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ABSTRACT
Understanding how electrolyte solvation and nanoconfinement govern sodium-ion intercalation is essential for designing high-
power sodium storage electrodes. Here, we use a model series of hydrogen titanates with systematically expanded interlayer
spacings to investigate how the degree of electrolyte confinement governs the transition from battery-like toward capacitor-like
Na+ storage signatures. In carbonate-based electrolyte, all materials form resistive interphases, exhibit pronounced charge transfer
resistance, and show conventional sluggish kinetics. In contrast, diglyme-based electrolyte enables solvent co-intercalation of Na+-
diglyme complexes, limits interphase formation, and produces rectangular/capacitor-like CV signatures with strongly reduced
interfacial impedance and excellent high-rate performance. Ex situ TEM analysis and operando dilatometry confirm reduced
interphase growth and reversible co-intercalation-induced lattice expansion in diglyme. These findings provide direct evidence
for a confinement-controlled continuum between Faradaic and capacitive Na+ storage and highlight electrolyte solvation and
electrode nanoconfinement co-design as a powerful strategy toward high-power sodium storage.
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Introduction

odium-ion batteries (SIBs) are attractive alternatives to com-
lement lithium-ion batteries due to the abundance and lower
ost of sodium [1]. However, achieving high power perfor-
ance remains challenging, particularly on the anode side.
ard carbons are today’s dominant SIB anodes and operate
t very low potentials near 0 V versus Na+/Na, which poses
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a risk of sodium plating on the electrode surface during fast
charging [2]. In conventional carbonate-based electrolytes, a
substantial solid-electrolyte interphase (SEI) forms, adding inter-
facial impedance and slowing ion insertion, thereby limiting
rate capability. Such limitations become even more critical
in sodium-ion capacitors (SICs), where the negative electrode
must sustain high currents to match the capacitive positive
electrode [3].
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o overcome these limitations, alternative anode materials that
perate at slightly higher potentials and exhibit fast charge
torage capability are needed. Layered titanates are promising
andidates because they intercalate Na+ between around 0.3 and
.7 V vs. Na+/Na, reducing the risk of plating, and their structure
ffers exceptional tunability of the interlayer environment [4–7].
ydrogen titanates (HTOs), in particular, contain nanoconfined
rotons and/or water that can be replaced through ion exchange
r molecular pillaring [8–10]. Their interlayer chemistry strongly
nfluences charge storage, as demonstrated by reports of H2
volution from reducing interlayer protons [11], or Li+/solvent co-
ntercalation [12], or increasedNa+ storage in alkylamine-pillared
hases [13].

n parallel, a complementary concept has emerged from sol-
ent co-intercalation research [14, 15]. Adelhelm and coworkers
howed that Na+-diglyme complexes can intercalate into graphite
16, 17] and proposed that these glyme-based systems may
perate with strongly suppressed SEI formation [18], even at
trongly reducing electrode potentials near 0 V versus Na+/Na,
hypothesis that continues to be actively debated but has the
otential to strongly reduce interfacial impedance. Moreover,
olvent co-intercalation is, in principle, an attractive mecha-
ism to enable high-rate capability because the absence of
ull desolvation at the electrochemical interface has the poten-
ial to strongly reduce charge transfer resistance [14]. Recent
ork by Wei and coworkers demonstrated that co-intercalation
f such Na+-diglyme complexes can yield capacitor-like elec-
rochemical characteristics, which hold promise for use in
odium-ion capacitors [19, 20]. These aspects highlight the
ecisive role of solvation and electrolyte stability, in addi-
ion to the intrinsic host structure, in dictating Na+ storage
ehavior.

e recently proposed a broader hypothesis that electrochem-
cal charge storage in confined electrolytes forms a contin-
um between electric double-layer (capacitive) and Faradaic
ntercalation mechanisms, governed by the degree of ion
olvation and resulting ion-host interaction [21]. Under this
ssumption, nanoconfinement and incomplete desolvation can
ield capacitor-like electrochemical signatures even in materi-
ls traditionally considered Faradaic intercalation hosts. Lay-
red titanates with tunable interlayer spacing therefore pro-
ide an ideal experimental platform to probe this continuum
irectly.

ere, we synthesize a series of hydrogen tetratitanate-based
aterials (H2Ti4O9) with systematically increased interlayer
pacing and investigate their Na+ storage properties in carbonate-
nd diglyme-based electrolytes. We show that in carbonate
lectrolytes, all materials undergo SEI formation and exhibit
onventional, diffusion-limited intercalation with significant
nterfacial impedance. In contrast, in diglyme, expanding the
nterlayer galleries enables highly reversible Na+ storage with
rogressively more capacitor-like, high-rate behavior, while
xhibiting strongly reduced charge transfer resistance and
inimal interfacial impedance. These results provide direct
xperimental support for a confinement-controlled continuum
n this model system and demonstrate a powerful strat-
gy for designing high-rate sodium anodes using confined
lectrolytes.
of 12
2 Experimental Section

2.1 Materials Synthesis

Hydrogen tetratitanate (H2Ti4O9, referred to as HTO) was syn-
thesized through a two-step solid-state andwet-chemicalmethod.
The first step is the solid-state synthesis of potassium tetratitanate
(K2Ti4O9). It was synthesized by heating a mixture of potassium
carbonate (K2CO3, VWR Chemicals) and titanium dioxide (TiO2,
Thermo Scientific) in a 1:3.5 molar ratio at 800◦C for 20 h in a
muffle furnace (NaberthermP330), followed by an additional 20 h
after grinding with a mortar and pestle. The second step to obtain
HTO is to stirr 1 g of K2Ti4O9 in 200 mL of 2 M hydrochloric acid
(HCl, VWRChemicals) in a round-bottom flask for 3 days at 60◦C
under reflux. The resulting product was then vacuum-filtered,
washedwith deionized (DI) water, and dried at room temperature
under airflow before further characterization.

