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Abstract: Electrochemical intercalation typically involves ion desolvation at the electrolyte—electrode interface, incurring
kinetic limitations and strong ion-host interactions. The emerging mechanism of solvent co-intercalation, where ions
intercalate together with a (partially) intact solvation shell, can mitigate these drawbacks, but has thus far been
primarily explored from the viewpoint of electrolyte design. Herein, we demonstrate the feasibility of regulating solvent
co-intercalation by electrode nanoconfinement design. Through the combined effects of decreasing interlayer water of bi-
layered vanadium oxides and introducing molecules that tune the nanoconfining interlayer environment from hydrophilic
to hydrophobic, the Zn?* intercalation properties in aqueous electrolyte are modified. Comprehensive experiments
and simulations reveal progressively reduced solvation/hydration of intercalating Zn?* with decreasing interlayer
hydrophilicity, affecting maximum capacity, redox potential, and kinetics of the electrochemical intercalation reactions.
Similar electrochemical trends are observed in nonaqueous electrolytes, indicating the potential of nanoconfinement design
as a universal strategy for regulating ion-solvent (co-)intercalation in various battery chemistries. )

Introduction

Electrochemically-driven ion intercalation is the fundamental
charge storage mechanism for many modern rechargeable
batteries.['] The intercalation reactions typically consist of
three main steps: solvated ion migration through a liquid
electrolyte to the electrolyte—electrode interface, interfa-
cial charge transfer, and subsequent solid-state diffusion
of the intercalant within the electrode host lattice.l®] For
a typical charge transfer process, the coordinating solvent
molecules of the liquid electrolyte are stripped off from the
surface-adsorbed ions (i.e., desolvation), before the naked
ion can then be inserted into the host lattice. From a
simplified point of view, this step can be seen as a ligand
exchange reaction as known from the field of inorganic
coordination chemistry. Although the overall reaction is
supported by entropy, the desolvation step is inevitably

associated with an energy barrier presenting a Kkinetic
limitation.[”]

An emerging strategy to overcome the disadvantages
associated with desolvation is the intercalation of ions
together with a (partially) intact solvation shell. This is also
referred to as solvent co-intercalation.[®®! Such reactions have
gained momentum since the discovery of highly reversible
co-intercalation of solvated Na™ into graphite, a process
that is thermodynamically prohibited for naked Na*.l’l Co-
intercalation phenomena are also encountered in other
post-lithium energy storage like magnesium batteries,[!%!!]
and aqueous zinc- or proton-batteries.['>*] Studies into
the origins and the working mechanism are emerging.['>17]
Current strategies to regulate the feasibility and extent of
solvent co-intercalation are, however, strongly focused on
utilizing specialized electrolytes in both aqueous and organic
systems.
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The lack of consideration for regulating the co-
intercalation properties of electrode materials presents a
severe bottleneck, particularly for emerging multivalent
battery chemistries where electrolytes are designed toward
interfacial stability and whose electrolyte salts normally
have low solubility, thus significantly reducing their tunability.
Isolated reports of two-dimensional titanium carbide MXenes
indicate that their surface chemistry can influence the extent
of solvation of adsorbing or intercalating ions,['%!°] leading
us to hypothesize that electrode design can be an alternative
lever for tuning solvation. Consequently, there is an urgent
need for exploring and understanding electrode materials
design principles aimed at either promoting or inhibiting
solvent co-intercalation, particularly regarding electrode
materials commonly employed in state-of-the-art batteries,
that is, layered transition metal oxides.

Pillaring approaches generally target the regulation of
electrode materials’ interlayer space, where intercalating
species are hosted. They have been explored to modify
the nanoconfining interlayer environment of host materials
such as bi-layered vanadium oxides. However, these works
mostly focus on the geometric aspect of nanoconfinement,
for example, manipulating the interlayer spacing with spacer
pillars of different dimensions,[?>?3] neglecting the chemical
environment of nanoconfined species. Capitalizing on the
wide chemical diversity offered by organic molecules, we
herein explore their capability as functional pillars to control
the solvo-philicity of the host’s interlayer environment and
thus, introduce a paradigm-shift for regulating the extent of
solvent co-intercalation as a function of nanoconfinement
chemistry.

The proposed materials design principle is investigated
using a series of bi-layered V,0s hosts with modified
nanoconfinement chemistries based on pillar molecules of
varying hydrophilicity. Adopting established Zn>* inter-
calation from aqueous electrolytes as a model reaction,
comprehensive analyses disclose a clear trend of progres-
sively reduced hydration of intercalating Zn>*(H,0), upon
decreased interlayer hydrophilicity of the host materials. The
concept is also extended to organic electrolytes, confirming
that the strategy of tuning nanoconfinement chemistry holds
potential for diverse battery chemistries including those
employing nonaqueous electrolytes.

