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ABSTRACT: Ion electrosorption and insertion form the basis of two
commercialized electrochemical energy storage technologies: electric double-
layer capacitors and lithium ion batteries. These processes are also of interest for
emerging applications in water treatment, critical element extraction, and
neuromorphic computing. The kinetics of electrosorption and insertion are
intimately related to the mechanical deformation of the host material. This
Perspective discusses the following: (1) similarities and differences in the
deformation response of materials due to ion electrosorption and insertion, (2)
correlation between mechanical and electrochemical response via several operando
techniques, and (3) how the understanding of deformation can guide the design of
new electrosorption and ion insertion materials with faster kinetics.

Electrochemically driven adsorption (electrosorption)
and insertion of ions into solid-state materials form the
basis of two commercialized electrochemical energy

storage (EES) technologies: electric double-layer capacitors
(EDLCs)1 and lithium-ion batteries (LIBs).2−4 Figure 1
illustrates the device schematic for both of these: in an
EDLC, energy storage occurs via ion electrosorption onto high
surface area carbon electrodes5 while in a LIB, energy storage
occurs via Li-ion insertion into anode and cathode hosts.6

Electrosorption and insertion of ions are also considered for
emerging applications, such as desalination,7 ion separation,8

recovery of elements,9 and neuromorphic computing.10,11 In all
of these applications, the power is fundamentally limited by the
kinetics associated with ion electrosorption and insertion into a
solid-state host electrode. It is highly desirable, if not necessary,
for such devices to operate on minute or even second time
scales, which drives the search for electrosorption and insertion
hosts with fast kinetics.
At first glance, there appear to be few similarities between

ion electrosorption, an electrostatic/nonfaradaic process, and
ion insertion, a chemical/faradaic process that involves ion
desolvation, electron transfer, and solid-state diffusion.
However, the degree of interaction between an ion and
electrode host lies on a continuum, with nonfaradaic
electrosorption and desolvated ion insertion at either end.

This is why, for example, insertion reactions in LIBs can be
described by modified adsorption isotherms.12,13 Moreover,
these processes share a common feature that upon charge
storage, the host solid-state electrode undergoes structural
rearrangements that lead to deformation.14,15 For example, the
relative height of an EDLC activated carbon electrode changes
up to 1.8% because of the electrosorption of ions from the
electrolyte (Figure 1C).16−18 In the case of LIBs, electro-
chemical cycling can lead to reversible expansion and
contraction (Figure 1D).19 Such dimensional changes
primarily arise from the relationship between ion electro-
sorption or insertion capacity and deformation in the host
electrode material. This leads to fundamental coupling
between current associated with ion electrosorption and
insertion and the dynamic mechanical response of the host
electrode that makes it possible to understand kinetics of
charge storage from the deformation response. Moreover, the
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concept of minimizing the deformation of the electrode while
maintaining capacity could lead to new designs for host
materials with fast kinetics and long lifetimes.
The purposes of this Perspective are to discuss (1)

similarities and differences in the deformation response of
materials due to ion electrosorption and insertion, (2)
correlations between mechanical and electrochemical re-
sponses via several operando techniques, and (3) how the
understanding of deformation can guide the design of new
electrosorption and ion insertion materials with faster kinetics.

Origins of Deformation in Electrosorption and Insertion-Type
Charge Storage and Operando Characterization. The close
coupling of electrochemical kinetics with mechanical response

