™*

While these conditions are also met by Li*-diglyme com-
plexes, the rate and reversibility of Li'-diglyme cointercalation
in graphite are far inferior compared to those of the corres-
ponding Na‘-diglyme system.*® Jung et al. explained this with
the different ion solvation sheath structures/configurations in
both systems.>" Their calculations demonstrate that the nearly
flat shape of Na'-diglyme complexes leads to significantly
enhanced mobility within the graphite interlayer space.
In contrast, Li'-diglyme complexes show a bent structure that
poses steric hindrance for transport.

The comprehensive work around ternary graphite intercala-
tion compounds demonstrates the significance of the choice of
electrolyte solvent to achieve cointercalation. The feasibility
and performance of solvent cointercalation correlate with (1)
the solvation energy of an ion-solvent complex, (2) the thermo-
dynamic stability of the ternary complex formed after cointer-
calation, as well as (3) the transport properties of ion-solvent
complexes within the host electrode. Moreover, variation of
the cointercalating solvent will also affect the redox potential

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee04350a

Open Access Article. Published on 13 February 2024. Downloaded on 4/4/2026 1:57:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Energy & Environmental Science

1M NaPF, in EC/DEC
1M NaPF, in DMC
1M NaPF, in DEC
1M NaPF, in THF
1M NaPF, in DOL

Current (mA g”)

1M NaPF, in TEGDME

1M NaPF, in DEGDME

Q 1M NaPF, in DME
| 5

00mAg"

0.0 05 25

1.0 15 2.0
Voltage (V vs. Na)

Electrochemical (de)sodiation of TiS,
c 25 w/ different solvents

Maltana (a0 )

0.5

0.0

0 100 200 300
Specific capacity (mA h g'")

Electrochemical (de)lithiation of Ti;C,T, MXene Electrochemical (de) iation of MnO,
Linear ethers Cyclic ethers w/ different solvents w/ (E4) and w/o (Blank) chelating agent
MQ L‘Q‘ 400 800 35
C ¢ 2mvs™ ~.=-- DMSO — o
THE oot > |

= 3
e

ool Cyclic carbonates o 20 400 " 8 ia
Linear carbonates % 8 =
3 2 .

L4 < & g 0 o & > \
oMC DEC EC PC g q < 150
P . . ° ° () "
Electrochemical (de)sodiation of graphite £ Py <)) \ & .
w/ different solvents g o001 L=l & ' 1% cycle in E4
[ o ] —— 25" cycle in E4
1M NaPF, in PC > 05 — — 1% cycle in Blank
— — 25%" cycle in Blank|
2000mA g —400 . -800 0
| 24 B0 8 92 o8 —om 00 0 50 100 150 200 250 300 350 400

Potential versus Ag wire (V)

MD-simulated structure of lithiated Ti;C,T, MXene
w/ different solvents

Capacity (mAh g™')

N

&

3
.

Charged state

200 i .
’q \( ;f 150 . _'
£ { -~
c&sj@“ﬁé& H p
© N 100 2 Q
€astion transport tunnel v ~1800 Hz =
o O (O .
iefea® || W L%
(v ° c LAY LT = Blank
o ¢f a4 B
A AL ’
0 50 100 150 200 250

0.46 Li* per Ti,C, unit
Z,ca (ohm)

Mechanism of reduced reorganization energy

0.37 Li* per Ti,C, unit

Desolvated

©

0.93 Li* per Ti,C, unit

Fig. 2 Concept of controlling ion—solvent cointercalation by variation of electrolyte solvent. (A) Overview of typical organic solvents including linear
ethers (DME: ethylene glycol dimethyl ether, DEGDME: diethylene glycol dimethyl ether, TEGDME: tetraethylene glycol dimethyl ether), cyclic ethers
(THF: tetrahydrofuran, DOL: dioxolane), linear carbonates (DMC: dimethyl carbonate, DEC: diethyl carbonate), and cyclic carbonates (EC: ethylene
carbonate, PC: propylene carbonate). (B) Cyclic voltammograms of graphite in 1 M NaPFg electrolytes using various solvents listed in (A). Reproduced
with permission from ref. 14, Copyright 2017 John Wiley & Sons. (C) Electrochemical (de)sodiation profiles of TiS, electrodes in 1 M NaPFg electrolytes in
DEGDME (here: 2G), THF, and EC/DEC solvents, reproduced with permission from ref. 23, Copyright 2022 John Wiley & Sons. (D) Cyclic voltammograms
of TizC,T, MXene electrodes in 1 M LiTFSI electrolytes in dimethyl sulfoxide (DMSO), acetonitrile (ACN), and PC solvents. (E) Local molecular arrangement
of lithiated TizC,T, interlayer space including cointercalated solvent molecules from molecular dynamics simulation. Reproduced from ref. 33 with
permission from Springer Nature. (F) Galvanostatic profiles of Mgg 1sMnO; electrodes in 0.5 M Mg(TFSI), in DME electrolyte with (E4) and without (Blank)
chelating agent methoxyethyl-amine, (G) electrochemical impedance spectra for both cases, (H) proposed magnesiation mechanisms for both cases
with different reorganization energies for solvation sheath. Reproduced from ref. 34 with permission from AAAS.