Results and Discussion

Materials Synthesis and Characterization

A series of bi-layered V,0s materials incorporating three
different pillar molecules with varying polarity is synthesized
by a bottom-up approach. Such variations in pillar function-
ality are hypothesized to affect the hydrophilic characteristics
of the hosts’ interlayer environments. These pillars are
water (H,O, the most hydrophilic inorganic pillar), 2,2'-
(ethylenedioxy)bis(ethylamine) (C¢Hi4N,O,, “EBEA”, a
hydrophilic organic pillar), and 1,8-diaminooctane (CsH,)N,,
“DOA”, a hydrophobic organic pillar). The choice is moti-
vated by their varying lone electron-pair density, which is
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investigated through electron localization function (ELF)
analysis. It is highest for H,O, followed by EBEA, while DOA
possesses the least accessible lone pairs (Figure 1a, Note S1).
We hypothesize this as a general design principle to tune
the hydrophilicity of the resulting nanoconfined interlayer
environments of the host materials, which is validated by
a combination of sorption experiments (Figure 1b). First,
nitrogen sorption isotherms are analyzed. They indicate
mostly macroporous samples with moderate specific surface
areas (SSA) of around 25, 20, and 31 m? g~! for V,0s-
H,0O, V,05-EBEA, and V,0s5-DOA, respectively. These
SSA values suggest the accessible external surface is similar
across the samples. Pore size distribution profiles (Figure
S1) further reveal predominant meso- and macropores for
all samples with micropore volumes close to zero, indicating
that the nanoconfining interlayer galleries (sub-nanometer
scale, i.e., micropores) are not accessible to N, sorption
experiments. Water vapor sorption isotherms show different
trends. The sorption values far exceed the uptakes of N,
at 100% humidity. V,05—H,O exhibits the highest sorption
capacity up to 516 cm® g~!, followed by V,0s-EBEA (326
cm® g7!'), and then V,05-DOA (164 cm® g~!). Given that
meso- and macro-pores are not determining water sorption,
the large water uptake capacities suggest the involvement
of the interlayer space.*!] Specifically, the high uptake of
V,05-H,0 at low humidity reveals a strong interaction with
water and the presence of specific adsorption sites, suggesting
an intrinsic tendency of xerogel(s) for spontaneous water
intercalation/uptake (to be evidenced later). Moreover, the
progressively reduced sorption volumes from H,O to EBEA
and to DOA pillared samples confirm the effectiveness of
nanoconfinement manipulation in tuning solvo-philicity.
Electron microscopy characterization shows a nano-
ribbon morphology of all samples (Figure S2 and S3).
Powder X-ray diffraction (XRD, Figure 1c) results confirm
lamellar ordering (though turbostratic) of all samples, as
indicated by the prominent (00!) reflection(s) characteristic
of bi-layered V,Os, in clear contrast to the «-V,0;5 (Figure
S4). The universal model (established from V,0s-H,0)*!
depicts bilayers of single slabs for square pyramidal VOs
units with water molecules (and other species) residing in
between. However, determining the precise atomic structure
of specific materials remains challenging. In practice, it is even
common that existing powder diffraction file (PDF) patterns
do not perfectly match synthesized materials, because these
compounds are typically well-ordered in local range but lack
long-range periodicity, with structural coherence limited to
the nanometer scale. Consequently, only part of Bragg reflec-
tions can be detected in experiments, with their prominence
affected by both synthetic and measurement conditions.[*!
Varying interlayer species normally lead to changes in inter-
layer dimensions, manifesting as shifts in the (00[) reflections.
Moreover, such modifications can induce rearrangements of
associated atoms, possibly affecting other reflections. These
collectively account for the observed differences across the
materials. Overall, their (001) reflections appear at 26 values
of 6.39°, 7.28°, and 6.15°, corresponding to d-spacings of
13.82 A (V,05-H,0), 12.13 A (V,0s—EBEA), and 14.37 A
(V,05-DOA), respectively. Moreover, differences in peak

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

95UBD1 SUOWWOD SAIRID 3(gedl|dde auy) Ag pausenoB a2 Saoile YO ‘88N JO 3| 40y AIq 1T aul|uQ AS|IA UO (SUOTIPUOI-PUR-SLLIBY WD A8 |1 Afeuq 18Ul Uo//SdL) SUONIPUOD PUe SWwid | 8U) 89S *[GZ02/TT/02] uo Akiqiauliuo A8)iMm * sapBuy S0 BILiojIED JO AISAILN - 01D PXY Ad 066025202 31Ue/Z00T 0T/I0p/LLI0Y" 3| 1M AReiq 1 [Buluo//SdNy Wwoij pepeojumod ‘0 ‘€2LETZST



a) H,0 %eHwNzoz (EBEA)

W $2059,
X L @ L m &~
one electron

[Hydrophilic Interlayer

Research Article

geHzoNz (DOA) c)

Angewandte

intemational Edition’y, Chemie

4

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50 55
20 (°, Cu Ka)

0) 120 = V,0,m0

| - Vv,05H,0
-~ V,05-EBEA 5001 - V,04-EBEA
1001 5 v,0,.00n P il 2 e
801 Z;’
“ 300
§ 601 S
L @
e
§ 40 @Nitrogen, 77K ® 200- @Water Vapor, 298K
=
> 20
0_

o
=

R-NH," (85.7 %)

V;05-DOA]

R-NH, (14.3 %)

R-NH," (89.1 %)

e
Intensity (a.u.)