begins at the atomic scale for both electrosorption and ion
insertion and manifests itself across length scales, from local to
the cell-level. While smaller than the volume changes that
occur during ion insertion, deformation associated with
electrosorption is still significant and can be between 1 and
2% depending on the electrode material, electrolyte solvent,
and ion.20 Moreover, if the operating voltage of EDLCs is
extended >4 V in order to increase the energy density, the
deformation associated with electrosorption will play an even
more significant role in the device power and lifetime.
Electrosorption into high surface area materials such as
activated carbons (>1000 m2 g−1) involves pores with
diameters that approach the desolvated ion size.21−23 Electro-
chemical double layer (EDL) formation in such a confined
environment, where the pore size essentially matches the
desolvated ion size, is significantly different from the EDL
formed at a planar interface described by Guoy−Chapman−
Stern theory.22 The lack of space available for the formation of
the diffuse layer leads to overlapping EDLs as described by
modified Donnan models.24 Deformation from ion electro-
sorption can arise from two processes: (1) change in osmotic
pressure due to changes in ion concentration at the EDL and
(2) variation in bond length due to changes in the electrode
density of states arising from electron or hole doping.25−27

Figure 1. Overview of electrosorption and insertion-type mechanisms and their respective relationships between electrode deformation and
charge storage. (A) Schematic of an EDLC, where the inset illustrates ion electrosorption into nano- and subnanometer pores of a high
surface area carbon electrode. Adapted from ref 5 with permission from Elsevier. (B) Schematic of a LIB with two insertion-type electrodes
as the anode (graphite) and cathode (LiMO2, where M is typically a third-row transition metal such as Co, Ni, or Mn). Adapted from ref 6.
Reprinted with permission from AAAS. (C) Electrosorption-induced deformation (as relative height change) of an EDLC electrode in an
ionic liquid electrolyte. The asymmetry of the parabolic curve is due to differences in the ionic radii of the cation and anion. Adapted from
ref 16 with permission from Elsevier. (D) Swelling (expansion) of a LiNi1/3Mn1/3Co1/3O2/graphite LIB during electrochemical cycling at a
rate of C/3 (charge/discharge within 3 h). Adapted from ref 19 with permission from Elsevier.

There is fundamental coupling be-
tween current associated with ion
electrosorption and insertion and the
dynamic mechanical response of the
host electrode that makes it possible to
understand kinetics of charge storage
from the deformation response.
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Molecular dynamic simulations of the pressure effect indicate
that deformation arises from forces generated as a result of the
van der Waals and Coulombic interactions between the
electrosorbed electrolyte ions and the carbon electrode pore
walls.26 These forces generate a pressure on the carbon
electrode that depends on the pore size and applied voltage.18

When the ion size approaches the pore size, the forces on the
pore wall depend on the pore size and show an oscillatory
behavior.28 This can lead to observed asymmetries in the
electrode volume change when the cations and anions are of
different sizes.16,26

The insertion of a desolvated ion accompanied by electron
transfer, as in LIBs, leads to changes in bond lengths and
angles of the host structure, with or without a structural
transformation.14,29,30 The fundamental connection between a
faradaic process and mechanical response is evident even with
a simple molecule undergoing oxidation, such as ferrocene,
which exhibits no change in structure when oxidized to
ferricenium but does show lengthening of the Fe−C bond by
∼5%.31,32 In ion insertion electrodes of extended solid
structures, these concerted atomic-scale strains lead to volume
changes, stress generation, and even phase transforma-
tions.33−35 If the solid-state diffusion of the inserting species
in the host is sluggish, the presence of a concentration gradient
in the material can result in diffusion-induced stress between
the inserted versus noninserted regions due to spatial
mismatches in strain.36−40 Stresses that develop during
insertion or externally applied stresses can affect the total
electrochemical potential of the system, which can couple back
to alter the insertion kinetics.41,42 Such effects can be
exacerbated because of nonuniformities or other gradients in
the system.43,44 In most systems, compressive stresses develop
during insertion, and this tends to slow subsequent insertion
kinetics. Rate limitations can also arise from electrochemically
induced structural transformations that lead to the nucleation
of new structural phases.45

From a mathematical standpoint, ion electrosorption and
insertion both lead to structural changes, or strains, in the
materials where the strain (ε) takes the form