(shift to higher redox potentials for longer glyme molecules®’),
which is of importance for practical battery application.
Transition metal dichalcogenides (TMDs) are versatile inter-
calation host materials due to their wide van der Waals gap and
higher electronic conductivity compared to their oxide counter-
parts. It was observed that electrochemical sodiation of TiS, is
electrolyte solvent dependent. In dimethyl ether (2G), the first
sodiation plateau appears at around 1.75 V vs. Na‘/Na, notice-
ably lower than 2.1 V vs. Na'/Na in the case of tetrahydrofuran
(THF) or an ethylene carbonate/diethyl carbonate mixture
(EC/DEC, 1:1 vol%) (Fig. 2C).>* The change in redox potential
is caused by cointercalation of the 2G solvent. This is evidenced
by the emergence of an expanded P3m1 space group similar to
the parent TiS, host, but with an increased c-lattice parameter

This journal is © The Royal Society of Chemistry 2024

from 5.69 A to 14.33 A measured by operando synchrotron XRD
and the significant electrode expansion of 39% shown by
electrochemical dilatometry.>® These findings are confirmed
by theoretical calculations of the desolvation energy, where the
2G solvation sheath is shown to be the most stable among the
studied solvents.?® The lithiation of MoS, can also exhibit coin-
tercalation phenomena when tetraglyme is used as an electro-
lyte solvent.*

MXenes are two-dimensional transition metal carbides (and/
or nitrides) that can be used as cation intercalation hosts. Wang
et al. revealed that the choice of electrolyte solvent highly
influences the charge storage process in TizC,T, MXenes.*?
Fig. 2D shows CVs of Ti;C,T, MXenes in three electrolytes of
1 M lithium bis(trifluoromethylsulfonyl) (LiTFSI) in dimethyl

Energy Environ. Sci., 2024,17, 2100-2116 | 2103
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sulfoxide (DMSO), acetonitrile (ACN), and propylene carbonate
(PC), demonstrating the highest lithiation capacity in PC-based
electrolyte.>® A combination of in situ XRD and MD simulation
correlates the Ti;C, d-spacings in the fully lithiated state with
the interlayer species population to elucidate the origin of the
solvent-dependent lithiation capacity.®® It is shown that bare
Li" intercalates from PC-based electrolyte, but solvent cointer-
calation in DMSO- and ACN-based electrolytes (intercalants
Li"(DMSO), ; and Li"(ACN),5) reduces available lithium inter-
calation sites in the Ti;C, interlayer space (Fig. 2E).*®
Chelants or chelating agents can be used as electrolyte
additives, exhibiting a strongly increased affinity towards cations
thus replacing solvent molecules in the solvation sheath. This was
demonstrated by Hou et al. with methoxyethyl-amine chelants to
improve Mg®" and Ca”* battery chemistries.>* The addition of the
1-methoxy-2-propylamine (M4) chelant to 0.5 M Mg(TFSI), in DME
electrolyte (TFSI = bis(trifluoromethanesulfonyl)imide, DME =
1,2-dimethoxyethane) results in a significantly increased capacity
and reduced overpotential for Mg** intercalation in a layered
Mg, 1sMnO, cathode material (Fig. 2F).>* The authors demonstrate
a reduced charge transfer resistance measured by electrochemical
impedance spectroscopy (EIS) (Fig. 2G), suggesting a mechanism
of energetically favored cointercalation of the Mg*'~chelant
complex due to a decreased reorganization energy / of the solva-
tion sheath upon cointercalation (Fig. 2H).>* The possibility to
control cointercalation with the use of electrolyte additives instead
of substituting solvents can significantly diversify available electro-
lyte chemistries and formulations. This is especially important
considering that electrolytes must be compatible with both nega-
tive and positive electrodes in a functional battery full cell.
We believe that this approach is particularly promising for
multivalent battery chemistries, where high desolvation energy
barriers can be encountered. Further work should also focus on
investigating the mobility of ion-chelant complexes in the
solid-state host electrode for improving the rate performance.
It should be noted that also the opposite effect can be achieved,
that is, preferential desolvation and bare ion intercalation via
electrolyte additives. For example, non-coordinating electrolyte
additives (“non-solvents”) like aryl halides can reduce Coulom-
bic attraction between Li" cations and their solvation sheath by
exerting dipole-dipole interactions towards the solvent.*®

2.2. Controlling ion-solvent cointercalation by adjusting
electrolyte salt concentration

The properties of the cation solvation sheath in bulk electrolyte,
such as the solvent coordination number, sheath composition,
and (de)solvation energy, are also influenced by the concen-
tration of ionic charge carriers dissolved in the electrolyte,
which can have significant implications for electrochemical
charge storage processes. Concentration-dependent variation
of the Li" solvation sheath structure can be observed with
organic solvents like dimethyl sulfoxide (DMSO). Increasing
the lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) concen-
tration from 1.0 M to 3.2 M causes a decrease of DMSO solvation
number towards Li" in the bulk electrolyte from 4.2 to 2.1, as
demonstrated via the deconvolution of C-S symmetric and

2104 | Energy Environ. Sci., 2024, 17, 2100-2116
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asymmetric stretching Raman modes that allow distinguishing
free and solvating DMSO molecules.*® As a result, Li'-DMSO
cointercalation into graphite is observed for 1.0 M electrolyte,
while desolvated Li* intercalates from 3.2 M electrolyte (inter-
mediate behavior is seen in the case of 2.0 M, Fig. 3A).>° The study
demonstrates that an increase in charge carrier concentration of
the electrolyte is an effective strategy to control (in this case,
suppress) solvent cointercalation.

Similar observations are also made for the electrochemical
potassiation of graphite from KFSI in 1,2-dimethoxyethane
(“monoglyme”, or DME) electrolytes. While cointercalation of
DME is observed in 1.0 M electrolyte, bare K" intercalation into
graphite occurs in 5.0 M KFSI in DME electrolyte (Fig. 3B).*”
Similar to the Li-DMSO system, it is also found that the small
solvation number (<2) of DME towards K' in 5.0 M electrolyte
thermodynamically favored desolvated K™ intercalation.>” For
K" storage in a layered hydrogen titanate anode at —60 °C,
cointercalation of DME solvent is necessary to reduce the
interfacial charge transfer resistance. Here, the authors show
that the high binding energy of DME to K' can be capitalized on
when the electrolyte concentration is set to 0.5 M.*®

Concentration-dependent effects were also demonstrated in
aqueous electrolytes, most notably by the introduction of ‘“water-
in-salt” electrolytes, which can enable high voltage lithium-ion
battery chemistries with water-based electrolytes.>® These electro-
Iytes are characterized by high charge carrier concentrations,
where the salt exceeds the solvent in the electrolyte by volume
and/or weight. It was shown that at elevated concentrations of
LiTFSI dissolved in water, the electrolyte is deprived of free water
solvent, cation-anion interactions are increased and anions start
to replace water in the cation solvation sheath.*® About two TFSI -
anions were observed in the Li" primary solvation sheath at salt
concentrations above 20 M, leading to SEI formation upon
cathodic reduction due to anion decomposition and reduced
electrochemical activity of water.*® In highly concentrated electro-
lytes, an increasing influence of the type of anion on the solvation
properties must also be taken into consideration."