V,05-EBEA|

R-NH, (10.9 %)

Relative Pressure (P/P;)

00 02 04 06 08 10 00 02 04
Relative Pressure(P/Pg)

10 406 404 402 400 398 396
Binding Energy (eV)

06 0.8

Figure 1. Physicochemical properties of the bi-layered vanadium oxide series. a) Electron localization function computed from first-principle
simulation (iso-value of 0.7) and the correlated material modification strategy. A grey arrow indicates one lone electron-pair, and the progressively
transparent blue blocks highlight the reducing hydration extents across the material series. b) Gas sorption isotherms of the materials, using
nitrogen at 77 K (left) and water vapor at 298 K (right). c) Powder X-ray diffraction (XRD) patterns of the vanadium oxide series obtained in
transmission geometry. The scale bars indicate the same intensity count. d) X-ray photoelectron spectroscopy (XPS) analysis of N 1s spectra for

V,05-DOA and V,05—EBEA powders.

intensity and width indicate a decreasing trend of crys-
talline domain size, which is validated by microstructural
analysis via transmission electron microscopy (Figure S3).
Despite the slight variations in d-spacing and crystallite size,
their extent was minimized and the influence on electro-
chemical performance was found negligible (as discussed
later).

X-ray absorption spectroscopy (XAS, Figure S5) at
the V K-edge reveals similar bulk chemical environments
across the material series, closely resembling the reference
a-V,05 while exhibiting strong deviations from the cen-
trosymmetric coordination. This aligns with the structure
characteristics of bi-layered V,0s.[”’] X-ray photoelectron
spectroscopy (XPS) verifies consistent vanadium valence
states across all materials (Figure S6), and further dis-
closes the presence of ionic components from protonated
alkylammonium pillars (Figure 1d).[”’] This suggests ionic
interaction between pillars and bi-layered vanadium oxides,
where V,05-H,0 is reported to confine hydroniums inside
the interlayer.””l Thermogravimetric analysis (Figure S7)
quantifies the chemical compositions of the three sam-
ples as V2051168H20 (“V205—H20”, Mw: 202.92 g
molfl), (C5H16N202)().271V205- 0.362H,0 (“VzOs—EBEA”,
MW= 228.57 g mol’l), and (C3H20N2)0‘259V205»0.184H20
(“V,05-DOA”, M,, = 222.56 g mol~!), respectively. Notably,
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crystal water can be detected in all samples, which is an intrin-
sic characteristic of bi-layered V,0Os. This feature preserves
partial hydrophilic nature of the V,0s5-H,O, contributing
to the universal hydrated Zn?* intercalation (as discussed
later). Overall, both the more hydrophobic organic pillar
molecules and the reduced crystal water contents synergis-
tically modulate the interlayer hydrophobicity, as illustrated
in Figure la. These combined effects make the chosen
models well-suited for testing our hypothesis. Broadening
the library of pillar molecules with different solvophilicity—
solvophobicity balances could be beneficial for extended
applications, while attention should be paid to the associated
experimental limitations (Note S2).

Electrochemical Characterization

The electrochemical Zn?* intercalation properties of the
V,0s-based electrode materials series are tested as positive
electrodes in a two-electrode setup (2032-type coin cells)
versus zinc metal negative electrodes in aqueous electrolytes
of 3 M zinc trifluoromethanesulfonate (Zn(OTTf),). Zinc salts
based on the OTf™ anion are chosen to minimize the potential
influence from ion association (e.g., formation of ion pairs)
in the electrolyte,[?] because lower cation—anion interactions

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Electrochemical properties of the bi-layered V,Os with varying interlayer chemistry in 3 M Zn(OTf); electrolyte. Galvanostatic
discharge—charge profiles of the initial three cycles for a) V,05-H,0, b) V,05—EBEA, and c) V,05-DOA at a specific current of 50 mA g~'. d) Rate
performance of the different electrode materials. Hollow and solid cycles correspond to discharge and charge processes, respectively. e) Long-term

cycling performances of the materials series. Each cell was pre-cycled at 50 mA g~! for 5 times before switchingto 1A g
is shown for clarity. f) The initial CV profiles (Cycle 01-02) of the three materials at 0.1 mV s~

~1 current, and only the latter
1. The starting potentials (labelled with grey arrows) were

1.52, 1.46, and 1.49 V for V,05-H,0, V,05-EBEA, and V,05-DOA, respectively. CV measurements of g) V,05—H,0, h) V,0s-EBEA, and i)

V,05-DOA electrodes at varying sweeping rates.

can be expected due to the reduced charge density with
bulky anion size, facilitating Zn?* dissociation. The highly
hydrophobic nature of OTf~ helps to limit side reactions
involving water molecules,*! and also prevents a possible
anion incorporation into the host’s interlayer space. Further-
more, the electrolyte concentration was set as 3 M following
previous reports,['>3] to restrict the free solvent (water) activ-
ity and ensure the expected electrochemical performance. All
samples exhibit highly symmetric and repeating discharge—
charge profiles across the initial cycles, indicating little
structural-chemical irreversibility in all three electrodes dur-
ing the initial electrochemical reduction (Figure 2a—c). This is
further underlined by the high initial Coulombic efficiencies
(CEs), which are 99.90%, 99.11%, and 99.07 % for V,0s—

Angew. Chem. Int. Ed. 2025, €20990 (4 of 12)

H,0, V,05-EBEA, and V,05-DOA, respectively (see also
Table S1). Additionally, slight capacity increases are observed
in their initial cycles, possibly due to an interface optimization
of the V,0s electrode leading to reduced impedances (Figure
S8) and/or the zinc metal anode (with a native insulating oxide
layer).