L0
ε δ=

(1)

and δ is the deformation (e.g., change in bond length, L − L0)
and L0 is the original length. In the case of insertion, a
proportionality has been observed in several systems between
the accumulated charge (Q) and elastic strain as a function of
time:46,47

Q ε∝ (2)

In the case of EDLCs, the strain scales with the square of the
charge because of the nature of the ion electrosorption process
around the point of zero charge (PZC) and thus26

Q2 ε∝ (3)

In simple terms, the deformation scales with the amount of
charge storage. In the same manner, the rate of electrode
elastic deformation is related to insertion current for cyclic
voltammetry experiments with constant sweep rate (dV/
dt):46−48

Q
t

I
t

d
d

d
d
ε= ∝

(4)

where t is time and I is current. For galvanostatic charge−
discharge tests, the following relationship was observed by
Schiffer et al.:48

V
Q Q

d
d

d
d

2

2
ε∝

(5)

Together, these relationships allow for the correlation of
mechanical response with operando measurement of deforma-
tion during ion electrosorption and insertion-type materi-
als.35,49

Because electrode deformation at the local and cell level is a
direct measure of the extent of charge storage, many
techniques are available for operando characterization of
electrode deformation during ion electrosorption and
insertion.50,51 They differ significantly in terms of spatial and
temporal resolution as well as ease of implementation. Here we
highlight examples from four techniques that are relatively
straightforward to implement for operando electrochemical
characterization: (1) electrochemical dilatometry, (2) digital
image correlation (DIC), (3) atomic force microscopy (AFM),
and (4) beam curvature techniques. The first three techniques
calculate strain via measured electrode deformation and the
last technique measures the curvature change of a substrate to
obtain the insertion-induced stress in thin-film electrodes.
Electrochemical dilatometry measures deformation by measur-
ing strain perpendicular to two parallel pistons or via a linear
variable differential transformer (LVDT).48 DIC compares 2D
images of electrodes recorded optically and uses feature
displacement to determine strain.46,52,53 AFM provides a local
measurement of nanoscale electrode deformation due to the
nanoscale dimensions of an AFM tip, with a spatial resolution
of tens of nanometers.26,47,54,55 Beam curvature techniques,
such as the multibeam optical stress sensor (MOSS) approach,
measure the curvature of a thin-film electrode on a substrate
and convert it to a stress measurement. Standard setups can
resolve changes in the radius of curvature down to ∼10 km,
which produces typical stress resolutions at the single MPa
level. All of these techniques enable high temporal resolution
and correlation between the measured strain or stress and
electrochemical potential and current. Another important
benefit is that the mechanical response could be used as a
proxy for electrochemical response in situations where the
electrochemical insertion current may be difficult or inaccurate
to measure. This can be the case if there are multiple
electrochemical processes occurring at the same time (e.g.,
electrolyte decomposition and ion insertion) or when the
sample volume is small, as in single-particle electrochemistry. It
should be noted that there are other experimental techniques
for strain measurement, including electron microscopy,56−58 X-
ray microscopy,59−61 X-ray diffraction,62,63 and electrochemical
quartz crystal microbalance.64,65

The understanding of electrosorption
and insertion mechanics will shed light
on whether it is possible to decouple
kinetics, which favor open structures
with little distortion, from capacity,
which favors dense structures with
minimal inactive atoms.
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Arguably the simplest measurement of mechanical deforma-
tion in electrochemical cells is via dilatometry techniques. Such
methods are ideally suited for probing full electrochemical

cells. Dilatometry provides a quick and direct measurement of
the overall uniaxial strain in a sealed electrochemical cell and
can be adapted for open cell studies. Figure 2A shows a typical

Figure 2. Electrochemical dilatometry of Li-ion pouch cell batteries. (A) Standard LVDT arrangement for strain measurements. (B)
Simultaneous measurement of the second derivative of strain with respect to charge and first derivative of voltage with respect to charge
showing peak correlation. “LCO” denotes structural transitions associated with Li+ deintercalation from the cathode (LiCoO2), while the
labels 1, 2, 3, and 4 correspond to Li+ staging transitions in the graphite anode. Adapted from ref 48.