Capitalizing on the changes of the solvation sheath proper-
ties in water-in-salt electrolytes and the resulting extended
stable voltage window, Wang et al. investigated the lithium
intercalation properties with TizC,T, electrodes at high anodic
potentials. Comparing cyclic voltammograms (CV) in both
1.0 M and 19.8 M LiCl aqueous electrolytes, the emergence of
a redox couple in the highly concentrated electrolyte is
observed, while an irreversible anodic process takes place in
1.0 M electrolyte (Fig. 3C).*" At the CV peak potentials, abrupt,
but continuous expansion (cathodic sweep) and shrinkage
(anodic sweep) of the TizC,T, interlayer space are observed
by operando XRD.*' Together with mass changes tracked via
electrochemical quartz crystal microbalance with dissipation
monitoring (EQCM-D), the peaks are assigned to a solid-
solution cointercalation process of Li" solvated with ca. 2.85
H,0 molecules (termed ‘“desolvation-free intercalation”),
which roughly corresponds to the solvation number in bulk
19.8 M LiCl electrolyte.*" It is noteworthy that cointercalation in
the case of Ti;C,T, MXenes is experimentally observed after

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Concept of controlling ion—solvent cointercalation by variation of electrolyte salt concentration. (A) Galvanostatic profiles of natural graphite
electrodes in LiTFSI in DMSO electrolytes with 1.0 M, 2.0 M and 3.2 M salt concentration at 37.2 mA g%, reproduced with permission from ref. 36,
Copyright 2010 American Chemical Society. (B) Galvanostatic profiles of graphite in KFSI in DME electrolytes with 5.0 M, 3.0 M, and 1.0 M salt
concentrations at 25 mA g2, reproduced from ref. 37, with permission from Elsevier. (C) Cyclic voltammograms of TizC,Ty electrodes in aqueous 1.0 M
and 19.8 M LiCl electrolytes at 2 mV s~%, with schematics of the proposed lithiation mechanism in different potential regions, replotted and adapted with

permission from ref. 41, Copyright 2021 American Chemical Society.

increasing the salt concentration, which in theory, should
weaken cation solvation (opposite effect as seen in the Li'-
DMSO-graphite or K'-DME-graphite systems). The low anodic
stability limit of dilute aqueous electrolyte, however, prevents
investigation of potential cointercalation behavior in the 1.0 M
LiCl system. The findings underline the importance of discussing
and analyzing the interplay between charge carriers, solvents, and
host electrodes in cointercalation systems.

In summary, formulation of the electrolyte is a powerful tool
to control cointercalation phenomena. The two most prevailing
strategies are either to employ one or a combination of solvents
that leads to a variation of the ion desolvation energy, or to vary
the salt concentration from dilute to highly concentrated,
forcing a change in the composition of the solvation sheath
in the liquid phase. On the one hand, choosing a solvent that
yields high solvation energies of the resulting ion-solvent
complexes is very suitable to achieve cointercalation. On the
other hand, choosing highly concentrated electrolytes with
high salt concentrations can lead to the displacement of solvent
from the solvation sheath already in the liquid phase, thereby
favoring desolvated intercalation. Both strategies, however,
come with drawbacks. The composition of electrolyte solvents
is very important to achieve a highly stable SEI composition,
which is essential for stable battery cycling.** Adjusting solvents in
favor of achieving cointercalation may thus be detrimental to

This journal is © The Royal Society of Chemistry 2024

maintaining a stable SEI on the anode. On the cathode side, the
low oxidation stability of strong solvents like linear ethers may not
be compatible with several high-voltage cathode chemistries.
Utilization of highly concentrated electrolytes can cause decreased
electrolyte conductivity®® as well as increased cost for electrolyte
salts. Consequently, more research efforts in formulating electro-
Iytes for cointercalation should focus particularly on the applic-
ability of the electrolytes in practical cells.

3. Controlling solvent cointercalation
by electrode nanoconfinement design

Following the charge transfer process across the electrolyte/
electrode interface, the intercalants enter the bulk volume of
the electrode material and diffuse to a storage site. While it was
demonstrated in the previous section that this process can be
significantly altered via the cointercalation of solvent molecules
by targeted electrolyte formulation, this section explores how
the degree of ion solvation can be controlled by structural
design of the electrode material.

3.1. Controlling ion solvation by nanopore geometry

Supercapacitors store energy via the mechanism of electrical
double-layer formation, where typically fully solvated ions
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lon desolvation by tuning nanoconfinement geometry in carbon nanopores. (A) Schematic illustration of the geometric nanoconfinement

environment of carbon nanopores causing (partial) desolvation of tetraethylammonium cations (TEA*) and tetrafluoroborate anions (BF,~) from
acetonitrile (ACN) solvent, reproduced with permission from ref. 46, Copyright 2008 John Wiley & Sons. (B) 3D-model of the nanoporous carbide-
derived carbon electrode with well-defined nanoconfinement geometry (0.65 nm pore size) and distribution of cations (blue) and anions (yellow) at
—0.6 V applied cell voltage, red color showing negative surface charge which is close to cations. (C) Positive correlation between the mean degree of
(geometrical) confinement (DoC) and the mean degree of desolvation (DoDS) of activated carbons (AC1, AC2, and AC3) with different average pore sizes.

