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ARTICLE INFO ABSTRACT

Keywords: Prussian-blue (PB) cathodes paired with hard carbon (HC) anodes are promising for low-cost sodium-ion bat-

LHCE teries (SIBs), but practical deployment is limited by rapid degradation at high charge/discharge rates and safety

Prussian Blue issues arising from electrolyte-driven interfacial reactions. Here, we develop a localized high-concentration

g?glgf::&rgsiigl/cm electrolyte (LHCE) based on NaFSI in diglyme with a non-solvating fluorinated diluent (TTE) and benchmark

Accelerating rate calorimetry against a diluted ether electrolyte (DE), a high-concentration ether electrolyte (HCE). HC|PB full cells with LHCE
deliver outstanding high-rate durability, sustaining 80% capacity for ~1200 cycles at 2 C and strongly out-
performing HCE and DE. Raman, Small-angle X-ray scattering (SAXS), and ab initio molecular dynamics (AIMD)
reveal that LHCE increases anion involvement in the Na* primary solvation sheath (higher contact ion pairs and
aggregates fraction), which shifts interphase formation toward anion-derived products. Post-mortem analyses
show that LHCE forms thinner, more inorganic FSI-derived SEI/CEI on both electrodes, suppressing parasitic
reactions, mitigating PB degradation and Fe migration, and reducing polarization growth under high-rate
operation. In multilayer pouch cells, LHCE retains 82% capacity after 500 cycles with stable Coulombic effi-
ciency (~99.3%), generates negligible gas (0.26 mL/Ah), and improves thermal safety by delaying exothermic
onset in accelerating rate calorimetry relative to conventional carbonated-based electrolyte (CBE). Overall,
solvation-structure engineering via LHCE provides a practical pathway to simultaneously enhance rate capa-
bility, cycle life, and safety in PB-based SIBs.

and an open-framework structure that supports fast Na* transport with
small volume change during cycling [1,2]. Despite rapid progress in PBA
materials engineering [3,4], practical full-cell performance particularly

1. Introduction

Sodium-ion batteries (SIBs) are emerging as a compelling comple-

ment to lithium-ion technology for large-scale energy storage because
sodium is abundant and low cost, and SIB manufacturing can leverage
existing lithium-ion production infrastructure. Prussian blue and Prus-
sian blue analogues (PB/PBAs) are especially attractive cathodes for
SIBs due to their low-temperature synthesis, earth-abundant elements,

* Corresponding authors.

at high charge/discharge rates and under safety-relevant abuse condi-
tions remains strongly limited by electrolyte-driven interfacial insta-
bility rather than bulk electrode kinetics alone [5-7].

In PB|hard carbon (HC) full cells, the dominant degradation path-
ways at elevated rate are typically interfacial: sluggish Na* desolvation/
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charge transfer, continuous electrolyte decomposition, CEI/SEI thick-
ening, and loss of cyclable Na through parasitic reactions [8-10]. In
addition, PB/PBA cathodes can suffer from interfacial side reactions and
dissolution-related degradation, which can further trigger cath-
ode-anode cross-talk and accelerate impedance rise and capacity decay
[11]. On the anode side, hard carbon is well known to form a thick and
chemically complex SEI in conventional carbonate electrolytes, which
lowers initial Coulombic efficiency, increases polarization, and degrades
rate capability issues that can be aggravated as current density increases
[5,8]. These challenges are not independent: the primary solvation
sheath of Na* controls which species reach the electrode surface and
decompose first, thereby governing the chemistry and morphology of
the SEI/CEI and ultimately the rate capability, cycle life, and safety of
the full cell [12].