Tuning the nanoconfinement chemistry reveals a gradual
capacity increase for decreasingly hydrophilic samples from
H,0- to EBEA- and DOA-pillared V,0s. Their cathodic
capacities, normalized by the complete active material mass
(V205 plus interlayer molecules), reach 339, 364, and 401
mAh g~! at the 3 cycle. To better understand these capacities
with respect to the charge per transition metal, we also
derive the corresponding electron transfer number per V,0s

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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as 2.57e~ (V,05-H,0), 3.10e~ (V,0s-EBEA) and 3.33¢~
(V,05-DOA), respectively. This underlines the dependence
of the capacity on the nanoconfinement chemistry. While con-
current H" intercalation across the whole potential range has
been reported in vanadium oxides,?!! the contribution in our
case is found to be limited (maximum protonation capacity is
found in V,05-H,O, below ca. 40 mAh g~!) in each sample
when testing in dilute H,SO,4 that matches the pH of 3 M
Zn(OTf), (Figure S9, Table S2, and Note S3). The potential
influences from other structural parameters have also been
excluded (Figure S10-S12 and Note S4). For instance, neither
an enlarged d-spacing or a reduced crystallite size account for
the higher capacity observed in V,0s-DOA, and V,05-H,O
materials obtained by different synthesis exhibit comparable
capacities and similar hydrophilic characteristics. Hence, the
observed capacity differences across the materials can be
primarily attributed to the tuned interlayer hydrophilicity and
the consequently reduced solvation of the intercalating ions
(to be demonstrated).

Rate handling measurements (Figure 2d) reveal that
V,05-H,0 surpasses V,0Os—EBEA in capacity at higher
specific currents, while V,0s—DOA maintains the highest
capacity across all current densities. In addition to the tuned
nanoconfinement chemistry, the superior capacity of V,0s—
DOA at elevated currents can also be facilitated by the
relatively smaller crystallite size and higher SSA. All samples
show high CEs across various current densities, confirming the
high chemical reversibility of the charge storage processes.
Long-term cycling performances are compared in Figure 2e.
The hydrophobic sample V,0s-DOA shows the best sta-
bility, with an overall capacity retention of 77% after 3450
cycles (approximately 85 days). In contrast, V,0Os—-EBEA
experiences a fast capacity drop at the beginning, before
gradually stabilizing (44% retention). V,0s—H,O displays an
initial capacity increase but rapid cell degradation after about
1600 cycles. Specific discharge—charge profiles and correlated
dQ/dV plots (Figure S13) reveal consistent redox charac-
teristics throughout cycling, indicating that the pillars of all
samples are well retained within the bi-layered structures.
Therefore, rather than pillar loss or structural degradation,
the cycling performance of V,0s is believed to be primarily
restricted by the local pH fluctuations and the associated
byproduct accumulation.’?! To exclude the influence of
different rate capabilities and better reveal the intrinsic
degradation behavior of V,0s, stability measurements were
also conducted at a low current density of 100 mA g~!(Figure
S14). A decreased stability of V,05—-H,O is detected, which
can be mainly attributed to the growth of inactive zinc
pyrovanadate caused by electrolyte pH changes.[*?! This trend
is supported by an increasing overpotential after 50 and 80
cycles visible from the potential profiles (Figure S14b). In
comparison, V,0s-DOA still exhibits the most stable cycling
performance over 27 days.

Differences in redox properties are further investigated
in the cyclic voltammetry (CV) profiles (Figure 2f). Signals
for V,05-H,O are generally characterized by two pairs of
broad and symmetric peaks, where the low-potential pair
appears more significant accounting for higher amount of
charge storage. The redox signature of V,0Os—EBEA and
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V,05-DOA becomes sharper and less symmetric, accom-
panied with noticeable shifts in anodic/cathodic electrode
potential compared to V,0s-H,O. The first/high potential
reduction (R1) peak of both V,0s-DOA and V,0s-EBEA
samples shifts toward lower potentials compared to V,0s—
H,O. Notably, a slight peak split is observed across all
samples at the first reduction zone, which merge together
at increased sweeping rates. The high-potential redox peaks
of the organically-pillared samples also become more pro-
nounced, leading to increased capacities at elevated voltages.
Contrarily, the second/low potential reduction (R2) peak of
both V,0s-DOA and V,0s-EBEA samples shifts towards
higher potentials compared to V,0s-H,O. The shifts of
redox peaks in different directions, as well as the significant
change in CV shape between the samples are indicative of a
variation in the intercalation mechanism. CV measurements
at varying sweep rates were performed to analyzed the charge
storage kinetics. With varying sweep rates (v), the response
current (i) obeys a power-law function, i = av®, where a
and b are variable coefficients.33] Figure 2g-i suggest a trend
toward more surface-limited kinetics (b = 1.0) for V,05-H,O,
whereas a mixed control and/or finite-length diffusion control
(b = 0.5) is revealed for both V,0s-EBEA and V,05-DOA
samples. These observations align with the reduced solvation
of intercalating ions.

Analysis of Solvent Co-Intercalation Behavior

Basic electrochemical characterization, discussed above,
reveal differences in Zn?* intercalation capacity, redox
potentials, and kinetics among the different electrodes. We
hypothesize that these differences arise from changes in the
extent of solvent (water) co-intercalation, caused by the
variations in nanoconfinement chemistry. Generally, solvent
(water) molecules are expected to co-intercalate together
with the ion (Zn?*) into the host electrode only when
accommodating the solvated ion lowers the free energy more
than desolvation of the ion would cost. Since the desolvation
energy within the aqueous 3 M ZnOTf, electrolyte remains
the same across the materials, we hypothesize that the ability
of the three different V,0Os hosts to stabilize the hydrated
Zn** guests will determine the degree of (de-)hydration of
the intercalating ions.