Alkylammonium-pillared HTOs, namely HTO-
propylammonium (HTO-PA) and HTO-octylammonium
(HTO-OA), were synthesized by stirring 200 mg of the baseline
HTO powder in 6.66 mL of 50 vol.% aqueous solutions of
propylamine (C3H9N, Thermo Scientific) or octylamine (C8H19N,
Thermo Scientific), respectively, for 72 h at room temperature.
The alkylammonium-pillared HTO powders were recovered by
vacuum filtration, then washed several times with DI water until
neutral pH was reached, and left to dry in circulating air at room
temperature.

2.2 Structural Characterization

Powder X-ray diffraction (XRD) patterns of the samples were
obtained using a Bruker D8 Advance equipped with a Cu Kα
radiation source (λ= 0.15406 nm) and a LYNXEYEXE-T detector.
The patterns were recorded in Bragg–Brentano mode in the 2θ
range between 2◦ and 60◦ with a 0.02◦ step size.

Scanning electron microscopy (SEM) imaging was performed
using a ZEISS Crossbeam 340 electron microscope operated at
5 kV and a working distance of 7.4 mm.

Thermogravimetric analysis was carried out using a NETZSCH
TG 209 F1 Libra thermal analyzer under a mixed N2/O2 atmo-
sphere. The temperature was increased to up to 600◦C at a ramp
rate of 5◦C/min.

2.3 Electrode Preparation

The synthesized HTO powders were used to make electrode
slurries where the active material, conductive carbon (C-
NERGY Super C65), and polyvinylidene fluoride (PVDF, Solvay)
binder (2 wt.% PVDF dissolved in N-Methyl-2-pyrrolidone, NMP,
Thermo Scientific) with a mass ratio of 8:1:1 was ground using
a pestle and mortar, then homogenized using a speed mixer
(Thinky) at 2000 rpm for 10 min. The slurry was then cast onto
carbon-coated Al current collectors (20 µm thickness, Welcos)
using a doctor blade with a wet film thickness set to 60 µm,
resulting in mass loadings of ca. 0.6–0.7 mg/cm2. The low
mass loading is favorable to avoid kinetic limitations caused by
Advanced Energy Materials, 2026
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lectrode architecture, allowing the study to focus on fundamen-
almaterials properties. The cast slurrieswere set to dry overnight
n circulating air, then subsequently cut into 12-mm discs and
ried overnight in vacuum at room temperature. Elevated drying
emperatures were avoided due to the volatility of confined
nterlayer species, particularly propylammonium. Prior to use,
he electrode films were compacted using a hydraulic press set
o 5 tons for 30 s.

.4 Electrochemical Measurements

tandard electrochemical measurements (CV and GCD) were
erformed in coin cells (type CR2032) in a two-electrode configu-
ation against 12 mm diameter Na disc electrodes (Acros Organ-
cs, 99.8%), and a 19 mm diameter Whatman glass microfiber
grade GF/A) was used as a separator. The cells were filled
ith 150 µL of electrolyte, namely either 1 M NaPF6 (battery
rade, FluoroChem) in a 1:1 vol.% mixture of ethylene carbon-
te/propylene carbonate (EC/PC, battery grade, UBE) or 1 M
aPF6 in bis(2-methoxyethyl)ether (diglyme/2G, 99.5%, Thermo
cientific).

he electrochemical experiments were conducted with poten-
iostats from Biologic (VMP-3e, VMP-300) with the cells placed
n temperature-controlled climatic chambers set at 20◦C.

lectrochemical impedance spectroscopy (EIS) measurements
ere performed using a three-electrode custom-built polyether
ther ketone (PEEK) cell. These contained HTO-based materials
s the working electrode and sodium metal for both the counter
lectrode (12 mm disc) and the separate quasi-reference electrode
a small piece placed in the side channel of the cell, contacted
y a titanium screw). Further details on the custom-built PEEK
ell were previously published [22]. EIS used a frequency range of
00 kHz to 10mHzwith a 10mV amplitude and two data averages
er frequency. Ten points per decade were collected. Impedance
pectra were fitted in the RelaxIS software by considering a
roportional weighting method for all range of frequency.

lectrochemical dilatometry (ECD) measurements were con-
ucted using an ECD-4-nano dilatometer (EL-Cell). The HTO-
ased working electrodes were prepared by using slurries con-
aining 60 wt.% active material, 30 wt.% carbon black and 10 wt.%
VDF binder dissolved in a 2 wt.% NMP solution. The slurries
ere then directly drop-cast onto the piston of the dilatometry
ell and dried at 60◦C under vacuum for 12 h. Then, the coatings
ere compressed using a hydraulic press set to 1 ton for 10 s. The
esulting mass loading of the electrode is 4–5 mg/cm2.

he dilatometer was then assembled in an Ar-filled glovebox.
t was assembled in a half-cell setup using an 8 mm Na metal
isc acting as the counter electrode. Approximately 300–350 µL
f electrolyte was injected onto the T-Frit, and the working
lectrode, coated directly onto the piston, was placed on top
f the T-Frit. The cell was sealed using the screw cap unit
ith a membrane to ensure airtightness and electrical contact.
ollowing transfer from the glovebox, the sensor head was
ttached, and the cell was connected to a docking station (PAT-
tand-1, EL-Cell) housed in a temperature-controlled chamber
22◦C) linked to a potentiostat (Bio-Logic VMP3).
dvanced Energy Materials, 2026
2.5 Ex Situ Transmission ElectronMicroscopy
Study