Figure 3. Characterization of Li+ intercalation and mechanical deformation in a graphite electrode with operando electrochemical DIC. (A)
Schematic of a custom battery cell used in the strain measurement. Adapted by permission from Springer Nature, ref 46. (B) Imaging setup
for DIC measurement. Adapted by permission from Springer Nature, ref 52. (C) (top to bottom) Correlation between cyclic voltammetry
current and the potential dependence of the stress and strain derivatives. (D) Specific capacity vs potential at different scan rates. (E) Strain
vs potential at the same scan rates as panel D, demonstrating direct correlation between strain and capacity. Adapted by permission from
Springer Nature, ref 46.
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setup in which a LVDT is used to measure the strain of a Li-
ion pouch-cell battery during electrochemical cycling.48 By
simultaneously measuring the strain as a function of time
during galvanostatic cycling as well as the voltage, one can
correlate the voltage and strain derivatives and elucidate some
of the important relationships between strain and electro-
chemical activity in batteries. For instance, the first derivative
of voltage with respect to charge is commonly used to
determine aging mechanisms in batteries, yet this approach
tends to be limited to slow charging−discharging rates of C/20
and below.66,67 It was found that the second derivative of strain
with respect to charge is directly proportional to dV/dQ
(Figure 2B) and as such, can be used to shed light on the
electrochemical state of the system. The benefit of this
approach is that strain is more sensitive at higher currents, thus
enabling researchers to understand electrode material
evolution under higher charging−discharging rates.
DIC is an optical technique used to measure mechanical

properties of single electrodes. A typical cell design and an
imaging setup are shown in Figure 3A,B. During the
measurement, a fluorescent speckle pattern is projected onto
the electrode surface, which serves as the point from which to
calculate displacement. It has been used to characterize Li+

intercalation into graphite (Figure 3C−E) and showed that
changes in electrochemical stiffness correlate with the lithiation
stage and that the measured stress is proportional to current
while strain is proportional to the capacity. The capacity
retention at different cyclic voltammetry scan rates (Figure
3D) was directly proportional to the strain (Figure 3E), in
agreement with eq 2. In terms of improving rate capability,
understanding of this electrochemomechanical coupling led to
the proposition that Li+ intercalation could be faster if the
electrode material were designed with lower electrochemical
stiffness and insertion-induced stress.46

Operando electrochemical AFM dilatometry provides a local
measurement of electrode deformation (due to the nanoscale

dimensions of an AFM tip) which can be directly linked to
global electrochemical information such as stored charge.
Figure 4A shows the schematic of a commercial in situ three-
electrode cell, where the AFM cantilever is placed on the
surface of the working electrode (WE) to measure
deformation. This technique has been used to study volume
expansion of EDLC materials such as carbide-derived carbon
and as a function of pore size.68 In these systems, the electrode
volume expands when cations or anions are electrosorbed in
the electrode pores. Because of this clear separation of cation
and anion behavior, their electrosorption behavior can be
studied individually. Most notably is the effect of scan rate
where information about the dynamic process is captured by
the phase lag between applied potential and electrode
response. In the case of ionic liquids, it was shown that the
bigger anion inserted more slowly and affected the overall
strain response more than the smaller cation.26 Confined EDL
formation in layered materials, such as Ti3C2 MXene operating
in neutral pH aqueous electrolytes,69 leads to electrode volume
changes that deviate from the parabolic shape found in porous
electrodes and depends on the nature of intercalated cation.
For example, in aqueous electrolytes, the intercalation of Li
ions results in a contraction while the intercalation of K-ions
does not result in significant volume changes.54 This is
believed to be a result of the negatively charged MXene surface
as well as the uncertain role of solvation shells.
The operando AFM technique was also utilized to study