Electrolyte design strategies that increase anion participation in the
Na* solvation environment can shift interphase formation away from
solvent-derived organic products toward more inorganic components (e.
g., NaF and sulfur/nitrogen-containing species), which are frequently
associated with more passivating interphases and reduced parasitic re-
actions [12]. High-concentration electrolytes (HCEs) naturally promote
anion-rich solvation with high fractions of contact ion pairs and aggre-
gates (CIP/AGG), but their high viscosity and reduced wettability can
penalize  transport and  high-rate  performance. Localized
high-concentration electrolytes (LHCEs) address this trade-off by intro-
ducing non-solvating diluents that lower viscosity while largely pre-
serving the anion-rich local coordination environment [13-15]. Recent
work has shown glyme-based LHCE concepts can improve the stability of
Na-ion battery materials and interphase, highlighting their promise for
high-performance SIBs [16]. However, for PB|HC full cells, an LHCE
strategy that simultaneously delivers high-rate durability, suppressed
gassing, and improved thermal safety while providing clear
solvation-to-interphase mechanistic evidence remains underdeveloped.

In this work, we tailor Na* solvation using an ether-based LHCE
composed of NaFSI in diglyme (DI) with a fluorinated diluent 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropylether (TTE) and compare it
against a diluted ether electrolyte (DE) 1 M NaPFg in DI and a conven-
tional carbonate-based electrolyte benchmark (CBE) 1 M NaPFg in EC/
EMC (3/7, wt%). Our central hypothesis is that an LHCE that increases
anion involvement in the Na* solvation sheath will promote anion-
derived interphases on both HC and PB, which suppress continuous
parasitic reactions and PB degradation/cross-talk, and reduce polariza-
tion growth under high-rate operation, thereby improving cycle life and
safety (reduced gas generation and enhanced thermal stability). We first
quantify solvation structure and nanoscale organization (DFT screening,
Raman, SAXS, and AIMD), then connect these solvation features to
interphase chemistry and thickness (XPS, HR-TEM, and ToF-SIMS) and
finally validate practical performance across low-to-high rate cycling
and in multilayer pouch cells, including leakage current, gas evolution,
and accelerating rate calorimetry.

2. Results and discussion
2.1. Electrolyte design principle and solvation structures

Choosing an electrolyte requires balancing electrochemical stability
and ion-solvation capability. As an initial screening tool, the energies of
the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) provide qualitative insight into oxidative and
reductive susceptibility. As shown in Figure S1a, diglyme (DI) exhibits a
relatively high LUMO (2.27 eV), suggesting favorable reductive toler-
ance, while the fluorinated diluent TTE shows a comparable LUMO
(2.21 eV) but a much lower HOMO (—10.7 eV) than DI and carbonate
solvents (e.g., EC and EMC), indicating stronger oxidative tolerance.
These results motivate combining DI (as the coordinating solvent) with
TTE (as a non-solvating, oxidation-resistant diluent) to widen the
practical stability margin and suppress parasitic reactions in LHCE
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relative to the DE. In addition, cation-solvent interaction strength
governs solvation structure. Electrostatic potential (ESP) mapping pro-
vides a useful descriptor for solvent screening, where the minimum ESP
typically corresponds to preferred cation-binding sites. Fig. 1a,b shows
that both DI and TTE concentrate negative charge on oxygen atoms;
however, DI contains three coordinating O atoms and therefore exhibits
stronger Na* complexation. DI and TTE show ESP,, values of —209 and
—100 kJ mol™! , respectively, indicating stronger solvation in DI. This
trend is also reflected in the computed binding energies (Figure S1b),
where DI binds Na* more strongly (170 kJ mol!) than TTE (81 kJ mol ™).

We next experimentally probe how introducing TTE modifies the Na*
solvation environment. Raman spectra (Fig. 1¢) show the characteristic
S-N-S stretching region of FSI- (700-750 cm™). The FSI- band shifts to
higher wavenumber as solvent solvating power decreases, which is
commonly associated with increased populations of CIP and AGG. The
observed Raman trend therefore indicates that LHCE exhibits more
anion-involved solvation (higher CIP/AGG fraction) than HCE and DE,
consistent with prior reports [17].