Reproduced from ref. 47, with permission from Springer Nature.

electrosorb at the electrode/electrolyte interface.** A significant
finding in the supercapacitor community during the mid-2000’s
was that tailoring the pore size in porous carbide-derived carbon
electrodes to fit the size of a “naked” electrolyte ion can lead to
the ion’s partial or full desolvation (Fig. 4A), causing an increase
in capacitance.**® The quantitative correlation between the
degree of (geometrical) confinement and ion desolvation in
porous carbons is demonstrated by a combination of in situ small
angle X-ray scattering (SAXS) and Monte Carlo simulations
(Fig. 4B and C), even in porous carbons with average pore sizes
larger than the solvated ion.*”

Conceptually, there are striking similarities between the
chemisorption of (partially) desolvated ions in (nano-)pores of
porous carbons and the intercalation of (partially) solvated ions
in layered or two-dimensional materials.*® Instead of transport
through a carbon nanopore network, in layered and two-
dimensional electrode materials, ion transport mostly occurs
via diffusion through the interlayer space. The interlayer chan-
nels confine the intercalating ions and/or solvent molecules
during transport, and both the geometry and chemistry of the
nanoconfined interlayer environment will have an impact on
transport and redox properties. Hence, tuning interlayer con-
finement can be a powerful lever to influence the degree of
solvation of intercalating ions and achieve or suppress ion-
solvent cointercalation.

Recent work of Avall et al. demonstrates that cointercalation
of solvated sodium into graphite is accompanied by initial
“flooding” of the interlayer galleries with free solvent mole-
cules, which are subsequently replaced by more solvated
sodium.?® As such, it is argued that cointercalation could be
seen as a mechanism to create electrolyte-accessible “micro-
pores” within the interlayer galleries of layered intercalation
hosts, offering the potential to bridge the gap between classical
battery and supercapacitor materials.>®*® The importance of
nanoconfinement geometry for the accessibility of intercalants
has also been observed in Ti;C,T, MXene hosts, which could
only accommodate ionic liquid electrolyte (in the absence of

2106 | Energy Environ. Sci., 2024, 17, 2100-2116

solvent) when their interlayer distance was expanded above a
certain threshold via the use of pre-inserted alkylammonium
pillars.*® Overall, modification of host materials’ nanoconfine-
ment geometry can increase the accessibility for intercalants,
ranging from large cations to solvated ions to free solvent
molecules. This leads to the fundamental question of whether
the nanoconfined interlayer space can be considered as part of
the bulk electrode or as part of the electrochemical interface,
and if there can be a continuous transition from redox to
double-layer behavior at such nanoconfined electrochemical
interfaces.® Further work is required to understand the funda-
mental charge storage mechanism of confined electrolytes
using model materials with well-defined nanoconfinement
geometries.

3.2. Controlling ion solvation by surface termination
chemistry

Tiz;C,T, MXenes exhibit variable surface terminations which
can be adjusted by the synthesis conditions. Employed as
electrode materials for electrochemical ion intercalation reac-
tions, the degree of ion solvation is dependent on the electro-
lyte solvent, as discussed in the previous section.®® Recent work
demonstrates that the manipulation of MXene surface termina-
tions, ie., tuning of the nanoconfinement chemistry in the
MXene interlayer space, also strongly impacts the degree of
solvation of intercalating ions. Employing a molten-salt synth-
esis route,”® Li et al. obtained chlorine- and nitrogen-oxygen-
terminated Ti;C, MXenes (Fig. 5A), respectively, which showed
a strong difference in electrochemical performance.>' Tested in
3 M H,SO, electrolyte, the authors observe a large increase in
capacity for N,O-terminated (hydrophilic) MXene compared
to Clterminated (hydrophobic) (Fig. 5B). This behavior is
assigned to the cointercalation of water solvent, as demon-
strated by the changes in interlayer spacing via in situ XRD
(Fig. 5C). The hydrophilic, N-O-terminated interlayer chemistry
caused a partial interlayer hydration after soaking of the
electrode in electrolyte for several hours, and an increasing

This journal is © The Royal Society of Chemistry 2024
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number of water molecules entering the interlayer space during
proton intercalation.”™* Similar effects of nanoconfinement
chemistry design were also demonstrated for lithium intercala-
tion from organic electrolyte by Bdrmann et al., who utilized
acidic or basic post-synthesis treatment of TizC,T, MXenes.>
The authors found large structural changes during lithium
intercalation via in situ XRD only for base-treated MXene, which
was ascribed to cointercalation of carbonate solvents, which
was not observed for acid-treated MXenes.>®

The findings imply that the nanoconfinement chemistry in
layered host materials can impact the degree of solvation of
intercalating ions. In aqueous electrolytes, the hydrophilicity
of MXene surface terminations seems to contribute to solvent
water cointercalation by enabling “wetting” of the interlayer
space with electrolyte even prior to electrochemical cycling.
It would be interesting to explore whether such an effect can be
achieved for organic solvents via suitable matching of the
polarity of nanoconfinement chemistry and solvent. So far,
studies exploring nanoconfinement chemistry to control coin-
tercalation are mostly limited to MXene host materials, which
is likely due to their high degree of chemical tunability,
particularly via their surface terminations. It is desirable to
similarly gain control over cointercalation in electrode materials
more readily employed in state-of-the-art batteries, such as transi-
tion metal oxides, to broaden the practical applicability of the
effect.

3.3. Perspective on controlling cointercalation by electrode
nanoconfinement design

The above-described findings demonstrate that targeted
manipulation of the nanoconfinement environment (geometry
and chemistry) of host materials has a strong influence on the
degree of solvation of intercalating ions. This opens an alter-
native and/or complementary route besides electrolyte formu-
lation to control cointercalation phenomena in layered
electrode materials, which is thus far rarely discussed. The
question we try to address in this section is therefore: How
could electrode nanoconfinement enable cointercalation and
how could this effect be practically implemented in a wide
range of host materials relevant to many battery chemistries?

This journal is © The Royal Society of Chemistry 2024

One emerging approach to manipulate the nanoconfine-
ment environment of layered host materials that is indepen-
dent of their chemical composition or morphology is the
insertion of functional pillars into their interlayer space.’*>*
These can be molecules, ions, or clusters that are confined
within the lattice of the host material, opening up the interlayer
space. We hypothesize that such interlayer-functionalized
materials can be tailored towards controlling cointercalation
phenomena, particularly when organic molecular pillars are
chosen which possess a high level of structural and chemical
tunability.