redox-active systems, such as proton insertion into WO3
(Figure 4B), and shows reversible electrode deformation, a
hysteresis between the insertion and deinsertion processes, and
significant scan rate dependence. The deformation rate was
found to be proportional to the current measured from cyclic
voltammetry (Figure 4C),47 in line with eq 4. The maximum
deformation rate correlated with the peak current during
proton de/insertion, similarly to the DIC results for Li+

intercalation into graphite. Because of the nanoscale

Figure 4. Correlation between proton insertion and mechanical deformation in WO3 with operando electrochemical AFM dilatometry. (A)
Schematics of the side and top-down views of an in situ cell for AFM dilatometry. (B) Local electrode deformation as a function of potential
at different cyclic voltammetry sweep rates. (C) Cyclic voltammogram and local deformation rate measured via AFM are directly correlated
during proton insertion into WO3. The shaded region indicates current from the onset of the hydrogen evolution reaction. Because this does
not contribute to electrode deformation, there is no increase in deformation rate. (D and E) Spatial variation of the deformation rate
measured via AFM, at (D) the peak anodic current and (E) the peak cathodic current during proton insertion into WO3. Adapted with
permission from ref 47. Copyright 2018 American Chemical Society.
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dimensions of the AFM tip, the technique also allows for
mapping of the deformation rate across the electrode surface
which could be useful to correlate electrode topography with
mechanical deformation (Figure 4D,E).

Measurement of electrode stress can also correlate to the
kinetics and magnitude of ion electrosorption or insertion
charge storage. For example, the MOSS technique measures
the curvature of a thin film−substrate system via the reflection
of a 1D or 2D array of parallel laser beams from a substrate
that is directly imaged with a CCD camera (Figure 5A). If the
electrode material is linear elastic, then the measured signal
directly maps to the average strain in the film. Likewise, in the
case of nonlinear behavior, the measured signal can be mapped
to the deformation in the film using an appropriate constitutive
model. For electrochemical measurements, this equipment is
integrated with custom-built electrochemical cells that contain
transparent windows for optical access to characterize thin film
electrodes on relatively thick (inactive) substrates. Ion
electrosorption and insertion lead to electrode deformation.
The thick substrate constrains the in-plane deformation of the
relatively thin electrodes, thereby generating in-plane biaxial
stresses in the electrodes. These stresses lead to substrate
curvature, which causes the laser spots to get farther apart
(convex curvature) or closer together (concave curvature).
The measured curvature is related to the average in-plane
stresses (integrated through the thickness of the film) through
Stoney’s equation.70 Overall, the MOSS technique enables
monitoring of stresses that develop during electrochemical
operation of thin-film battery electrodes.
MOSS has been used to study stresses that arise during

electrochemical ion insertion into Li-ion battery electrode
materials, including Mn2O4

72 and V2O5.
71 As one example,

Zhang et al. examined the effects of deep discharge of V2O5
thin films (Figure 5B). During lithiation, V2O5 undergoes
several phase transformations as indicated by the distinct
potential transitions highlighted with different color back-
grounds. The MOSS results indicate that these transformations

induce varying levels of stress. The residual stresses remaining
after a complete cycle are indicative of plastic deformation,
thereby attesting to the irreversibility of the transformation to
the γ-LixV2O5 phase. By comparison, shallow discharge (e.g., to
2.8 V vs Li/Li+) induces primarily elastic deformation, which
extends cycle life.
Examples from the four techniques (dilatometry, DIC, AFM,

and MOSS) highlight how operando deformation measure-
ments can be correlated to electrochemical response of
electrochemical cells and electrodes upon ion electrosorption
and insertion. A comparison of the techniques is shown in
Table 1. Understanding of mechanical deformation can be
then used as a guide for the design of entirely new
electrosorption and insertion materials with fast kinetics.
Design of Materials for Ion Electrosorption and Insertion with