Small-angle X-ray scattering (SAXS) further reveals the emergence of
mesoscale electrolyte nanostructures (Fig. 1d). SAXS probes length
scales of ~1-150 nm and is well suited for identifying intermolecular
separation, nano-cluster sizes, and domains of structural heterogeneity
[18-22]. The corresponding peak positions (q) and p-spacing for each
solvent/electrolyte are summarized in Table S1. In NaFSI/DI, two cor-
relation features appear at q = 0.96 A (peak 2, d ~ 6.5A) and q
—1.51 A (peak 3,d ~ 4.2 10\), corresponding to local ionic/solvation
correlations (e.g. contact-ion pairs) and solvent molecular packing,
respectively, consistent with previous SAXS interpretations of concen-
trated electrolyte [23]. Upon adding TTE, the LHCE SAXS profile
changes markedly with the intensity of the peak 2 decreases, and a new
peak appears at q = 0.50 A (peak 1, d ~ 12.6 A). The p-spacing of
~12.6 A can be assigned as a mesoscale correlation length associated
with the spacing between aggregate-rich ionic domains, consistent with
TTE-induced nanosegregation and ion-aggregated regions characteristic
of LHCE. By comparison, NaPF¢/DI (DE) exhibits a broad low-q feature
near q ~ 0.15 A (peak 1, d ~ 62.8 A), indicating formation of sub-
stantially larger and more broadly distributed aggregates in electrolyte
environments [24-26].

To directly quantify the Na* solvation structure, AIMD simulations
were performed (Fig. le-g), with a radial cutoff of 3.5 A defining the
first solvation shell. In both HCE and LHCE, the Na* solvation shell is
primarily composed of oxygen atoms from DI and FSI, whereas con-
tributions from TTE oxygen in LHCE are negligible (consistent with TTE
acting as a non-solvating diluent). In DE (NaPFg/DI), Na* is predomi-
nantly coordinated by DI oxygen atoms with minimal direct involve-
ment of PFg in the first shell. Quantitatively, DE shows an average
coordination number (CN) of ~ 6 O atoms from DI and negligible PFg
contribution (Fig. 1e). In HCE, Na* is coordinated by ~ 4 O atoms from
DI and ~ 2 O atoms from FSI (Fig. 1f). In LHCE, Na* exhibits stronger
anion involvement, with ~ 2.4 O atoms from FSI- and ~ 2.3 O atoms
from DI, while TTE contributes negligibly to the first solvation shell
(Fig. 1g). AIMD snapshots (Fig. 1h—j) further visualize anion-involved
clustered motifs in HCE/LHCE, providing an atomistic picture consis-
tent with the aggregate-rich ionic domains inferred from SAXS peak 2
(~6.5 10\) and peak 1 (~12.6 A) feature upon adding TTE diluent. Thus,
AIMD establishes the local (first-shell) coordination environment, while
SAXS captures mesoscale organization beyond the first solvation shell;
together they provide a consistent multiscale description of LHCE
structure.

To further assess the relative reduction susceptibility of species in
each electrolyte environment, we computed the projected density of
states (PDOS) for DE, HCE, and LHCE (Figure S2). In HCE and LHCE, the
conduction band minimum (CBM, analogous to the lowest-lying
acceptor states) is predominantly associated with the FSI™ anion, sug-
gesting that initial reduction is more likely to involve anion-derived
pathways, which is consistent with the formation of O/F/S-rich
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Fig. 1. Solvation-structure characterization of ether-based Na-ion electrolytes. Electrostatic potential (ESP) maps of (a) DI and (b) TTE. (c) Raman spectra high-
lighting the FSI- S-N-S stretching region (700-750 cm™). (d) SAXS profiles of solvents/mixtures and electrolytes showing electrolyte nanostructure evolution upon
TTE dilution (Peak 3: solvent packing; Peak 2: local ion/solvation correlations; Peak 1: mesoscale domain correlations). (e-g) AIMD-derived radial distribution
functions (RDFs) and coordination numbers (CNs) for (e) DE, (f) HCE, and (g) LHCE (first-shell cutoff: 3.5 ;\). (h—j) Representative AIMD snapshots for (h) DE, (i)
HCE, and (j) LHCE, illustrating anion-involved coordination and cluster formation. Electrolyte compositions are defined in the Experimental Section.