For the ex situ transmission electron microscopy (TEM) study,
the HTO-based powder materials were dispersed in 10 mL
NMP and sonicated for 5 min. The suspension was drop-cast
onto a gold-coated TEM grid and dried under vacuum at 60◦C
for 24 h. The grid then acted as a current collector and was
directly placed into a three-electrode Swagelok-type cell, and
linear sweep voltammetry was performed at 0.5 mV/s from open-
circuit potential (≈2.6 V vs. Na+/Na) to 0.2 V versus Na+/Na,
followed by a 2 h hold. The cells were then disassembled in
an Ar-filled glovebox (<0.5 ppm O2 and H2O), the grids were
removed and rinsed with the respective solvent and sealed
inside a Mel-Build Double Tilt LN2 Atmos Defend Holder and
transferred to the microscope under inert conditions. (S)TEM
imaging was performed using a ThermoFisher Talos F200i
instrument. In addition to bright-field- (BF-TEM) and high-
resolution TEM (HRTEM), we performed high-angle annular
dark-field scanning transmission electron microscopy (HAADF–
STEM) in conjunction with energy-dispersive X-ray spectroscopy
(EDX) using BrukerDualXwindowless EDXdetectors to generate
elemental maps.

2.6 Computational Details

The initial structure of HTO-OA was constructed by extending
our previously reported HTO model. Density functional theory
(DFT) calculations were carried out using the Vienna ab initio
Simulation Package (VASP) [23–25] with periodic boundary con-
ditions. The interaction between core and valence electrons was
described using the projector augmented wave (PAW) method
[26]. Electron exchange–correlation effects were treated within
the generalized gradient approximation (GGA)using the Perdew–
Burke–Ernzerhof (PBE) [27] functional. Brillouin zone sampling
was performed using a Monkhorst–Pack scheme with a maxi-
mum k-point spacing of <0.03 Å−1, corresponding to a 1 × 6 ×
1 k-point mesh [28]. A plane-wave energy cutoff of 520 eV
was employed, and long-range van der Waals interactions were
accounted for using Grimme’s D3 dispersion correction [29].
Both the lattice parameters (cell shape and volume) and atomic
positions were fully relaxed. Electronic self-consistency was
achieved with an energy convergence criterion of 1 × 10−5 eV, and
structure was optimized until the residual forces on each atom
were less than 0.02 eV Å−1. The d200 of the optimized structure
was obtained using the VESTA [30] software.

3 Results and Discussion

3.1 Structural Characterization of the HTO
Model Series

Hydrogen tetratitanate (H2Ti4O9, HTO) is subjected to organic
functionalization with n-alkylammonium pillars of different
lengths, namely propylammonium (PA) and octylammonium
(OA). During this functionalization procedure in aqueous solu-
tion, ammonium(NH3

+)-terminated pillars become confined
within the HTO interlayer space, where they exchange with the
structural protons of HTO [12, 31]. This pillaring strategy enables
3 of 12
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FIGURE 1 Scanning electron micrographs of (A) HTO, (B) HTO-PA, and (C) HTO-OA powder samples. (D) XRD pattern and (E) TGA, including
differential mass evolution plot of all samples. Optimized crystal structures for (F) HTO, (G) HTO-PA, and (H) HTO-OA from DFT calculations.
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ystematic tuning of the HTO interlayer spacing, consistent with
ur previous work [12].

canning electron micrographs of pristine HTO, HTO-PA, and
TO-OA (Figure 1A–C) reveal the morphological consequences
f interlayer expansion. PristineHTO consists of rod-like particles
ith a length of several micrometers. Pillaring with the smaller
A molecules maintains the rod-like morphology, although a
odest increase in rod thickness is observed. In contrast, pillaring
ith large OA molecules leads to a notable swelling of the parti-
les and slight rod deformations. The longer organic chains of OA
nduce a more crumpled, sheet-like morphology, consistent with
tronger interlayer expansion and weaker interlayer cohesion.
mportantly, no evidence of particle pulverization or dissolution–
ecrystallization is observed, indicating that pillaring proceeds
opotactically and preserves the parent titanate framework. This
upports the previously described [12] topotactic nature of the
illar confinement process in the HTO host.

-ray diffraction (XRD, Figure 1D) confirms the success-
ul synthesis of phase-pure, hydrated hydrogen tetratitanate
H2Ti4O9⋅H2O) according to PDF 00–036-0655 via the solid-
tate and wet-chemical synthesis process. In its pristine state,
TO exhibits an interlayer spacing of ca. 0.90 nm shown by
he dominant (200) reflection at 9.86◦ 2θ. The functionalization
pproach using PA or OA pillar molecules leads to a system-
tic expansion of the interlayer spacing to 1.57 and 2.74 nm,
of 12
respectively, indicated by the significant shift of the (200) signal
toward lower diffraction angles. The emergence of higher-order
(400) and (600) reflections further indicates that interlayer
expansion is homogeneous and preserves long-range structural
order.