Fast Kinetics. The coupling between ion electrosorption and
insertion capacity and deformation could be used to design
new materials. One hypothesis is that in order to increase
electrosorption or insertion kinetics as well as cycling lifetime,
the host material must not undergo significant deformation. As
an example, ion electrosorption in EDLCs leads to ∼1%
electrode deformation and occurs on fast time scales (<30 s)
for over a million cycles.1 The materials design challenge is to
identify materials that will store more charge than EDLCs
while minimizing deformation. Using this hypothesis as a
design strategy, here we describe several structural motifs
beyond nanostructuring (crystallographic shear, interlayer
pillars, and confined fluids) that have been proposed to
minimize deformation during ion electrosorption or insertion
with the aim of inspiring new fast charging materials.
Crystallographic Shear. One materials design strategy to

minimize electrode deformation is to limit the rotational
degrees of freedom of the structural building blocks of the host
material. For example, the room-temperature polymorph of
WO3 is a distorted perovskite-like monoclinic structure (γ-
WO3) which consists of corner-sharing WO6 octahedra.

73 The
electrochemical insertion of Li+ leads to rotations of the WO6
octahedra as the oxide undergoes several phase transformations
en route to the lithiated cubic perovskite Li0.5WO3.

74 A similar
phenomenon occurs in ReO3, which despite metallic
conductivity and an open structure, exhibits poor electro-
chemical cycling stability because of strain associated with the
rotation of ReO6 octahedra during Li

+ de/insertion.75 Cava et
al. hypothesized that such distortions would not occur in
crystallographic shear structures of metal oxides which contain

Plenty of room remains for exploring
novel fast ion electrosorption and
insertion materials from a design
perspective.

Figure 5. Multibeam optical stress sensor (MOSS) technique for simultaneous electrochemical and stress measurements in thin-film
electrodes. (A) Schematic of a typical experimental setup, which employs a laser split through an etalon, a CCD detector, a potentiostat, and
an electrochemical cell with a quartz window for optical access. (B) Potential and corresponding stress response during a galvanostatic cycle
of a V2O5 thin-film electrode between 4.0−2.0 V vs Li/Li+ at 0.2 C. Adapted with permission of The Royal Society of Chemistry, from ref 71
(permission conveyed through Copyright Clearance Center, Inc.).
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more edge sharing octahedra.76 Subsequent work by Cava et al.
indeed found that crystallographic shear structures of various
metal oxides minimized structural distortion but at the expense
of the theoretical capacity.77 More recently, Griffith et al.
utilized this strategy to investigate Li+ insertion into niobium
tungsten oxides with crystallographic shear (Nb16W5O55,
Nb18W16O93; Figure 6).78 As predicted by Cava et al., they
showed that such materials exhibit rapid Li+ insertion kinetics,
∼3 min charge−discharge in electrodes composed of micro-
meter scale particles. The importance of a host structure with
limited structural rearrangement was again noted as a key
factor for achieving such rapid insertion kinetics. A comparison
of Li+ insertion into the perovskite NbO2F and the shear
derivative Nb3O7F found that the presence of shear planes led
to increased structural stability.79 The trade-off between
structural stability (which determines the kinetics and lifetime)
and available insertion sites (which determine capacity) recurs
with materials that incorporate structural water, as discussed
below.

Interlayer Stabilization via Pillaring. In the case of layered
materials, pillaring can help stabilize the structure during ion
intercalation. Layered materials are prone to structural
conversions that include layer sliding. There are two potential
ways in which interlayer pillars can enable stability by
minimizing deformation. First, they can essentially “pin” the
layers in place so that they do not move past each other. This
strategy was used to stabilize LiMnO2, which converts to a
spinel structure during electrochemical cycling. It has been
proposed that pillaring the layers is possible with large cations