inorganic SEI components. In contrast, in DE the CBM shows greater
contribution from DI-related states, implying a stronger tendency to-
ward solvent-involved reduction and more organic-rich interphase
products. Collectively, these DFT and PDOS analyses, together with
Raman spectroscopy, SAXS, and AIMD simulation, indicate that intro-
ducing TTE preserves a locally concentrated, anion-involved solvation
environment characteristic of LHCE, which we next connect to inter-
phase chemistry and full-cell performance.

2.2. HC|PB full cells performance

The electrolytes were next evaluated in HC|PB full cells across a wide
range of charge/discharge rates to probe kinetic limitations and inter-
phase stability. As shown in Fig. 2a, all three ether-based formulations
deliver reversible capacity from 0.1 C to 2 C, but clear differences
emerge as the rate increases. DE and HCE show comparable capacity at
low rate (0.1 C), whereas HCE maintains higher capacity than DE at
elevated rates. Notably, LHCE consistently delivers the highest capacity
across the entire rate window (0.1C-2 C), indicating superior rate
capability. For comparison, a CBE system (1 M NaPFg in EC/EMC) ex-
hibits reasonable capacity at low rates but suffers rapid capacity decay at
1C-2 C (Figure S3).

To quantify polarization under operating current, galvanostatic
electrochemical impedance spectroscopy (GEIS) was conducted during
charging at 50% state of charge (SOC) at 0.33 C (Figure S4a), 1C
(Figure S4b), and 2 C (Fig. 2b). The Nyquist plots were fit using the
equivalent circuit shown in the inset of Fig. 2b, and the fitted resistance
values are summarized in Table S2. The fitted components include the
ohmic resistance (Ryp), surface film/interphase resistance (Rgp), and

charge-transfer resistance (Rcr); the depressed semicircle primarily re-
flects the combined contributions of Rsg and Rct. At 0.33 C, the total
fitted impedance (Rsg + Rcr) is lowest for LHCE (91.8 Q), compared
with HCE (139.7 ) and DE (178.3 Q). At 1 C, LHCE remains lower (74.6
Q) than HCE (123.0 Q) and DE (230.3 Q). At 2 C, the impedance gap
becomes even larger between LHCE/HCE and DE, with 69.8 Q (LHCE),
104.8 Q (HCE), and 300 Q (DE). These results indicate that LHCE most
effectively suppresses polarization growth under high-rate operation.
Since GEIS in HC|PB full cells includes overlapping contributions from
electrolyte resistance, SEI/CEI, charge transfer, and diffusion, we
interpret these results as effective/overall impedance (total polariza-
tion) under operating current rather than as a uniquely isolated single-
interface resistance. We further evaluated oxidative stability using a
leakage-current protocol by charging the full cells to different upper
cutoff voltages (3.8, 4.0, 4.1, and 4.2 V vs. Na/Na*) and holding at each
voltage for a fixed time (Fig. 2c). LHCE consistently exhibits lower
leakage current than DE, and slightly lower than HCE, especially at
higher voltages, indicating improved anodic stability under aggressive
conditions and suggesting more stable cathode-side interphase behavior.
Long-term cycling was then performed at fixed rates (1.0-3.8 V). At
0.33 C charge/discharge (Fig. 2d), LHCE and HCE show comparable
stability, reaching 80% retention after 329 and 344 cycles, respectively,
while DE degrades faster. Under a more demanding 1 C protocol
(Fig. 2e), the differences become pronounced: DE, HCE, and LHCE reach
80% retention after 87, 446, and 915 cycles, respectively. Representa-
tive voltage profiles for DE and HCE at 0.33 C and 1 C are shown in
Figure S5. For comparison, the CBE reaches 80% retention after 142
cycles at 1 C (Figure S6a,b). LHCE also maintains excellent stability
when the upper cutoff is increased to 4.0 V, retaining 80% capacity after
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Fig. 2. Electrochemical performance of HC|PB full cells with DE, HCE, and LHCE electrolytes. (a) Rate capability with symmetric charge/discharge C-rates. (b)
Galvanostatic electrochemical impedance spectroscopy (GEIS) recorded under 2.0 C charging at 50% state of charge (SOC). Inset shows the equivalent circuit. (c)
Leakage current measured after holding fully charged cells at 3.8, 4.0, 4.1, and 4.2 V, respectively. Long-term cycling performance at (d) 0.33 C, (e) 1.0 C, and (f)
2.0 C (charge/discharge), within a 1.0-3.8 V voltage window. (g-i) Representative charge/discharge voltage profiles of LHCE at the indicated C-rates (selected