Thermogravimetric analysis (TGA) is conducted to estimate
the chemical composition and pillar loading of the materials
(Figure 1E). Heating of HTO-based samples to 600◦C in an
oxygen-containing atmosphere leads to the complete transforma-
tion of H2Ti4O9 to 4 TiO2 via dehydration [32], corresponding to
a mass loss of 5.3 wt.%. Any additional mass loss can therefore
be assigned to surface-adsorbed or interlayer-confined species. To
differentiate between these contributions, we use the differential
mass signal and observe two distinct mass loss steps in pristine
hydrated HTO. The first process is assigned to the loss of surface
water, whereas the subsequent step is attributed to confined
crystal water. Quantification yields ca. 1 confined water molecule
per tetratitanate unit, leading to an estimated structural formula
of H2Ti4O9⋅H2O, in agreement with XRD and previous reports
[12]. For HTO-PA and HTO-OA, the thermogravimetric response
can be interpreted in two broad temperature regimes. At lower
temperatures (<200◦C), contributions from weakly adsorbed
species are expected, including surface water and possibly weakly
bound amine-containing species. In contrast, the larger mass
loss between ca. 350 C and 550◦C is assigned to decomposition
and/or combustion of the interlayer-confined organic pillars.
Advanced Energy Materials, 2026
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he significance of this higher-temperature process is that it
upports the presence of more strongly incorporated organic
pecies within the expanded interlayer structure, rather than
nly surface-adsorbedmolecules. Based on the total pillar-related
ass loss, the results reveal loadings between ca. 1.3 (PA) and 1.6
OA) pillar molecules per tetratitanate. The amount of residual
nterlayer water is expected to be reduced in the pillaredmaterials
ecause the alkyl chains render the interlayer environment less
avorable for water retention [33]. At the same time, residual
nterlayer water cannot be quantified independently with high
onfidence from TGA alone because low-temperature water loss
ay overlap with the release of weakly bound amine-containing
pecies. The similar pillar loadings indicate that the num-
er of interlayer-confined organic pillars per tetratitanate unit
emains approximately constant across the pillared HTO series,
hile the interlayer spacing changes substantially with pillar
ength.

he experimentally derived crystallographic data and composi-
ion information are used to construct DFT-optimized structures
f the host materials. Confirming our previous models for HTO
nd HTO-PA (Figure 1F,G),12 we additionally present the opti-
ized structure for highly expandedHTO-OA (Figure 1H). In this
onfiguration, OA molecules adopt a tilted bilayer arrangement
ithin the HTO interlayer galleries, resulting in an interlayer
pacing of 2.70 nm. Comparison of the experimental and DFT-
imulated diffraction patterns for HTO-PA and HTO-OA shows
ood agreement in the positions of the low-angle reflections,
upporting the proposed structural models and the interlayer
pacings derived from them (Figure S1). The structural models
llustrate how increasing pillar length enlarges the accessible
nterlayer gallery volume, which becomes relevant for Na+
olvation and transport.

aken together, the experimental and computational characteri-
ation demonstrates precise control over interlayer spacing in the
TO host lattice. Thus, this materials series provides a model
ystem in which the degree of nanoconfinement within the
nterlayer galleries can be systematically tuned independently of
he titanate framework. This structural tunability enables a direct
nvestigation of how interlayer confinement governs Na+ storage
echanisms.

.2 Electrochemical Na+ Storage in Ether-Based
lectrolyte

o evaluate the influence of HTO interlayer confinement on the
esulting electrochemical Na+ storage properties, cyclic voltam-
etry (CV, Figure 2A) was performed on the titanate series with
ystematically increasing interlayer spacing in an ether-based
lectrolyte (1MNaPF6 in diglyme). TheCVof pristineHTO shows
wo broad redox features around 0.4 and 1.0 V versus Na+/Na,
ndicative of a Faradaic intercalation process. Strikingly, the elec-
rochemical response evolves systematically toward a rectangular,
apacitor-like CV shape as the HTO interlayer spacing increases.
hematerial with the largest interlayer spacing (HTO-OA) shows
n almost ideal rectangular response between ca. 0.2 and 1.2 V.
his evolution is consistent with the previously hypothesized
onfinement-driven transition fromFaradaic to capacitive charge
torage [21].
dvanced Energy Materials, 2026
The specific sodiation capacity and rate handling behavior are
further quantified using galvanostatic charge/discharge (GCD)
experiments (Figure 2B). At a low rate of 50 mA/g, the maximum
anodic/desodiation capacities are 97, 124, and 103 mAh/g for
HTO, HTO-PA, and HTO-OA, respectively, when normalized
to the total mass of the active material, i.e., the combined
mass of the titanate host and the organic pillars. Because the
heavier OA pillars contribute more inactive mass than PA, this
gravimetric capacity trend does not directly reflect the degree of
Na+ uptake by the titanate host itself. After correcting for pillar
mass and expressing the storage per tetratitanate unit (H2Ti4O9),
the maximum reversible (de)sodiation capacities correspond to
1.29 Na+ for HTO, 1.92 Na+ for HTO-PA, and 2.08 Na+ for HTO-
OA. This shows that the degree of Na+ uptake by the host lattice
increases with interlayer expansion, consistent with analogous
Li+ storage reported previously [12]. Overall, these maximum
capacities lie within the typical range reported for titanate-based
Na-storage electrodes (∼90–120 mAh/g) [4, 34], while the main
advance of the present work lies not in maximizing gravimetric
capacity, but in revealing the systematic transition in charge
storage mechanism upon interlayer expansion.