Table 1. Comparison of Dilatometry, DIC, AFM, and MOSS Techniques

dilatometry DIC AFM MOSS

measurement displacement displacement displacement stress
resolution μm μm nm MPa
sample
requirement

full-cell, nonrigid packaging free-standing thin film/slurry
electrodes

thin film on reflective substrate

pros out-of-plane strain
measurement

in-plane strain
measurement

high resolution, small
sample size (single
particles)

high resolution, adaptable to any thin film deposition

cons decoupling active material
response from remainder of
cell

decoupling active
material response from
substrate

height sensor drift at long
time scales

averages measurement of stress through the thickness of
the film; decoupling active material response from
substrate

Figure 6. Concept of crystallographic shear to minimize electrode deformation during ion insertion. (a) Crystal structure of Nb16W5O55 with
shear planes formed between the building blocks of adjoining 4 × 5 × ∞ (W,Nb)O6 octahedra and (W,Nb)O4 tetrahedra at the corners and
(b) its differential capacity vs potential at various C rates. (c) Crystal structure of Nb18W16O93 formed by 1 × 3 × 1 corner sharing tetragonal
tungsten bronze (blue) with pentagonal tunnels partially filled by −W,Nb−O− chains that create pentagonal bipyramids (gray), and d) its
differential capacity vs potential at various C rates. Adapted from Springer Nature, ref 78. Copyright 2018.

With more techniques available in
today’s materials chemists’ toolbox,
concepts such as crystallographic
shear, interlayer pillaring, and confined
fluids can be added to and expanded
upon.
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such as K+ to limit Mn3+ migration into the interlayer.3 Both
interlayer Zn2+ and structural water were used to stabilize the
intercalation of Zn2+ from an aqueous electrolyte into a layered
vanadium oxide bronze.80 Operando XRD analysis indicated
that interlayer structural water deintercalated during Zn2+

intercalation, while pillaring Zn2+ stabilized the layered
structure.

Second, the introduction of interlayer pillars can increase the
distance between layers to minimize the layer-to-layer
interactions and thus decrease deformation. It is proposed
that such features enable the intercalation of large or highly
polarizable ions (such as multivalent cations) and lead to an
overall enhancement in ion transport in the interlayer. An
interesting strategy pursued in the field of EDLCs is to utilize
pillaring to increase the electrosorption capacity of reduced

Figure 7. Concept of interlayer stabilization via pillaring to enable ion electrosorption into the galleries of reduced graphene oxide. (A)
Schematic of ion transport and structure of reduced pillared graphene materials with no, dense, and sparse interlayer diamine pillars. (B)
Gravimetric and (C) volumetric capacitance vs scan rate of reduced graphene oxide (RGO), pillared graphene hydrogel with 0.05 equiv of
diamine (6 GH 0.05), and reduced pillared graphene materials with 0.2 and 1 equiv of diamine (6 RP 0.2 and 1). Adapted with permission
from ref 87. Copyright 2019 American Chemical Society.

Figure 8. Concept of decreasing electrode deformation by structural water stabilization. (A) Crystal structures of WO3·2H2O, WO3·H2O, and
WO3. Deformation vs number of electrons stored per formula unit of WO3·2H2O and WO3 at (B) 20 mV s−1 and (C) 200 mV s−1, as
measured by operando AFM dilatometry. Adapted with permission from ref 47. Copyright 2018 American Chemical Society.
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graphene oxide.81−83 Restacking of this material from solution
results in an interlayer spacing similar to graphite (ranging
between 3.5 and 4 Å)82 that is inaccessible for the
electrosorption of bulky ion electrolytes typically used in
double layer capacitors (e.g., tetraethylammonium tetrafluor-
oborate). Controlled pillaring of reduced graphene oxide with
species such as alkyl diamines leads to an increase of the
interlayer spacing to 7.8 Å and a concomitant increase of both
the gravimetric and volumetric capacitance associated with
electrosorption of anions and cations (Figure 7).83 Similar
strategies can be applied to layered materials such as metal
chalcogenides, transition metal oxides, and MXenes, high-
lighting the exciting opportunity to modify the interlayer of
existing layered intercalation host materials.84−86