cycles shown).

929 cycles (Figure S6c¢,d).

At an even higher rate of 2 C charge/discharge (Fig. 2f), LHCE sus-
tains 80% capacity retention for ~1200 cycles, substantially out-
performing HCE (~180 cycles). The representative LHCE voltage
profiles at different rates are shown in Fig. 2g-i. In contrast, DE exhibits
rapid capacity loss at 2 C immediately after the initial formation steps
(0.1 C for 2 cycles and 0.33 C for 2 cycles). To place these results in the
context of bulk transport, we measured viscosity and ionic conductivity
of all electrolytes (Figure S7). Although HCE and LHCE exhibit lower
bulk ionic conductivity compared to CBE and DE, they deliver superior
rate capability and enhanced-rate cycling stability, indicating that high-
rate performance in PB|HC cells is governed not only by bulk conduc-
tivity but also by effective interfacial polarization (interphase/charge-
transfer contributions). Consistently, HCE/LHCE, especially LHCE, show
lower operating impedance at high rates, and form more stable
inorganic-rich SEI/CEL which together mitigate interfacial limitations

and suppress total polarization growth under high-rate operation [27].

2.3. Post-mortem analyses and interphases characterizations

To understand the interfacial origins of the performance differences,
we performed post-mortem analysis of both electrodes and separators
after cycling in CBE, DE, HCE, and LHCE electrolytes. Optical images of
cycled HC anode, separators, and PB cathodes are shown in Figure S8.
For the CBE, the cycled HC anode exhibits localized Na metal plating on
the surface, along with a lighter-colored ring near the electrode edge
compared to the darker cycling zone. This contrast likely reflects non-
uniform deposition of electrolyte decomposition byproducts at the
electrode perimeter, as commonly reported for unstable electrolytes
under prolonged cycling. Similar edge discoloration is also observed for
the DE electrolyte, although without obvious Na metal plating. In
contrast, HCE and LHCE show neither pronounced discoloration nor Na
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plating on the HC surface, suggesting more stable interphase behavior.
Consistently, the separator from CBE and DE cells shows a clear dis-
colored ring and visible deposits in the active region after cycling (CBE
showing the most severe yellowish deposition), whereas HCE and LHCE
separators show only slight color change with small black powder fea-
tures even after 1000 cycles. Overall, these visual trends indicate
improved interphase stability for HCE and especially LHCE relative to
CBE and DE.