At elevated rates, the electrochemical differences between the
materials becomemore pronounced. At 5 A/g, pristine HTO loses
nearly all capacity, whereasHTO-PAandHTO-OA retain 46% and
59% of their initial capacities, respectively. The voltage profile of
HTO-OAunder these conditions remains sloping and linear, with
lower polarization than HTO-PA (Figure S2). These high-rate
results highlight the capacitor-like Na+ storage characteristics
of the most expanded HTO-OA in diglyme. While interlayer-
confined organic pillars can, in principle, hinder ion transport by
partially blocking diffusion pathways and storage sites [35, 36],
the similar pillar loadings of HTO-PA and HTO-OA indicate that
this effect should be comparable across the pillared samples, such
that the systematic kinetic evolution is attributed primarily to
the increasing interlayer spacing. It should be noted that these
measurements were carried out at deliberately low mass loading
(0.6–0.7 mg/cm2) in order to minimize transport limitations
arising from electrode architecture and to isolate the intrinsic
materials effects.

The cycling stability of the HTO-based electrode materials was
evaluated in half-cells over 1000 cycles (Figure S3). All electrodes
show the most pronounced capacity loss within the first ∼100
cycles, after which the capacity evolution stabilizes. Pristine
HTO exhibits the fastest initial degradation, losing approximately
30% of its capacity during the first 100 cycles, whereas HTO-
PA and HTO-OA show more moderate losses of ca. 12% and
20%, respectively. Upon extended cycling, pristineHTOcontinues
to fade significantly, retaining only about 45% of its initial
capacity after 1000 cycles. In contrast, HTO-PA retains ca. 67%
and HTO-OA ca. 73% of their initial capacities. Overall, these
results indicate that interlayer expansion leads to improved
cycling stability compared to pristine HTO under the investigated
conditions.

These observations open important mechanistic questions, as
such high-rate capability is uncommon for typical SIB anodes
operating close to an electrode potential of 0 V versus Na+/Na.
In particular, (1) to what extent interphases form at highly reduc-
tive electrode potentials, (2) whether solvent co-intercalation
5 of 12
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FIGURE 2 Electrochemical characterization of HTO series in 1 M NaPF6 in diglyme electrolyte. (A) Cyclic voltammograms at 0.5 mV/s,
(B) Galvanostatic charge–discharge at rates from 50 mA/g to 5 A/g. (C) Nyquist plots recorded at stabilized electrode potentials of 0.2 V versus Na+/Na,
inset: zoomed-in view of mid-/high-frequency region. (D) b-value analysis of HTO using sweep rates between 0.2 and 2 mV/s, and (E), (F) of HTO-PA
and HTO-OA using sweep rates between 0.2 and 100 mV/s.
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ontributes to reduced charge transfer resistance, and (3) what
imits Na+ transport in confined HTO environments?

o address these scientific questions, the charge storage kinetics
ere probed via electrochemical impedance spectroscopy (EIS).
fter the first electrode reduction to 0.2 V and reaching steady-
tate conditions, impedance spectra were recorded for all three
lectrodes of the series (Figure 2C). In the low-frequency region,
he Nyquist plot of pristine HTO shows a sloping region with
phase angle |φ| > 45◦ [37]. With increasing HTO interlayer
pacing, the low-frequency response shifts progressively toward a
apacitor-like regime, with HTO-OA exhibiting a nearly vertical
ine characteristic of capacitive behavior [38].

o better resolve the mid- to high-frequency regions, a zoom-in
s shown in Figure 2C, inset. Pristine HTO exhibits two distinct
emicircles, where the higher-frequency feature is commonly
ssociated with the presence of an interfacial surface layer
e.g., SEI-related processes), while the lower-frequency feature
s attributed to the Faradaic charge transfer step, which in con-
entional electrolytes includes ion desolvation [39]. Accordingly,
quivalent-circuit analysis allows extraction of an interfacial
esistance (RSEI) and charge transfer resistance (Rct) [40]. The
mpedance analysis is discussed in more detail in the supporting
nformation, Figures S4 and S5.

ith increasing interlayer spacing, the higher-frequency semicir-
le progressively diminishes and becomes negligible forHTO-OA,
hile Rct is simultaneously reduced by approximately a factor of
wo compared to pristine HTO. These trends indicate that sodi-
tion of expanded HTOs from diglyme electrolyte proceeds with
of 12
strongly suppressed interphase resistance and markedly reduced
charge transfer impedance, consistent with a transition toward
desolvation-free Na+ intercalation and capacitor-like kinetics in
expanded host lattices. The fitted values of RSEI and Rct are
summarized in Table 1 and are contrasted with the substantially
larger resistances observed in the carbonate-based electrolyte
discussed in a later section.

To further assess diffusion-limitations, b-value analysis [41, 42]
was performed using the sweep rate (v) dependence of the
measured current i in CVs according to the formula:

Where a and b are variables. In the limiting cases, the b-value of
0.5 defines an ideally semi-infinite diffusion-controlled current
according to the Randles–Ševčík equation, and the b-value of
1.0 corresponds to an ideally surface-controlled current that can
originate from double-layer capacitance and/or fast surface redox
processes [43, 44]. Note that the b-value analysis is a tool to
estimate kinetic limitations within the probed range of sweep
rates, but cannot determine the charge storage mechanism itself.
Pristine HTO electrodes exhibit b-values of 0.52–0.67 (Figure 2D),
consistent with predominantly diffusion-limited Na+ storage.
Note that here, only sweep rates ≤ 2 mV/s were analyzed due to
rapid current degradation at higher rates. In contrast, expanded
HTO-PA and HTO-OA maintain rectangular CV shapes up to
at least 20 mV/s and quasi-rectangular CV shapes up to even
100 mV/s (Figure 2E,F). The CVs only show minor distortions at
elevated rates, indicative of rapid kinetics, particularly for HTO-
OA. Their b-values range from 0.81–0.96 (HTO-PA) and 0.89–0.98
(HTO-OA), revealing predominantly surface-controlled kinetics
with minimal diffusion limitation across the probed rate range.
Advanced Energy Materials, 2026
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TABLE 1 Interfacial resistances (RSEI) and charge transfer resistances (Rct) including fit errors extracted via equivalent circuit modelling of HTO,
HTO-PA, and HTO-OA electrodes after the first sodiation (at 0.2 V vs. Na+/Na) in either 1 M NaPF6 in EC/PC or 2G electrolyte, carried out in three-
electrode cells at 20◦C.