Presence of Structural Water and Other Conf ined Fluids. A
related concept to interlayer pillaring is functionalization with
confined fluids, which provides exciting opportunities to
investigate both fast insertion and electrosorption kinetics
and physical properties of fluids under nanoconfinement.88

The structural water can be present as both secondarily bound
water or primarily bound to the lattice (“water of
coordination”).89 It is of particular interest to utilize such
materials for the insertion of protons because recent ab initio
molecular dynamics simulations have indicated the presence of
Grotthuss-type transport (correlated proton transport along
hydrogen bonding networks) even within interlayer confined
water.90 The presence of a hydrogen-bonded structural water
network in a Prussian-blue analogue material (Cu[Fe-
(CN)6]0.63·□0.37·3.4H2O, where □ denotes a Fe(CN)6
vacancy) was proposed to enable rapid (<1 min), diffusion-
free electrochemical proton insertion.91 This material exhibited
a solid solution mechanism and only a 2% volume change over
the entire extent of proton insertion, in line with the
hypothesis that decreased deformation enables fast insertion
kinetics. Water confined between sheets of MXenes, 2D
materials obtained by selective ion etching of transition metal
oxides, has been hypothesized to enable their extremely fast
electrochemical proton intercalation kinetics.92

Some transition metal oxides contain structural water that is
highly confined, as in the case of WO3·nH2O (Figure 8) and
exhibit very rapid proton insertion kinetics.93,94 In these
materials, the presence of structural water appears to be critical
for maintaining structural stability during proton insertion,
leading to reduced and more reversible deformation per stored
electron, as indicated by operando AFM (Figure 8B,C)47 and
XRD results.94 In particular, structural water seemed to
decrease the structural degrees of freedom available for
structural deformation during electrochemical insertion, a
concept related to the presence of edge-sharing motifs in
shear structures described earlier. As with interlayer pillaring,
the incorporation of water as well as other types of solvent
molecules into the interlayer is a versatile approach for
decreasing electrode deformation. It should be noted that the
presence of interlayer species can decrease the total available
insertion sites and increase the mass of the electrode, so there
is still a trade-off between capacity and kinetics.
A structural feature that is closely related to the presence of

structural water is structural protonation, where a proton is
directly coordinated to a covalently bound oxygen. Fleisch-
mann et al. used a soft chemistry route to prepare a series of
hydrogen titanates (H2Ti3nO6n+1, n = 1, 2, 4) and found that
significant proton insertion capacity could occur only in the
material with the highest degree of structural protonation,

H2Ti3O7. This was proposed to restrict deformation during
proton insertion to one-dimensional interlayer contraction.95

Structural protons were also hypothesized to open up the
crystal structure, which creates more insertion sites and leads
to higher capacity.
This Perspective focuses on the fundamental coupling

between ion electrosorption and insertion capacity and
electrode deformation, its measurement with operando
techniques, and how it could be used to design new materials
with fast kinetics. The development of new operando
techniques and approaches will play an important role in
understanding and evaluating electrode stabilization concepts.
Additional effects, such as heat generation (especially at high
rates) and the role of external cell pressure can also be studied
from the electromechanical perspective. The advancement of
measurement brings up the need for developing the
corresponding data analysis, where modern statistical tools
such as principal component analysis (PCA) and artificial
intelligence (AI) can provide valuable insights.96,97 Plenty of
room remains for exploring novel fast ion electrosorption and
insertion materials from a design perspective. With more
techniques available in today’s materials chemists’ toolbox,
concepts such as crystallographic shear, interlayer pillaring, and
confined fluids can be added to and expanded upon. Overall,
the understanding of electrosorption and insertion mechanics
will shed light on whether it is possible to decouple kinetics,
which favor open structures with little distortion, from
capacity, which favors dense structures with minimal inactive
atoms.
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