2.3.1. HC anode SEI chemistry and thickness

Fig. 3 summarizes the interphase characteristics on the cycled HC
anode after 200 cycles at 1 C. In the C 1 s spectra (Fig. 3a), peaks at
284.8 eV (C sp?), 285.4 eV (C sp®), 286.6 eV (C-0), and 288.5 eV (C=0)
indicate contributions from carbonaceous components and organic/
inorganic carbonate-like species [28]. The DE-cycled anode shows
slightly higher C-O and C=0O intensities than HCE and LHCE, consistent
with a more solvent-derived/organic-rich SEI. In addition, the Na-C
feature (~283.9 eV), commonly associated with sodiated hard carbon,
remains more pronounced for LHCE, suggesting improved reversibility
of Na storage under the same cycling protocol. In the F 1 s spectra
(Fig. 3b), the LHCE-cycled anode exhibits a stronger Na-F component
(~684.0 eV) relative to the C-F component (~687.1 eV) [29], whereas
DE shows a weaker Na-F signal and stronger C-F contribution, and HCE
lies between these two cases. This trend indicates that LHCE promotes a
more inorganic, fluoride-rich SEI. The O 1 s spectra (Fig. 3c) show
contributions near ~533 eV (C-O-type species) [30], reflecting
organic-dominated SEI components in DE and HCE. HR-TEM further
supports that the average SEI thickness is ~30 nm for DE and ~17 nm
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for LHCE (Figs. 3d and 3e), indicating a thinner, more compact inter-
phase in LHCE. The S 2p spectra of HCE and LHCE (Figure S9a) show
deconvoluted peaks at ~162.3 eV (NayS), ~167.0 eV (SOy), and
~170 eV (R-SO3) [30]. LHCE presents higher intensity of SO,F, SOy and
Na,S, whereas HCE shows relatively higher R-SOs, suggesting a greater
anion-derived (salt-derived) contribution in LHCE. In the N 1 s spectra
(Figure S9b), the NaNyOy peak (~398.4 eV) in LHCE shows higher in-
tensity than the S-N/C-N peak (~400 eV), while HCE is dominated by
S-N/C-N, consistent with a more anion-derived SEI in LHCE compared
to HCE. Overall, the combined spectral trends indicate that LHCE sup-
presses excessive solvent-derived decomposition while promoting
higher inorganic Na-F/ NayS/NaNyOy content, consistent with a more
passivating SEI In addition to SEI chemistry, cathode-to-anode crosstalk
can accelerate anode degradation and polarization growth. Notably, Fe
2p features (707-715eV) are detected on the cycled HC anodes
(Figure S9c), and the signal intensity follows a clear
electrolyte-dependent trend (DE>HCE>LHCE). This trend corresponds
with reduced Fe dissolution/migration from the PB cathode and sup-
pressed cross-talk in LHCE, consistent with its improved cathode-side
interphase stability during long-term cycling.

To gain additional insight into SEI spatial distribution and compo-
sition, ToF-SIMS was performed. The depth profile of DE (Figure S10a)
shows both organic fragments (e.g., C;HO') and inorganic fragments (e.
g., NaF3) within the SEI, while LHCE (Figure S10b) shows the SEI region
enriched in inorganic fragments (e.g., NaFs, NaS", NaN3 and NaNSOsF),
consistent with the XPS analysis. The LHCE SEI is also thinner than that
of DE. Here, SEI thickness was estimated from the C>~ (bulk carbon)
depth profile as the transition point between the initial rapid rise and the

a ; b

- 4--C sp? Fi1s

C
—~ Na-F O1s C-0 ,—~C=0
Na (Auger) J°°
LHCE CF LHCE o
HCE -
DE

90 288 286 284 282 692 688

Hardcarbon

Binding Energy (eV)

684 680 540 53 532 528
Binding Energy (eV)

Fig. 3. Post-mortem characterization of cycled HC and SEI (a-c) X-ray photoelectron spectroscopy (XPS) spectra of cycled HC anode in DE, HCE and LHCE. (d,e)
High-resolution TEM (HR-TEM) images of SEI on HC cycled in (d) DE and (e) LHCE. (f-i) ToF-SIMs 3D reconstructions the LHCE-derived SEI using selected secondary
ions: (f) NaF, (g) C.HO", (h) NaN3 and (i) NaS". All electrodes were harvested from fully discharged cells after 200 cycles at 1 C rate.
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subsequent quasi-steady region; the resulting thickness trend agrees
with HR-TEM. Three-dimensional ToF-SIMS reconstructions (Fig. 3f-i)
further show that representative fragments are distributed relatively
uniformly on the anode surface in LHCE, consistent with homogeneous
interphase coverage. In contrast, DE (Figure S11) shows a non-uniform
distribution of NaF3 in the SEI, consistent with a more heterogeneous,
solvent-derived interphase. Together, XPS, TEM, and ToF-SIMS indicate
that LHCE forms a thinner, more inorganic-rich, and more uniform SEI
compared with DE and HCE, which is consistent with the reduced po-
larization and improved high-rate cycling performance discussed above.