To verity, first, the electrochemical properties of the
three electrode materials are evaluated in a non-aqueous
electrolyte (Figure 3a—c) of saturated anhydrous Zn(OTf), in
acetonitrile (ACN), that is, in an environment where water
co-intercalation can be ruled out. The solvating power of
a solvent (ability to dissociate a salt) can be empirically
correlated with its donor number (DN) and dielectric constant
(¢).**] In this context, ACN exhibits a weaker solvating
power compared to water, as reflected by their respective DN
(14.1 vs. 18.0) and & (38.0 vs. 81.0).°1 Moreover, Zn(OTf),
shows substantially lower solubility in ACN (less than 1 M)
than in water (~4 M[*?1). Combining these theoretical param-
eters and experimental evidence, the resulting Zn?* solvation
complexes likely require reduced energy for desolvation,
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Figure 3. Validation of solvent co-intercalation in the V,Os series. a)—c) Electrochemical properties of the various materials in a nonaqueous
electrolyte (Zn(OTf); in ACN). a) The cycling performances of the materials, b) their galvanostatic discharge—charge profiles at the 50" cycle and the
corresponding c) differential capacity plots. d)—f) VT-EIS measurements for the material series in the aqueous electrolyte (Zn(OTf); in water). The
Nyquist plots for d) V,05-H,0, €) V,05—-EBEA, and f) V,05—DOA under selected steps of varying temperatures. The insets show the Arrhenius
plots of inverse R values as a function of 1000/T, with the slope values representing the activation energy for charge transfer.

thereby significantly decreasing the potential/extent of solvent
co-intercalation.

This effect is reflected in a reduced capacity observed in
the ACN-based electrolyte across all samples (Figure 3a,b)
compared to the aqueous electrolyte. Furthermore, the
ability of the materials series to enable nonhydrated Zn>*
intercalation can also be readily compared. Hydrophobic
V,05-DOA can host the highest number of nonhydrated
Zn** (Figure 3b). This is followed by the intermediate
sample V,0s-EBEA, while the most hydrophilic V,0s-H,0O
sample shows very limited charge storage in non-aqueous
electrolyte. This demonstrates the essential role of solvent
(water) co-intercalation particularly in the hydrophilic V,0s—
H,O. Notably, redox profiles after 50 cycles (Figure 3c) reveal
a distinct pair of redox peaks (R2,/024) in V,0s-DOA
and V,0s-EBEA, which closely match the R1/O1 pair in
aqueous electrolyte in both electrode potential and ampli-
tude. In contrast, V,0s—H,O exhibits severe polarization and
negligible capacity. This is a strong indication that these redox
signals correspond to the (de)intercalation of partially des-
olvated Zn”>* in both aqueous and nonaqueous electrolytes.
(Noted, proton participation was ruled out in nonaqueous
electrolytes.) Further electrochemical analysis can be found
in Figure S15-S18 and Note S5. Moreover, it is worth noting
that all samples exhibit highly consistent cycling performance
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in nonaqueous electrolytes where proton co-intercalation is
excluded.

Back to aqueous electrolytes, the activation-controlled
desolvation process during charge transfer is analyzed using
varying temperature electrochemical impedance spectroscopy
(VT-EIS)P®! in three-electrode cells. Nyquist plots exhibit
a small (not obvious in V,05s-H,0) and a large semicircle
from high to medium frequency ranges, and then a sloping
tail at low frequencies attributed to Warburg impedance
that correlates to the mass transport in the bulk electrode
lattice (Figure 3d—f). The intercept and semicircles correspond
to solution resistance (R;), a passivation layer resistance
(Rp), and a charge transfer resistance (R.), respectively.’]
Upon temperature increase, V,0s-H,O displays almost
unchanged Nyquist profiles, with even slightly increased R
at further elevated temperatures (Figure S19). This indi-
cates an activation-less charge transfer, where no physically
meaningful activation barrier can be extracted from the
Arrhenius plot. This finding aligns with the H,O sorption
capability of V,0s-H,O (Figure 1b) and more generally
the water-swellable nature of vanadium oxide xerogel,m]
thus providing again strong evidence for a desolvation-free
water co-intercalation process in the hydrophilic sample.
In sharp contrast, both V,05-DOA and V,0s-EBEA are
found to be associated with a typical temperature-dependent,
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Figure 4. Operando observation of varying solvent co-intercalation. EQCM results for a), d) V,05-H,0, b), €) V,O05-EBEA, and c), f) V,05-DOA in
aqueous electrolytes. a)—c) Frequency evolution profiles (vs. time) during the OCP step, and the insets show normalized XRD results highlighting the
corresponding electrode structure changes. d)—f) CV curves at 0.5 mV s~' (2" cycle) with the corresponding frequency change profiles. For better
understanding, the Y-axis has been plotted using negative frequency values, aligning with the mass change direction.

activation-controlled process, where an activation energy (E,)
is required to achieve charge transfer. This is evident from
the noticeable shrinkage of the second semicircle (R.) with
rising temperatures. These findings demonstrate that varying
interlayer hydrophilicity (nanoconfinement chemistry) can
effectively tune the desolvation-related charge transfer pro-
cess, for example, energy barrier, resistance, and thus the
extent of solvation of intercalating Zn>*. Remarkably, the
specific capacities for the materials follow the same order
in both aqueous and nonaqueous electrolytes, implying a
consistent trend in Zn?* solvation. These results provide
direct indications for broadening applicability of the pro-
posed strategy to organic solvent systems. The expanded
application can also be supported by our recent obser-
vations of organic solvents co-intercalation with Li" into
V,0s pillared by 1,12-diaminododecane.[*! Notably, while
solvent co-intercalation in organic electrolytes may require a
certain threshold of interlayer spacing, water co-intercalation
is believed an intrinsic behavior in bi-layered V,Os
(Note S6).