Materials

RSEI (Ω) Rct (Ω)

EC/PC 2G EC/PC 2G

HTO 30.5 ± 0.25 3.1 ± 0.16 101.8 ± 1.34 6.6 ± 0.08
HTO-PA 88.0 ± 0.54 0.6 ± 0.09 451.0 ± 5.09 2.7 ± 0.21
HTO-OA 99.1 ± 0.56 n/a 193.8 ± 2.46 3.4 ± 0.16
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detailed kinetic analysis up to 100 mV/s using the b-value
ethod is provided in Figure S6, demonstrating increasingly
urface-limited kinetics at higher interlayer expansion.

ogether, the evolution of CV/GCD profiles, the reduced
mpedance, and the high b-values collectively support a
echanism in which interlayer expansion enables solvent co-
ntercalation of Na+-diglyme complexes. This process bypasses
ypically sluggish desolvation, and ion diffusion within the host
lectrode is supported by increased interlayer spacing, resulting
n surface-limited kinetics. Importantly, this trend does not imply
precise geometric matching between solvent size and interlayer
pacing, but it reflects progressively reduced confinement
onstraints within the larger galleries. The negligible interfacial
mpedance further indicates that dense passivation layers (that
ould act as barriers to solvent co-intercalation) are largely
uppressed in diglyme (further analysis in later sections). In
his context, the three-electrode EIS analysis provides the most
irect evidence for the kinetic transition, because it resolves both
he interfacial resistance and the charge transfer resistance of
he HTO-based working electrode, which are the key quantities
elevant to the observed shift toward capacitor-like behavior.

.3 Electrochemical Na+ Storage in
onventional, Carbonate-Based Electrolyte

he analysis in the previous section demonstrates a transition
oward sodium storage with capacitor-like electrochemical signa-
ures as the HTO host lattice is progressively expanded. These
ast kinetics were attributed to strongly suppressed interphase
ormation, enabled by the stability of Na+-diglyme solvation
tructures that facilitate co-intercalation. To isolate the impact
f the electrolyte solvation environment, the electrochemical
rocess is now contrasted with that in a standard carbonate-
ased electrolyte, 1 M NaPF6 in ethylene carbonate/propylene
arbonate (EC/PC), which is known to form more resistive
nterphases on titanate-based electrodes at strongly reductive
otentials [45]. It should be noted that the purpose of this com-
arison is not to directly extract nanoconfinement trends across
ifferent electrolyte systems, but to investigate a contrasting case
hat highlights how pronounced interphase formation impacts
he efficiency and reversibility of solvent co-intercalation.

Vs of the HTO materials series exhibit pronounced redox peaks
or pristine HTO at around 0.3–0.4 and 0.9–1.1 V versus Na+/Na
Figure 3A). Expanded HTOs display broadened, somewhat
ectangular CV signatures; however, in carbonates, these are less
dvanced Energy Materials, 2026
symmetric, exhibit resistive features, and show reduced current
even at a slow sweep rate of 0.2 mV/s compared to diglyme
electrolyte. This indicates significantly reduced reaction kinetics
in carbonate electrolyte, particularly for the most expanded
HTO-OA material.

GCD experiments at a rate of 50 mA/g reveal maximum
anodic/desodiation capacities of 103, 119, and 105mAh/g forHTO,
HTO-PA, and HTO-OA electrodes, corresponding to 1.37 Na+,
1.84 Na+, and 2.12 Na+ per tetratitanate unit. Although these
capacities are comparable to those obtained in diglyme, the rate
performance at elevated currents differs significantly. At higher
GCD rates, the capacity for all electrodes fades rapidly. This
effect is most pronounced for HTO-OA, whose rapid capacity loss
contrasts sharply with its excellent rate response in diglyme and
underscores the limitations imposed by carbonate electrolytes.

To elucidate the origins of the significantly worsened kinetics in
carbonate electrolyte, EIS analysis was carried out after the first
electrochemical reduction to 0.2 V versus Na+/Na (Figure 3C).
The Nyquist plots show pronounced semicircles in the mid-
frequency region, indicative of substantial interfacial and charge
transfer resistance. Whereas expanded HTO-PA and HTO-OA
exhibited negligible RSEI and Rct in diglyme, the carbonate
electrolyte produced large resistances, even exceeding those of
pristine HTO (Table 1). Additional discussion of the impedance
analysis of in carbonate electrolytes is also provided in Figure S5.