Generally, organic molecules that modify inorganic surfaces
can be seen as being comprised of two components, namely the
anchoring and the functionality components, where the former
establishes interaction with the host lattice (e.g., covalent,
ionic, etc.) and the latter provides a certain functionality.”®
From our perspective, for molecules pillaring inorganic inter-
calation hosts, one can differentiate between (1) a purely
geometrical pillaring approach, in which the only functionality
of the pillars is to increase the interlayer distance of the host
material (i.e., they act as “spacers”); or (2) a chemical pillaring
approach, in which the pillars strongly interact with the elec-
trochemically intercalating ions (or ion-solvent complexes).
Arguably, there is always an interaction between pillars
and intercalants; however, so far this has been insufficiently
addressed.

As a perspective for purely geometrical pillaring approaches,
we hypothesize that the increase of an inorganic host’s inter-
layer distance to fit the size of the solvated ion can lead to the
favorability of cointercalation without prior desolvation at the
liquid/solid interface. In this case, the nanoconfinement geo-
metry of the host material with a widened interlayer distance
can be likened to a micropore in a typical supercapacitor
electrode material, where electrosorption of solvated ions is
commonly observed (Fig. 4).>%*® Chemical pillaring approaches
should leverage the interaction of the pillar functionality with
the intercalants, specifically with the solvent. Depending on
the “miscibility” of organic pillar functionality and solvent,
we hypothesize that cointercalation can either be favored
or unfavored, for example, by creating polar or nonpolar
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nanoconfinement chemistries in the host material matching
with the electrolyte solvent. Recent examples of modified
MXene termination chemistries determining cointercalation
(hydrophilic N,O-terminations enabled solvent water cointer-
calation®') imply the viability of this approach (Fig. 5).

Designing the nanoconfinement environment of the host
material to control cointercalation brings a range of benefits
compared to the more established approach of electrolyte
formulation. Because the interlayer distance can be matched
with the solvated ion size, it can address the issue of excessive
volumetric expansion and host material exfoliation associated
with cointercalation in non-modified host materials like
graphite.”” Choosing pillars with two anchoring groups that
can strongly interact with adjacent layers of the host material
(e.g., by covalent bonding on either side), exfoliation could
effectively be avoided and volumetric changes during reversible
cointercalation could be minimized. The dependence of coin-
tercalation phenomena on strongly solvating electrolytes like
linear ethers (and their associated challenges) can further be
reduced, when modified intercalation host materials enabled
cointercalation from any electrolyte composition. Ideally, matching
of the electrolyte solvent with the nanoconfined interlayer
chemistry of the host can lead to the formation of highly
mobile, nanoconfined solvent networks through which ion
transport kinetics are greatly enhanced.

However, the introduction of functional pillars into the
intercalation host material also brings additional challenges
that need to be addressed. The interaction between functional
pillars and intercalating species has to be carefully considered,
avoiding parasitic/irreversible side reactions between ions and
pillars, irreversible ion trapping, (electrochemically driven)
pillar decomposition, or pillar dissolution in the electrolyte.
A large number of pillars could further pose a steric hindrance
for ion transport,”® hence the number of pillars should be
minimized, while still enabling sufficient structural integrity.
In addition, pillars that only function as geometrical spacers
add ‘““dead weight” to the electrode, potentially lowering the
overall specific capacity. This issue could be addressed by the
addition of redox centers as functional components to the pillar
molecule. Likewise, the decreased density of pillared materials
may lead to lowered volumetric capacities if the storage capacity is
not simultaneously increased in the widened interlayer space.

4. Characterization methods for
cointercalation phenomena

Given the significance of ion-solvent cointercalation phenomena,
in this section, a discussion of suitable characterization techni-
ques to unambiguously identify and analyze cointercalation is
provided. Because solvent cointercalation is an electrochemically
driven process, the first step for its identification lies in the
electrochemical signature of the process, which typically involves
distinct changes in the potential profile compared to the corres-
ponding desolvated ion intercalation. Secondly, structural and
spectroscopic characterization of the host electrode at various
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states of charge (ideally in operando setting) gives important
information about the structural evolution during intercalation,
which differs for desolvated and solvated ion intercalation.
Combining techniques that probe various length scales can be
especially powerful in revealing reaction mechanisms. Further-
more, characterization of the bulk electrolyte phase and the
electrode/electrolyte interphase can provide information about
the nature of electrolyte solvent (e.g., whether solvent molecules
are free or solvating). Finally, combination of experiments with
theoretical simulations can provide the most meaningful insights
and may allow efficient prediction of electrolyte or electrode
combinations that enable or suppress cointercalation.

4.1. Electrochemical identification of cointercalation

The electrochemical signature during (de)intercalation (i.e.,
cyclic voltammogram or galvanostatic potential profile) usually
exhibits distinct characteristics for solvent cointercalation. The
observed electrochemical features of solvent cointercalation
generally include: (1) shifts in redox potential because of
the different free energy of binary versus ternary intercalation
compounds, (2) emergence of pseudocapacitive features
(rectangular CV or sloping galvanostatic profile) due to reduced
ion-host interactions,*>** and/or (3) reduced maximum capacity
because of space constraints and reduced electron transfer.>*°
A comparison between Li" intercalation into graphite from
EC/DMC (bare Li" intercalation) and diglyme (cointercalation)
electrolytes clearly shows the emergence of additional peaks,
shifted to higher redox potentials, and a more pseudocapacitive
current contribution in the region between 0.5 and 0 V, while at
the same time exhibiting reduced specific capacity (Fig. 6A).*°
It should be stressed that these points are merely first indicators
that are not sufficient proof of ion-solvent cointercalation, but
require further, more detailed investigation.

Electrochemical impedance spectroscopy (EIS) is powerful
to probe processes in an electrochemical cell at various time
scales. For solvent cointercalation, the charge transfer resis-
tance (usually represented by a semi-circle feature in the
Nyquist plot in the medium frequency range) is decreased
compared to bare ion intercalation due to the lower ion
desolvation energy barrier (Fig. 2G). Another important aspect
that is the change in electrolyte concentration (and hence
conductivity) when the bulk electrolyte is depleted of free
solvent molecules while the number of ions remains constant.
Electrolyte conductivity can be measured by EIS (derived from
the intercept with the real impedance axis of Nyquist plot at
high frequency) at various states of charge, giving (semi-)
quantitative information about the insertion of free solvent
molecules (i.e., non-solvating) into the host electrode.”®
All electrochemical measurements indicating solvent cointer-
calation should, however, be verified with simultaneous struc-
tural and/or physicochemical characterization.