This central finding is further verified via operando exper-
iments using electrochemical quartz crystal microbalance
(EQCM). Frequency changes were tracked for all materials
starting from the resting period, as presented in Figure 4a—c
using the negative values (comparison to the baseline signal
of pure gold-coated quartz sensors given in Figure S20).
Spontaneous water uptake is readily observed in V,0s—
H,O even prior to external electrochemical stimulation,
by a decreasing frequency over time upon immersion in
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electrolytes. We qualitatively link this to mass gain of the
electrode material according to the Sauerbrey equation,*”]
as accurate gravimetric analysis requires rigid films 1’1 while
nonelastic regimes are possibly encountered after electrode
exposures to electrolytes. However, qualitatively, the results
are well aligned with the water sorption isotherms (Figure 1b)
and is accordingly attributed to free solvent (water) flooding
into the V,0s5-H,0O interlayer space.l'’#!] This is further
supported by XRD measurements (inset) where expanded
d-spacing is detected. Interestingly, the opposite trend is
observed in V,05-DOA, with the electrode mass gradually
decreasing. This can be mainly caused by partial desorption
of confined species from the electrode, evidenced by the
XRD detection of a new peak at reduced d-spacing. V,0s—
EBEA shows similar initial mass decrease as V,0s;-DOA
but reaches equilibrium quickly after around 2 h. Notably,
XRD results reveal more complicated structure changes with
a minor reflection emerges at expanded d-spacing and the
original (001) splits to generate another peak of lowered d-
spacing. These suggest a dynamic mass exchange, possibly
involving solvent uptake and confined species loss.

Figure 4d—f illustrate frequency evolutions of the electrode
series during CV measurements in real time. V,0s-H,O
and V,0s-EBEA show monotonic evolution trends with
frequency decrease (mass increase) during the intercalation
step and frequency increase (mass decrease) during the de-
intercalation process. Notably, V,0s—-DOA shows a distinctly
different evolution trend characterized by transient fre-
quency (mass) reversals during both scans. Specifically, during
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Figure 5. Dynamic impedance measurements during hydrated Zn?* intercalation. Nyquist plots with y-axis offset of a) V,05-H,0, b) V,05—EBEA,
and c) V,05-DOA electrodes at different states of charge, and the corresponding d) profiles of fitted Rc; values as a function of electrode potential
across the material series. Interpretations of Warburg impedance, e) the Z’ versus o ~"/2 plots (@1.2 V vs. Zn**/Zn) for the three electrodes at low
frequency regions. The slope of each fitted curve represents the Warburg factor (o) for each specific electrode. f) The corresponding profiles of o2

as a function of electrode potential for three materials.

the cathodic scan (ion intercalation), the initial frequency
decrease is followed by a frequency increase through the
potential ranges for the 1% reduction peak (R1), after which
the frequency decreasing trend resumes. Conversely, during
the anodic scan, the increasing frequency trend reverses
into a sharp frequency decrease approaching the peak
potential of the major oxidation peak (O1), before eventually
returning to an increasing trend at the end of the redox
peak. This phenomenon is attributed to interfacial desorption
(during intercalation) or adsorption (during de-intercalation)
of solvent(-water), which reflects significant (de-)solvation
processes around the major peak potentials (R1/01).1"342]
These frequency change characteristics are highly reversible
across multiple cycles (Figure S21). Overall, the findings
strongly support our hypothesis of reduced hydration extent
of intercalating Zn>* into hydrophobic V,0s-DOA.

Influences of Nanoconfinement Chemistry on Zn?* Intercalation

The fundamental properties of the intercalation processes
are subsequently investigated from both kinetic and ther-
modynamic perspectives through impedance and structural
analyses, respectively. Figure Sa—c display room temperature
Nyquist plots obtained at varying (chronoamperometrically
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stabilized) states of charge during electrochemical reduc-
tion/discharge. All electrodes generally exhibit a similar
evolution trend during the (co-)intercalation process. Their
resistances (Rs and R) stay mostly consistent above 0.8 V.
Meanwhile the low frequency slopes (Warburg impedance)
gradually decrease and notably reach ca. 45° at 0.9 V, indi-
cating an increasingly diffusion-controlled electrochemical
process. At 0.8 V, the semicircle associated with R exhibits
a significant increase and the Warburg slope remains at
45°. From 0.8 to 0.5 V, further changes are observed in R
with another notable increase at 0.5 V, while the Warburg
slopes remain at 45°. The impedances rise significantly at the
subsequent low potentials (Figure S22), indicating the end
of intercalation procedure. Overall, substantial transitions
in impedance have been identified at the same potential
ranges, suggesting closely related structural evolutions to be
discussed. There are also correlations between the varying
interlayer hydrophilicities of host materials and their R
values.[) In alignment with the highest hydration of interca-
lating Zn?*, V,0s5-H,0O displays the lowest R, value among
the materials series, and their relative rank can largely main-
tain across the potential steps during the ion-intercalation
process (Figure 5d).