Moreover, the stability of the formed interphases is investigated
by recording impedance spectra after subsequent cycles (Figure
S7). For pristine HTO, highly reproducible Nyquist plots are
recorded after up to 20 cycles, indicating the formation of a
resistive yet stable SEI layer (Figure S7A). In contrast, HTO-
PA and HTO-OA exhibit progressively increasing impedance in
bothmid- and low-frequency regionswith cycling (Figure S7B,C),
indicative of growing RSEI, unstable interphase growthwith con-
tinued electrolyte decomposition. This suggests that expanded
interlayers promote additional electrolyte reduction both at the
particle surface and within the interlayer galleries, effectively
extending the electrochemically reactive interface.

Collectively, the results show that carbonate electrolyte promotes
substantial SEI formation. The presence of dense interphases
prevents rapid solvent co-intercalation reactions and diminishes
performance, particularly for highly expanded HTO electrodes.
Furthermore, the instability of the electrolyte at reductive elec-
trode potentials leads to continued side reactions and increas-
ing impedance over cycling for expanded HTO. This behavior
7 of 12
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FIGURE 3 Electrochemical characterization of HTO series in 1 M NaPF6 in EC/PC electrolyte. (A) Cyclic voltammograms at 0.2 mV/s,
(B) galvanostatic charge–discharge at rates from 50 mA/g to 5 A/g. (C) Nyquist plots recorded at stabilized electrode potentials of 0.2 V versus Na+/Na,
inset: zoomed-in view of mid-/high-frequency region.
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ontrasts sharply with the largely SEI-free and capacitor-like
olvent co-intercalation regime in diglyme electrolyte, high-
ighting that both electrolyte solvation and interlayer structure
ointly govern the charge storage mechanism in nanoconfined
osts.

.4 Mechanistic Investigation of Interphase
ormation and Solvent Co-Intercalation

he electrochemical characterization revealed the strong influ-
nce of the host electrode’s nanoconfinement properties and the
lectrolyte solvation environment on the resulting interphase
ormation and charge storage kinetics. We hypothesized that
trongly suppressed interphase formation in diglyme electrolyte
s a key enabler of the observed capacitor-like Na+ intercalation
inetics. To verify this, ex situ transmission electron microscopy
TEM) investigations were carried out on pristine and expanded
TO electrodes after the first reduction to 0.2 V.

or these experiments, HTO-based materials were drop-cast
irectly onto TEM grids, which then served as working electrodes
uring sodiation in a Swagelok-type three-electrode cell. After
lectrochemical reduction via linear sweep voltammetry at 0.5
V/s and holding at 0.2 V for 2 h to ensure complete sodia-
ion/interphase formation, the cells were reopened in anAr-filled
lovebox, the grids removed and rinsed with the corresponding
lectrolyte solvent (PC or diglyme) for residual salt removal, and
laced into an inert-transfer-holder, allowing transfer into the
icroscope without air exposure [46].

comparison between pristine HTO sodiated at 0.2 V in
arbonate-based electrolyte (Figure 4A) and diglyme-based elec-
rolyte (Figure 4B) reveals pronounced differences in surface
tructure and chemistry. High-resolution TEM (HR-TEM) imag-
ng shows the formation of a several nanometer-thick amorphous
urface layer across the rod-shaped HTO particles, indicative
f significant SEI formation in carbonate electrolyte. This is
orroborated by EDX in scanning TEM (STEM) mode. The
resence of substantial fluorine (∼6–7 at.%) and phosphorus (∼1–
.5 at.%) at the particle surface is consistent with salt-derived
norganic SEI components formed from NaPF6 decomposition,
ncluding NaF and phosphate/fluorophosphate species [47, 48].
of 12
In contrast, using diglyme electrolyte, no visible amorphous
surface layers are detected via HRTEM, and the elemental
mapping reveals significantly reduced fluorine (<2 at.%) and
phosphorus (<1 at.%) contents, indicating strongly reduced
electrolyte decomposition products. These localized results are
consistent with the impedance spectra recorded at analogous
states of charge, which globally showed interfacial resistances
RSEI that are orders of magnitude lower in diglyme relative
to carbonate electrolyte (Table 1). This interpretation is also
consistent with recent photoelectron spectroscopy studies on
titanate-based sodium-ion anodes, which showed that diglyme-
based electrolytes form thinner, more stable, and less resistive
interphases than carbonate-based electrolytes [45].

In highly expanded HTO-OA, the TEM observations follow
the same electrolyte-dependent trend as observed for pristine
HTO. HTO-OA sodiated in carbonate electrolyte shows large
amorphous surface regions (Figure 4C), whereas HTO-OA cycled
in diglyme shows sharply defined particle surfaces (Figure 4D).
It should be noted that partial decomposition of OA pillars
under the electron beam can complicate an unambiguous inter-
pretation of HRTEM images. The elemental composition from
STEM-EDX also confirms reduced formation of typical inor-
ganic SEI components in diglyme electrolyte, with significantly
lower fluorine- and phosphorus-contents compared to carbonate
electrolyte.