4.2. Structural and physicochemical identification of
cointercalation

Among the most useful tools to structurally identify solvent
cointercalation is X-ray diffraction (XRD) at different states of

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Characterization of ion—solvent cointercalation. (A) Cyclic voltammograms of bare Li* intercalation (blue) and Li*—diglyme cointercalation (grey)
in graphite electrodes, reproduced from ref. 30 with permission from the Royal Society of Chemistry. (B) Operando synchrotron XRD (/. = 0.826 A)
pattern of Li*—solvent cointercalation in TiS,, showing the two-phase mechanism with coexistence of Li,"—TiS, phases from (001), (101), and (110) signals
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(C) Resonance frequency shift from EQCM measurement during one sodiation—desodiation cycle of TiS, from aqueous 1 M NaCl electrolyte including
theoretically calculated frequency profiles for different degrees of water cointercalation, reproduced with permission from ref. 69, Copyright 2018
American Chemical Society. (D) MD simulated transport of Li*/Na*-diglyme complexes in graphite, with initial (left), transition-state (middle) and final

(right) structures, reproduced from ref. 31 with permission from Elsevier.

charge, specifically of low-indexed reflection signals which
correspond to the evolution of the most expanded lattice plane
distances. It is important to differentiate between (1) the case of
a two-phase (or multi-phase) reaction involving one or several
phase transitions and (2) a solid-solution reaction without
phase transitions. Multi-phase reactions involve the formation
of a new crystal structure of the cointercalated compound in
addition to the original phase. This case can be identified by
the sudden appearance of new, additional reflections, most
often at very low 20 angles corresponding to significant lattice
expansions due to the large size of ion-solvent complexes.
In this case, the ternary intercalation compound has a structure
strongly different from the deintercalated host material. It can
exist next to a secondary intercalation compound if not all ions
intercalate with an intact solvation sheath. Such behavior is
demonstrated by Houdeville et al. in the case of lithium
intercalation in TiS, in electrolytes with and without PC sol-
vent, where only in the former case, a new cointercalation
phase was formed and identified by the appearance of new
(000), signals (I =1, 2, 3) (Fig. 6B).°° Solid-solution reactions are
characterized by continuous shifts of the reflections from the
original structure without emergence of any new peak. A typical
example is cointercalation reactions in Tiz;C,T, MXenes.

This journal is © The Royal Society of Chemistry 2024

Depending on the size of the ion-solvent intercalant, the shift
of the Ti;C,T, (0002) diffraction signal can be very large, as in
the case of Li'~(H,0);,*! or more moderate for Li*~(ACN), 5 and
Li*~(DMSO0), 3.*

The expansion/shrinkage during electrochemical cycling can
be macroscopically determined on a particle level by electro-
chemically coupled atomic force microscopy (in situ AFM) and
on an electrode level by electrochemical dilatometry (ECD).>”"**
It should be noted that these methods can be sensitive to
secondary influences like electrode porosity, SEI formation, or
gas evolution.®” Also, height changes are only tracked in one
dimension, which can complicate an unambiguous identifi-
cation of solvent cointercalation. Hence in situ AFM and ECD
should serve as complementary methods. However, they
remain very useful especially when (in situ) XRD is complicated
by technical limitations, such as recording diffraction signals at
very low angles (e.g.,<5° 20 with Cu Ko radiation) with in situ
cells in Bragg-Brentano geometry.

Solid-state nuclear magnetic resonance (sSNMR) is a suita-
ble tool to identify solvent cointercalation, particularly in the
case of aqueous electrolytes (water cointercalation). Because
the spectra of "H nuclei are characteristically different depend-
ing on the environment, ssSNMR can distinguish the signals
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from surface adsorbed water, surface confined water and lattice
water.®® One such example of ssSNMR is the clarification that
the previously suspected hydronium intercalation (i.e., H'(H,0),
cointercalation) in layered o-MoO; does not happen, instead water
is completely desolvated at the interface and merely bare protons
are insert into the electrode bulk lattice.*® Furthermore, sSNMR is
capable of providing quantitative results, such as the quantifica-
tion of intercalated water in V,05-nH,O with Zn**.** Analysis of
other solvents is also available such as the uncovered structure
and dynamic behavior of the sodium-diglyme complex in the
graphite electrode via the spectra of *H,* combined 'H, *C
and **Na spectra,®® or 'H-"*C and 'H-’Li cross-polarization
experiments.®’

Electrochemical quartz crystal microbalance (EQCM) is a
highly sensitive gravimetric probe for measurement of real-time
electrode mass changes during electrochemical cycling. The
quartz crystal microbalance measures the resonance frequency
of a quartz crystal (sensor) on which the electrode material is
coated. The resonance frequency shift during electrochemical
operation can then be related to the electrode mass change via
the Sauerbrey equation, under the condition that the electrode
coating is rigidly attached to the sensor.®® Comparing the mass
change with the stored charge, the mass of the intercalant per
transferred electron can be calculated, allowing to distinguish
between naked and solvated ions based on their different
molecular weight. Srimuk et al. demonstrated this method
by identifying Na" intercalates into TiS, together with about
1-1.5 H,0 molecules from an aqueous electrolyte (Fig. 6C).*°
Even though this method can yield quantitative information
about cointercalation phenomena, it should be noted that the
linear relation between resonance frequency and mass is only
valid in the absence of dissipation, which requires ideally
rigid coatings of active materials on the quartz sensor. This
necessitates high quality and thin coatings, and electro-
deposition of the active material onto the quartz sensor can
be particularly effective.”’ Concerning limitations of the
method, it should be noted that solvent molecules adsorbed
on the surface (but not cointercalated into the bulk electrode) will
also contribute to the measured signal. Furthermore, contribu-
tions from inactive electrode components (conductive addi-
tives, binders, etc.) and potential electrode dissolution during
cycling need to be considered. Complementary gravimetric
methods without precise, real-time information include simply
weighing the electrode at various states of charge,”>”> and
thermogravimetric analysis (TGA) of electrodes at a certain
state of charge.”