Furthermore, dynamic changes of solid-state diffusion are
also qualitatively analyzed via the impedance measurements.
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V-0 coherent reflection which is absent in the pristine pattern.

This is achieved by Warburg factor (o) of each spectrum
according to Equation (1):

Z =R+ Ry +ow ' (1)

where w designates frequency in rad. An example of the three
electrodes at 1.2 V is displayed in Figure Se. The V,05-H,0 is
seen with the minimal o value similar to that of V,0Os-DOA,
while V,0s—EBEA shows a notable increase. This indicates
an inverse trend for the efficiency of solid-state diffusion
according to Equation (2):

R2T?
b= 2A2n4F4c20? )

where D is the diffusion coefficient, R is the gas constant, T
represents temperature, A is the area of electrode, 7 is the
electron transfer number, F is Faraday’s constant, c is the ion
concentration inside lattice, and V,0s—H,0O is demonstrated
with the most favorable diffusion characteristic. Due to
the lack of precise ¢ values, D could not be quantitatively
calculated. Nevertheless, the changes in 1/c° obtained from
the EIS measurements are further organized to qualitatively
reflect the evolution of solid-state diffusion. As illustrated in
Figure 5f, a clear ranking of diffusion characteristics can be
identified, with V,0s-H, O showing the highest values at most
potential steps.

Structural evolution is subsequently investigated. Prior
to electrochemical reactions, there are already sophisti-
cated structure changes across all samples, as evidenced in
EQCM and XRD results of soaked electrodes in electrolytes
(Figures 4a-c and S23). Following dynamic changes during
electrochemistry are tracked by operando XRD measure-
ments (Figure 6). Two key regions of the diffraction patterns
are highlighted, which correspond to the evolutions of the
(001) plane and the most significant plane(s) associated
with V-O coherence within the V,0s bilayers, respectively.
First, for all samples, it is identified periodic changes with
repeatable diffraction features across two initial discharge—
charge cycles (further cycles of V,05-H,O, see Figure S24),
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indicating high structural reversibility. These results align
well with the discussed electrochemical observations (e.g.,
approximately 100% CE). Regarding the (001) reflection
region, solid-solution changes and phase transition reactions
can be tracked at similar potentials with ion (de)intercalation.
These features match with the impedance measurements
and suggest related reaction pathways within the material
series. Among all samples, V,0s—H,O shows characteristic
solid—solution behaviors. During discharging, its (001) reflec-
tion shifts to higher angles (till ~1.0 V) with initial ion
intercalation and then remains at a constant position but
with intensity attenuation. Upon charging, the changes are
well reversed, shifting back to original angles with increased
intensities. However, the mentioned phase changes (e.g.,
0.6 V in discharging) are found largely originating from
byproduct formation(s), such as the growth of basic zinc salts
(BZS, e.g., Zn;»,(OTF)y(OH);53*3!) at roughly 2.92° (Mo Ka,
consistent for the rest) and another unknown phase around
2.49°. The byproduct signals appear relatively strong and
thus interfere the analysis of reflections from V,05-EBEA/
V,05-DOA.

To minimize the interference, structure evolutions are
further analyzed focusing on the V-O coherence reflections.
In V,05-H,0, the original reflections both near 12° and
before the substrate signals remain present throughout all
electrochemical process though their intensity periodically
attenuates or amplifies, and they display continuously minor
position changes. These behaviors are characteristic of solid—
solution reaction. Whereas in organic-pillared materials,
signals of more intensive structure evolution can be detected,
additional to the solid-solution changes: the peak near 12°
becomes more attenuated upon higher degrees of Zn>*
intercalation, and this reflection almost disappears at 0.2 V;
an additional phase-transition can be identified from the last
displayed reflection, as the diffraction peak is absent (or too
weak to detect) at the pristine state but notably emerge with
ion intercalation and disappears during deintercalation. These
findings indicate stronger ion-host-interactions in V,0Os—
EBEA/DOA, which likely originate from the intercalation of
ions with lower hydration degrees.[*]
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the coordination number for the Zn-O pair of the electrode series.

Ex-situ XRD measurements verify these observations
with improved resolution, although slight deviations are
inevitable (Figure S25-S27). Overall, these structural results
suggest 1) related reaction path of hydrated Zn>* inter-
calation across the material series, accompanied with 2)
progressively enhanced ion-host-interactions from V,Os-
H,O to organic-pillared V,0s, due to the intercalation of
increasingly less hydrated ions. These findings are fully
consistent with the discussed kinetic results obtained from
impedance measurements (Figure 5) and b-value analysis
(Figure 2g-i).

Atomistic Insights Into lon Intercalation Processes

AD initio molecular dynamics (AIMD) simulations are used
to investigate the intercalation of Zn?* ions into three types
of V,0s-based materials, focusing on how the host lattice and
confined molecules dynamically respond to electrochemical
intercalation. The simulations focus on the initial solid—
solution intercalation regime, which concludes following the
first reduction peak (R1) in the CV curves.