2.3.2. PB cathode surface chemistry and morphology

To complement the anode analysis and assess cathode-side stability.
Fig. 4 summarizes cathode-side interphase chemistry after 200 cycles at
1 C (XPS) and cathode morphology after 1000 cycles at 1 C (SEM). In F
1 s (Fig. 4a), all electrolytes show a C-F contribution (~688.1 eV), while
LHCE exhibits slightly higher NaF enrichment than HCE and DE,
consistent with a more inorganic CEL In N 1 s (Fig. 4b), signals near
~398.3, 400.2, and 402.3 eV correspond to NaN,Oy/C=N, S-N/C-N,
and Oxidized-N species. LHCE maintains a stronger NaNyOy/C=N
contribution relative to S-N/C-N, whereas DE and HCE show a more
dominant S-N/C-N feature, suggesting more severe surface degradation/
organic fragments in the CEI for those electrolytes.

Fe 2p spectra (Fig. 4c) show contributions from Fe**-C=N and
Fe® *-C=N species [13,31]. Compared with LHCE, DE and HCE exhibit
higher Fe® *-related intensity, consistent with more oxidative side re-
actions and/or surface corrosion during cycling. The C 1s spectra
(Figure S12a) further support this trend: LHCE retains a higher
C-C/C=N contribution relative to oxygenated species, whereas DE and
HCE show stronger oxygenated carbon components (C-O), consistent
with greater electrolyte decomposition on the cathode surface. The O 1 s
spectra (Figure S12b) show that the C=0 peak (532.5 eV) of DE has
higher intensity than HCE and LHCE, indicating a higher fraction of
oxidized species. The S 2p spectra (Figure S12c) show that LHCE is
dominated by Na,S (163.8 eV), SOx (~167.9 eV) and SO5F (169.0 eV)
[30], whereas HCE shows relatively enhanced R-SO3; (~170.2 eV)
compared with LHCE, consistent with a more inorganic CEI in LHCE.
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SEM images (Fig. 4d-f) reveal that HCE and LHCE cathodes retain a
larger fraction of intact PB cubic crystallites after 1000 cycles, while the
DE cathode appears severely de-structured with fewer recognizable
cubes. Consistently, the CBE cathode (Figure S13) also shows substantial
loss of PB cubic morphology, similar to the DE case. These results
indicate that the improved interphase stability in LHCE (and HCE)
correlates with better preservation of PB cathode integrity during long-
term cycling, reduced cathode dissolution/cross-talk, and improved full-
cell durability.

2.4. Pouch-cell performance, gas evolution, and accelerating rate
calorimetry

To evaluate practical relevance beyond coin cells, we tested the
electrolytes in high-capacity multilayer HC|PB pouch cells and exam-
ined cycling stability, gas evolution, and thermal safety. As shown in
Fig. 5a, the LHCE pouch cell exhibits excellent durability, retaining 82%
capacity after 500 cycles, whereas the DE pouch cell reaches 80%
retention after 65 cycles and the CBE pouch cell shows rapid failure
within 17 cycles. The corresponding Coulombic efficiencies (Fig. 5b)
further highlight the stability of LHCE: LHCE maintains a high and stable
CE (~99.3% after 500 cycles), while CBE and DE show pronounced CE
fluctuations after only a few cycles, consistent with unstable interphase
behavior.