4.3. Characterization of cointercalation by theoretical
simulations

Theoretical simulations are powerful to describe the interaction
between the components involved in the charge storage pro-
cess, ie., the interaction between the electrolyte components
(ion-solvent interaction) and the interaction of the electrolyte
within the host electrode (ion-solvent-host and/or ion-host
interaction). The first step is to determine the free energy of
components by density functional theory (DFT) calculations.
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This way, the solvation energy of various ion-solvent complexes
can be determined in the bulk electrolyte phase. A comparison
of the desolvation energies for selected Na'-solvent complexes
reveals that cointercalation into graphite host electrodes takes
place when the desolvation energy barrier is above ca. 2 ev."*
DFT is also suitable to calculate the free energy difference
between binary and ternary intercalation compounds. It was
demonstrated that the formation of binary Na‘-graphite com-
plexes is thermodynamically unfavorable and hence cointerca-
lation is required to form a stable (ternary) intercalation
compound.**

Molecular dynamics (MD) simulations provide information
about time-dependent phenomena, thereby extending the
(static) equilibrium information provided by DFT. In the bulk
electrolyte phase, MD is useful to calculate the (dynamic)
composition of the solvation sheath. This is particularly useful,
for example, for highly concentrated electrolytes. MD was used
to reveal the critical concentration threshold beyond which
anions begin to displace solvent molecules from the cation
solvation sheath.®® In the context of solvent co-intercalation,
MD can simulate the diffusion behavior of ion-solvent com-
plexes in the host electrode. For example, the population of
various Li"-solvent complexes in Ti;C,T, MXene interlayers was
calculated by MD for different solvents (Fig. 2E) to support the
dynamic expansion of the d-spacing observed by in situ XRD.*?
A further case compares the transport of Na‘'-diglyme and
Li'-diglyme complexes along the graphite interlayer space via
ab initio molecular dynamics (AIMD), and provides a clear
explanation for the higher diffusivity of the Na'-diglyme
complex. As shown in Fig. 6D, the flat configuration of diglyme
molecules coordinating Na* promotes facile transport. Contra-
rily, diglyme molecules coordinating Li" are bent thus causing
steric hindrance that slows down transport.

In this section, characterization methods suitable to identify
cointercalation phenomena in layered and two-dimensional
host materials were summarized. As best practice, we propose
that several methods should be combined to unambiguously
verify the phenomenon. If researchers work with modified
electrolyte formulations, it can be beneficial to also test a
standard electrolyte in which no cointercalation would be
expected (e.g., with a lower solvation energy or different solva-
tion sheath in the liquid phase) to elucidate the difference in
the electrochemical signature. Likewise, if modified intercala-
tion hosts are utilized which exhibit signs of cointercalation,
the corresponding, non-modified host material should be
evaluated in which ion intercalation without solvating mole-
cules is observed as a suitable comparison.

5. Future opportunities and challenges
of cointercalation chemistries

Solvent cointercalation phenomena significantly impact the
properties of electrochemical charge storage processes, span-

ning all aspects from thermodynamic to kinetic properties.
In previous sections, how to control the degree of solvation

This journal is © The Royal Society of Chemistry 2024
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Optimizing cointercalation in interlayer-modified host electrodes:
Unified approach of matching intercalant structure (ion-solvent complex) with host electrode nanoconfinement properties
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Fig. 7 Unified approach of matching the intercalant structure with host electrode’s nanoconfinement properties. Schematic illustration of strategies for
controlling the degree of ion-solvent cointercalation in 2D or layered host electrode materials: from the electrolyte side, both the stability and
composition of the solvation sheath can be varied by the type of solvent and concentration of salt. From the electrode side, the nanoconfinement
geometry and chemistry of the host structure can be tailored to promote or inhibit cointercalation. Optimized cointercalation chemistries will involve a
concerted development and matching of both the electrolyte and electrode components.

of an intercalating ion was discussed, i.e., either promoting or
inhibiting ion-solvent cointercalation, via either electrolyte
formulation or electrode nanoconfinement design, or combi-
nations thereof (Fig. 7). In the following, general opportunities,
challenges and open questions of cointercalation phenomena
will be briefly discussed with a focus on the effects on practical
electrochemical applications, also highlighting the perspectives
for various cell chemistries.

5.1. Redox potential of cointercalation reactions

Cointercalation of an ion-solvent complex into a host lattice
causes a variation of the chemical potential of the stored charge
carrier, and hence, changes the redox potential of the charge
storage process. In graphite intercalation compounds, cointer-
calation generally causes a shift to more positive redox poten-
tials (for Li*, Na*, and K" cointercalation),’®*” whereas a more
negative redox potential was found for cointercalation of Na'-
diglyme in TiS,.*® Cointercalation can even lead to charge
storage over a widened potential window with little contribu-
tion of distinct redox peaks (“pseudocapacitance”), for exam-
ple, in TizC,T, MXene host materials.>" So far, there has been
no observable, unambiguous trend for the direction of the
redox potential shift of cointercalation reactions. This lack of
understanding has to be urgently addressed, because the redox
potential will directly affect the cell voltage of practical devices
employing cointercalation chemistries. Hence, the perspective
of tailoring electrode redox potentials via controlled cointerca-
lation offers opportunities for cell voltage optimization.