Finally, the charge storage mechanism of HTO and HTO-OA in
the two electrolytes is examined, with particular focus on the par-
ticipation of the solvent co-intercalation mechanism. Operando
electrochemical dilatometry (ECD) is employed to probe the
global electrode thickness changes during cycling (Figure 5),
providing indirect insight into particle-level volume changes
associated with Na+ insertion [49, 50]. A direct quantification of
the amount of co-intercalated solvent is not straightforward in the
present HTO system. Upon sodiation, the materials rapidly lose
long-range crystalline order, which limits a reliable diffraction-
based analysis of solvent uptake. Trial electrochemical quartz
crystal microbalance (EQCM) measurements in the relevant
low-potential regime were dominated by parasitic interfacial
processes and did not allow a robust gravimetric interpretation.
We therefore use ECD here as a complementary probe that does
not rely on preserved crystallinity and can still sensitively capture
Advanced Energy Materials, 2026
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FIGURE 4 Ex situ TEM investigations of HTO and HTO-OA electrode materials after first sodiation at an electrode potential of 0.2 V versus
Na+/Na, held for 2 h. BF-TEM (region highlighted in yellow circle is shown as a magnified HRTEM image), HAADF-STEM, and STEM-EDX mapping
of Ti (teal) and F (purple) signals of (A) HTO in carbonate, (B) HTO in diglyme, (C) HTO-OA in carbonate, and (D) HTO-OA in diglyme electrolyte.
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he large electrode expansion expected for solvent participation in
he intercalation process.

e first compare the dilatometric response of pristine HTO in
C/PC (Figure 5A) and diglyme electrolyte (Figure 5B). In car-
onate electrolyte, only minimal electrode expansion is detected,
ith an initial increase of ∼3.7% and subsequent reversible
hanges below 0.5% during cycling. In contrast, HTO in diglyme
xhibits a pronounced expansion of 13.4% during the initial sodi-
tion, followed by partial contraction to 8.9% upon desodiation
nd reversible height changes of ±3%–5% in subsequent cycles.
he markedly larger volume response in diglyme is consistent
ith a transition from desolvated Na+ intercalation in EC/PC
o solvent co-intercalation, where insertion of solvated Na+-
iglyme complexes drives substantial lattice expansion [12, 51].
he irreversible component of the first cycle expansion suggests
hat a fraction of species remains trapped within the interlayer
alleries after desodiation.

or HTO-OA in EC/PC (Figure 5C), an expansion of ∼6%
s observed during the initial sodiation, followed by a con-
inued increase to ∼8.9% during desodiation, indicative of
dvanced Energy Materials, 2026
electrolyte uptake and irreversible interphase formation rather
than reversible solvent co-intercalation. In subsequent cycles,
however, volume changes are strongly suppressed (<1%). We
attribute this behavior to the formation of severely blocking
interphases, consistent with the large and growing interfacial
impedances observed by EIS, which prevent further reversible
solvent insertion.

This behavior contrasts sharply with HTO-OA in diglyme elec-
trolyte (Figure 5D). Here, an initial expansion of 6.6% is followed
by contraction to 4% upon desodiation, and reversible thickness
changes of approximately ±3%–4% are maintained over sub-
sequent cycles. The partially irreversible expansion remaining
after the first cycle is attributed mainly to partial trapping or
incomplete removal of co-intercalated solvent-containing species
within the highly expanded interlayer galleries after the initial
sodiation/desodiation process. This response is otherwise charac-
teristic of highly reversible solvent co-intercalation in expanded
interlayer galleries [12]. While ECD does not provide a direct
quantitative solvent-to-ion ratio, the strong contrast between
carbonate and diglyme electrolytes provides robust qualitative
evidence for substantial solvent participation in the latter case.
9 of 12
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FIGURE 5 Operando electrode height measurement via electrochemical dilatometry over four cycles in galvanostatic mode at 20 mA/g. (A) HTO
electrode in EC/PC, (B) HTO electrode in diglyme, (C) HTO-OA electrode in EC/PC, and (D) HTO-OA electrode in diglyme electrolyte. Measurements
were conducted at a constant temperature of 22◦C.
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aken together, the combined EIS, TEM/EDX, and operando
ilatometry results show that the capacitor-like Na+ storage
ehavior in diglyme is explained by suppressed interphase forma-
ion and solvent co-intercalation in the expanded HTO galleries.
he key evidence for the kinetic transition is provided by the
hree-electrode EIS analysis, while TEM/EDX and operando
ilatometry provide complementary support for suppressed SEI
ormation and solvent co-intercalation, respectively.

Conclusions

n this work, we demonstrate how interlayer nanoconfine-
ent and electrolyte solvation jointly govern the Na+ storage
echanism using layered hydrogen titanates as a model sys-
em. By systematically expanding the interlayer galleries and
omparing carbonate and diglyme electrolytes, we establish a
lear mechanistic transition from conventional, diffusion-limited
ntercalation in carbonate electrolyte to a fast, capacitor-like
olvent co-intercalation regime in diglyme. ExpandedHTO struc-
ures exhibit rectangular CV signatures, ultralow charge transfer
esistance, and high-rate capability, all of which arise from the co-
ntercalation of Na+-diglyme complexes and strongly suppressed
ormation of dense, blocking interphases. In contrast, carbonate
lectrolytes promote substantial and unstable interphase forma-
ion, particularly in expandedHTOs, leading to rapid degradation
nd low-rate performance. These effects become increasingly
etrimental at larger interlayer spacings.

x situ TEM/EDX and operando dilatometry confirm the stark
ivergence in interphase chemistry and volumetric response
etween the two electrolyte systems, providing direct evidence
0 of 12
of suppressed electrolyte decomposition and reversible, co-
intercalation-induced swelling when using diglyme. Together,
these findings offer experimental validation of the predicted
confinement-controlled continuum between Faradaic and
capacitor-like charge storage and highlight the need for both
electrolyte solvation and nanoconfinement design as a powerful
strategy for enabling high-rate Na+ storage.

The insights gained in this work suggest that coupling structural
confinement with tailored electrolyte solvation may unlock new
classes of interphase-suppressed, pseudocapacitive intercalation
electrodes, offering a promising design paradigm for future
high-power sodium-ion batteries and/or hybrid supercapacitor
devices.
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