Electrochemical impedance spectra collected after cycling (Fig. 5c)
show that LHCE maintains the lowest impedance growth. After 500
cycles, LHCE exhibits a small total fitted impedance (Rsg + Rcr) of ~14
Q-cm?, compared with ~37 Q-cm? for DE after 65 cycles and ~437
Q-cm? for CBE after 17 cycles. These results indicate that LHCE sup-
presses impedance accumulation during long-term cycling, consistent
with its improved interphase stability observed in Section 2.3. Gas
evolution was quantified after pouch-cell cycling (Fig. 5d and
Figure Sl4a—c). The gas-release volumes for CBE, DE, and LHCE are
107.85 mL/Ah, 6.07 mL/Ah, and 0.26 mL/Ah, respectively. Overall,
ether-based DI electrolytes generate substantially less gas than carbon-
ate electrolytes, and LHCE exhibits the lowest gas generation, consistent
with reduced continuous parasitic reactions during cycling. While
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Fig. 4. Post-mortem characterization of cycled PB cathodes. (a-c) XPS spectra of PB cathode harvested after 200 cycles at 1 C in DE, HCE and LHCE. (d-f) SEM images

of PB cathode after 1000 cycles at 1 C for different electrolytes.
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Fig. 5. Pouch-cell performance and safety-related metrics. (a) Cycling performance of HC|PB pouch cells with different electrolytes and (b) corresponding Coulombic
efficiencies. (c) Electrochemical impedance spectra and (d) normalized-gas-evolution volume after pouch-cell cycling for CBE (17 cycles), DE (65 cycles), and LHCE
(500 cycles). (e) Self-heating rate from accelerating rate calorimetry (ARC) measurements of the 3.8 V charged pouch cells after formation.

HOMO/LUMO calculations provide qualitative insight into oxidative/
reductive susceptibility, the suppressed gas evolution in LHCE is most
directly attributable to its more stable interphases and reduced ongoing
decomposition under cycling conditions.

Post-cycling pouch-cell electrode images provide additional quali-
tative evidence (Figure S14d,e). In the CBE pouch cell, the HC anode
shows clear signatures of Na metal plating, whereas the LHCE anode
shows no obvious Na plating even after 500 cycles, consistent with more
stable SEI formation and more uniform sodiation/desodiation behavior.
Differences in PB cathode appearance between CBE and LHCE are also
observed; however, because the cells were cycled for very different
durations (17 cycles for CBE vs 500 cycles for LHCE), we avoid excessive
interpretation of the cathode color changes. Overall, the rapid failure of
CBE pouch cells is most consistent with severe interphase instability
(especially on the anode side), as evidenced by Na plating, large
impedance growth, and extensive gas release.

Finally, accelerating rate calorimetry (ARC) was used to compare
thermal stability between CBE and LHCE pouch cells under a fully
charged condition (Fig. 5e). The LHCE-based cell exhibits improved
thermal stability, with a delayed exothermic onset temperature of 126.5
°C compared with 101.5 °C for the CBE-based cell. In addition, the self-
heating rate of LHCE cells is markedly lower across the measured range,
indicating slower thermal runaway progression. Collectively, these
pouch-cell results demonstrate that LHCE simultaneously improves
cycling stability, gas suppression, and thermal safety, supporting its
potential for practical PB-based SIB applications.

3. Conclusion

In this work, we develop a DI/TTE-based localized high-
concentration electrolyte (LHCE) for Prussian-blue-based sodium-ion
batteries and demonstrate its advantages in both performance and
safety. The LHCE design increases anion involvement in the Na* solva-
tion environment (higher CIP/AGG fraction), which shifts interphase
formation toward more inorganic, FSI-derived species on both the hard
carbon anode and the Prussian Blue cathode. As a result, the LHCE

suppresses continuous parasitic reactions, mitigates cathode degrada-
tion and Fe dissolution/migration to the anode, and enables substan-
tially improved cycling stability from moderate to high rates. Beyond
coin-cell metrics, multilayer pouch-cell tests show that LHCE delivers
markedly lower gas generation after long-term cycling and improved
thermal stability compared with a conventional carbonate-based elec-
trolyte. Overall, tailoring solvation structure through LHCE provides a
practical pathway to simultaneously enhance rate capability, cycle life,
and safety in Prussian-Blue-based sodium-ion batteries, supporting their
viability for real-world applications.
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