Hydrophilic V,0s-H,O (Figure 7a) shows strong hydro-
gen bonding within the interlayer space due to the high den-
sity of water molecules and lone pairs. These water molecules
stabilize the framework and facilitate Zn>* coordination with
both water and lattice oxygens, forming two configurations.
While Zn?* typically exhibits six-fold coordination in aqueous
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electrolytes (Zn(H,0)s>*),[*] simulations suggest rearranged
coordination after Zn**—H,O co-intercalation in the lattice,
that is, Zn?* does not remain as the fully solvated Zn(H,O)¢>*
complex upon intercalation. Radial distribution function
(RDF) analysis (Figure 7b) confirms this, showing the first
coordination shell of Zn—-O around 2 A with a reduced coor-
dination number. At low Zn?* concentration, no distortion of
the V,0s layer is observed, consistent with the structural mea-
surements. This indicates minimal ion-host-interaction due
to strong Zn>* hydration.[*}] At higher Zn?* concentration,
minor structural disruptions of the local Zn-O coordination
appear, reflected by a drop in RDF intensity. These changes
correlate with the subsequent phase transition observed in
operando XRD upon further Zn?* intercalation. Solid-state
diffusion of Zn?* occurs via both the confined water layer
and in close proximity to the V,0s layer, where the latter
is analogous to surface-like diffusion with fast kinetics.[>] It
should be noted that the hydration shell of intercalated Zn>*
within the V,0s—-H,O host can be composed of both water
from the electrolyte and/or confined interlayer water.

In V,0s-EBEA, Zn’>" interact not only with water,
but also with EBEA pillars, which contain oxygen atoms
rich in lone pairs. They are part of the Zn?*-coordination
environment, as illustrated in Figure 7c. Therefore, Zn**
intercalation leads to little structural distortion of the V,0s5
lattice, but the Zn”>* transport is restricted to the confined
EBEA layer, thereby limiting ion mobility and slowing
electrochemical kinetics. RDF analysis (Figure 7d) show
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weaker Zn-O coordination compared to V,0s-H,O, but it
becomes intensified at increased Zn>* concentrations due to
the interaction with EBEA molecules.

In the case of V,0s-DOA, Zn>* predominantly coor-
dinate with lattice oxygens, with no direct interaction with
DOA molecules (Figure 7e). At low Zn?* concentrations,
ions reside close to the oxide layers rather than within
the center of the interlayer. Despite the interaction with
lattice oxygens, rapid Zn>* mobility is observed through
surface-like diffusion,!??] owing to few water molecules in
vicinity (crystal water and/or co-intercalated water) which
effectively serve as ligands. However, the stronger ion-
host interaction leads to structural distortions of the oxide
framework, which aligns with increased structural changes
observed by operando XRD. The RDF profiles (Figure 7f)
reveal a decline in Zn-O coordination with increasing Zn>*
concentration, indicating weakened lattice interaction. A
drop of the coordination number at higher Zn?* levels is
observed only in V,05-DOA, likely due to excess Zn>* accu-
mulating near DOA molecules but without forming bonds
(Figure S28).

The RDF analysis on the V-O pair (Figure S29) verifies a
similar distorted but well-defined coordination environments
across all materials, where V,0s-DOA presents the most
rigid V-O bonding network. AIMD and RDF analysis indi-
cate that Zn?* intercalation proceeds via partial desolvation:
bulk Zn(H,0)s>* rearranges upon entering the interlayer,
producing lower Zn—O coordination numbers than six (which
remains dynamically changing) and host-dependent coordi-
nation motifs (water-rich in V,05-H,0, mixed H,O and
pillar-oxygen in V,0s—-EBEA, and predominantly lattice-
oxygen coordination in V,05-DOA). The reduced Zn-O
coordination number can be qualitatively validated by fitting
X-ray absorption spectra on discharged electrodes (@0.2 V,
Figure S30 and Table S3). However, contributions from
additional phase(s) are evident, with V,0s5-H,O showing
the highest value that probably corresponds to the most
prominent secondary phase (Figure S25). The dynamic
situation is further illustrated by Supplementary Movies
1-3. Overall, simulations reveal how the nanoconfinement
chemistry critically affects Zn>* coordination, mobility and
intercalation-induced lattice distortion. These insights clarify
the atomistic origins of the electrochemical behavior observed
experimentally.

Conclusions

In this work, we demonstrate that solvent co-intercalation
can be effectively regulated by electrode nanoconfinement
design. A series of bi-layered vanadium oxides with tunable
hydrophilicity of their interlayer space is synthesized to tailor
the electrode—electrolyte interactions in an aqueous envi-
ronment. Electrochemical Zn?* intercalation from aqueous
electrolytes shows strong dependence of the charge storage
capacity, redox potentials and kinetics on the interlayer
hydrophilicity. The most hydrophobic material, V,0s-DOA,
exhibits improved Zn?* storage capacity and stronger ion-
host interaction. Using a range of operando characterizations
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and ab initio molecular dynamics modeling, a varying degree
of solvent(water) co-intercalation has been identified as the
origin for the observed differences in electrochemical per-
formance. Moreover, hydrophobic V,0s-DOA also exhibits
higher capacity in non-aqueous electrolytes than other sam-
ples, underlining its ability to accommodate anhydrous Zn>*
in varying electrolyte environments. These findings establish
nanoconfinement chemistry as a powerful knob to tune
solvent co-intercalation in layered transition metal oxide
electrodes, opening new avenues to tailor electrochemical
intercalation reactions and achieve novel batteries with
efficient solvent co-intercalation.
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