This journal is © The Royal Society of Chemistry 2024

5.2. Charge storage capacity of cointercalation reactions

The specific capacity of cointercalation reactions sometimes
drastically differs from bare ion intercalation, as demonstrated
for the intercalation of Li" and Na* from different electrolytes
into graphite. Here, the specific capacity for lithium-diglyme
cointercalation is reduced by ca. two thirds compared to bare
lithium intercalation into graphite.’® For Ti;C,T, MXenes
tested in three different electrolyte solvents, the lithiation
capacity is the highest when no solvent cointercalation is
observed (PC electrolyte).>® However, while cointercalation is
far more pronounced from DMSO than from ACN electrolyte,
with almost three times the number of DMSO solvent mole-
cules cointercalating, the capacity from DMSO electrolyte is
also increased by about 25% compared to ACN electrolyte.*?
This prevents drawing a clear trend between cointercalation
and specific capacity from the study. In TiS,, the specific
capacity of Na'-diglyme cointercalation is barely reduced com-
pared to bare Na” intercalation.?® It is likely that the reduced
charge storage capacity of cointercalation in some systems is
the result of geometrical effects like interlayer crowding and
active site occupation by excess solvent. However, this does not
address other contributors to the charge storage capacity like
changes in the active sites, where there is the possibility of
additional ions being stored in the strongly expanded interlayer
space. Changes in the nature of the charge storage process
also need to be considered like the possibility of a transition
from redox to double-layer charge storage mechanisms, or
a combination of their contributions.*® Overall, the effect of
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cointercalation on the charge storage capacity (and mechanism)
seems highly system-specific (ion, solvent, and host) and requires
more fundamental understanding, especially for host materials
beyond graphite. Matching of ion-solvent-host composition,
especially with optimized nanoconfinement geometry and
chemistry of the host material, offers the opportunity to enable
cointercalation without a (significant) capacity penalty.

5.3. Transport properties of confined ion-solvent complexes

The ionic transport properties in ternary cointercalation com-
pounds will differ from the classical solid-state diffusion of
bare ions in binary intercalation compounds. First, the solva-
tion sheath can shield the ionic charge to some extent, which
will result in reduced electrostatic interaction between ions and
hosts, potentially increasing diffusion rates. This likely also
impacts the energetically preferred diffusion path of interca-
lants through the interlayer. Furthermore, as a result of coin-
tercalation, nanoconfined solvent networks will be formed
within the host lattice through which ion transport could be
greatly facilitated, with the potential to blur the boundaries
between solid-state and liquid ion diffusion mechanisms. This
was already shown to be highly beneficial for proton transport
through nanoconfined water networks in MXenes, Prussian
blue analogue, or oxide host lattices, where a unique structural
diffusion mechanism (ie., Grotthuss-transport rather than
common vehicular ion transport) associated with significantly
faster kinetics is predicted.”*”® Considering that similar struc-
tural diffusion is also reported for Li" in superconcentrated
electrolytes”” or iodide within 1-ethyl-3-methylimidazolium/I,
ionic crystals,”® it seems feasible that cations may also benefit
from increased diffusivity in nanoconfined (organic) electrolyte
networks within host lattices. Such nanoconfined electrolyte
networks likely require a combined matching of nanoconfine-
ment properties of the host with the electrolyte composition.
This could offer an avenue towards fast-charging cointercala-
tion battery chemistries.

5.4. Electrochemical stability window

Cointercalation may widen the electrochemical stability window
of electrolytes and potentially enable charge storage at highly
reductive potentials without the formation of SEI layers. This
prospect is especially relevant for high power batteries, where
ionic transport through the SEI can limit the maximum rate.
The feasibility was demonstrated for Na‘-diglyme/triglyme
complexes in graphite, where solvent reduction is prevented
when the LUMO level of the ion-solvent complex is above the
Fermi level of the graphite host."® It remains an open question
whether SEI layers can be formed and optimized that are
penetrable for ion-solvent complexes. On the cathode side,
the oxidation stability of some solvents employed in cointerca-
lation chemistries, such as linear ethers, may not be compatible
with high-voltage cathodes. This could be addressed by using
host materials with a modified nanoconfinement environment,
allowing cointercalation from more electrochemically stable
electrolytes, or by the formulation of novel, strongly solvating
electrolytes with high anodic stability.
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5.5. Cointercalation chemistries for post-lithium cell
chemistries

Advancing the understanding of cointercalation processes will
further stimulate the development of new, post-lithium battery
chemistries, for which currently the choice of electrode materi-
als is still severely limited. In cell chemistries using multivalent
charge carriers (like Zn**, Mg”*, Ca®", etc.), the ionic charges
pose tremendous barriers for the insertion and transport in the
cathode materials involved”® (the cells usually rely on the
respective metal anodes). High desolvation energy barriers
may thermodynamically prohibit or at least kinetically limit
the intercalation of fully desolvated ions in many hosts, leading
to limited choice of cathode materials, large overpotentials/low
energy efficiency, and poor cycling stability. A suitable strategy
to alleviate these issues is the use of cointercalation chemis-
tries, which thus far have been implemented for multivalent
insertion-type cathodes by using strongly solvating electrolytes
or additives.**”®° Designing electrode materials with tailored
nanoconfinement properties that enable the intercalation of
multivalent ion-solvent complexes could significantly advance
such batteries and broaden the pool of feasible electrode
materials, as well as the number of electrolyte compositions
which is so far very limited for multivalent chemistries.

Batteries operated at low temperatures face similar issues of
high desolvation energy barriers and sluggish solid-state diffu-
sion, which can be alleviated by cointercalation, for example,
enabling K' storage in a layered hydrogen titanate anode at
-60 °C due to cointercalation of DME solvent.*® Dual-ion
batteries relying on anion intercalation into the cathode can
be plagued by excessive cation cointercalation. Here, achieving
favorable anion dissociation and preventing cation cointercala-
tion in the cathode are key towards improving the electro-
chemical performance.’’ This underlines that particular
attention has to be paid to the charge storage mechanism
and identifying the intercalating species, since both cation-
solvent and cation-anion complexes are feasible intercalants,
depending on electrolyte composition. Combined electrolyte
formulation and electrode nanoconfinement design offer the
opportunity to advance such new cell chemistries and enable
low operating temperatures. This is due to the ability of a
unified approach to both select the nature of the intercalant
by electrolyte design to tailor solvation sheath composition in
the liquid phase and provide the nanoconfinement geometry
and chemistry required for efficient cointercalation and trans-
port of that respective intercalant.
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