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ABSTRACT: Solid-state electrolytes for sodium−metal batteries
are restricted by intrinsically low ion mobility and stability. Herein,
we report an ionic cocrystalline solid-state electrolyte featuring a
unique ordered−disordered hybrid lattice by integrating sodium
perchlorate with succinonitrile, namely, NaClO4(SN)3. It has a
single phase with an ordered Na+-coordination backbone, while
orientationally disordered SN molecules reside in interstitial sites
and serve as ionic pathways. This eutectic hybrid architecture
establishes an ordered 3D continuous Na+ single-ion conduction network associated with immobilized ClO4

− anions, while
supplemented by interconnected ionic flowpaths through disordered regions. This design principle enables rapid Na+ hopping
transport and maintains mechanical compliance for intimate electrode contact, thereby mitigating polarization and promoting
uniform sodium deposition. The NaClO4(SN)3 electrolyte exhibits a low activation energy of 0.26 eV, an ionic conductivity of 0.94
mS cm−1 at 25 °C, and an electrochemical stability window beyond 4.6 V (vs Na/Na+). It also features a melting point of 36.2 °C
and a glass-transition temperature of −37.9 °C, allowing convenient in situ melting infiltration into electrodes followed by
solidification to form conformal, low-impedance interfaces with enhanced dendrite resistance. These combined attributes exemplify
an order−disorder hybrid cocrystal engineering strategy to develop solid-state electrolytes with rapid ionic conductivity, long cycling
durability, and cost-effective scalability, providing a promising solution for rechargeable solid-state alkali metal batteries.

■ INTRODUCTION
Sodium metal batteries are promising candidates for large-scale
energy storage, owing to the rich natural abundance and high
theoretical capacity of sodium.1−4 However, conventional
organic liquid electrolytes for sodium metal batteries are
flammable, which poses intrinsic safety risks in practical
applications. Although a variety of inorganic, polymer, and
composite solid-state electrolytes have been explored as
alternatives,5,6 many still suffer from limited Na+ conductivity
at ambient temperature, low transference number of Na+,
relatively narrow electrochemical stability windows, and/or
inadequate interfacial stability. Fully inorganic solid-state
electrolytes can deliver Na+ conductivities on the order of
10−3 S cm−1,7−12 but they typically suffer from high grain-
boundary resistance and require externally applied stack
pressure to maintain stable ionic conduction. Polymer
electrolytes have been extensively explored because of the
flexibility and ease of processing,13−20 yet they generally exhibit
room-temperature Na+ conductivities below 10−4 S cm−1.
Composite electrolytes comprising polymer matrices and
ceramic fillers leverage the high ionic conduction and
mechanical robustness,21−26 but high filler loadings may
induce mechanical brittleness and poor interfacial contact.
Against these backdrops, it is necessary to design new phase

structures and ion-transport mechanisms for realizing high-
performance solid-state electrolytes.

Herein, we present the design of an ionic cocrystalline
electrolyte featuring a unique ordered−disordered hybrid
lattice composed of sodium perchlorate (NaClO4) and
succinonitrile (SN), denoted as NaClO4(SN)3. Specifically,
NaClO4 and NaClO4 and two-thirds of SN molecules
cocrystallize into a single phase featuring an ordered ionic
backbone where Na+ occupies octahedral sites coordinated by
two O atoms in ClO4

− and four N atoms in SN, while
additional SN molecules reside in interstitial sites with
orientational disorder and serve as ionic flowpaths. This
hybrid architecture establishes a continuous 3D Na+ transport
network while immobilizing ClO4

− anions, thereby enabling
effective single-ion conduction and maintaining mechanical
compliance for intimate electrode contact. Ab initio molecular
dynamics simulations and experimental characterizations
consistently demonstrate rapid Na+ migration along vertex-
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to-vertex channels within the ordered sublattice, supplemented
by interconnected ionic pathways through disordered regions.
Immobilization of ClO4

− anions in the ordered sublattice
yields single-ion conduction, mitigating polarization and
promoting uniform sodium deposition. This “ordered Na+-
coordination backbone plus disordered ionic flowpaths” design
principle plays a pivotal role in constructing stable ion-
conducting frameworks and facilitating rapid Na+ hopping
transport. Benefiting from its interconnected ion-conducting
channels, the as-prepared NaClO4(SN)3 cocrystal electrolyte
delivers a low activation energy of 0.26 eV and an exceptional
Na+ ionic conductivity of 0.94 S cm−1 at 25 °C, together with
an electrochemical stability window beyond 4.6 V (vs Na/
Na+). Moreover, the NaClO4(SN)3 cocrystal electrolyte
features a melting point of 36.2 °C and a glass-transition
temperature of − 37.9 °C, allowing in situ melting infiltration
into electrodes followed by solidification to form conformal,
low-impedance interfaces with enhanced dendrite resistance.
Additionally, the NaClO4(SN)3 cocrystalline electrolyte
integrates facile processing characteristics and cost-effective
scalability, rendering it suitable for practical deployment. In
symmetric Na||Na batteries, the NaClO4(SN)3 cocrystal
electrolyte supports a critical current density of 10.0 mA
cm−2 and enables stable plating/stripping for over 1300 h at
2.0 mAh cm−2 and 1.0 mA cm−2 with an overpotential of ∼35
mV, while the interfacial impedance is as low as 220.78 Ω·cm2.
In Na2Fe2(SO4)3||Na batteries, the NaClO4(SN)3 cocrystal
electrolyte affords high-rate and long-life operation, retaining

83.9 mAh g−1 (89.6% capacity retention) after 300 cycles at 0.2
C and 69.16 mAh g−1 (84.9% retention) after 1500 cycles at
0.5 C, with a median discharge voltage above 3.53 V. This
study offers an ordered−disordered ionic cocrystal strategy to
develop solid-state electrolytes that combine high ionic
conductivity, dendrite-resistant interfaces, and long cycling
durability for advanced alkali metal secondary batteries.

■ RESULTS AND DISCUSSION
To prepare the cocrystal solid-state electrolytes, the mixtures of
NaClO4 and SN in molar ratios of 1:1, 1:2, and 1:3 were
melted and continuously stirred for 12 h at 60 °C to ensure
complete dissolution and intimate mixing. Subsequently, the
melts were cooled to room temperature to induce cocrystal-
lization. The resulting solids, denoted NaClO4(SN), Na-
ClO4(SN)2, and NaClO4(SN)3, respectively, appear as trans-
parent or semitransparent blocks with slight differences in
clarity and texture that reflect different nucleation and crystal-
growth behaviors (Figure 1a). ClO4

− is a highly symmetric
tetrahedral oxoanion with four equivalent O-donor sites,
enabling repeated Na−O coordination and a continuous Na+
coordination network. Combined with SN, which also
contributes Na+−N interactions, this favors an extended
cocrystalline framework with percolating Na+ transport
pathways, while the weakly coordinating nature of perchlorate
stabilizes the lattice without strongly trapping Na+. Powder X-
ray diffraction (XRD) patterns of these samples (Figure 1b)
show that the characteristic diffraction peaks of pristine

Figure 1. (a) Optical photographs of NaClO4(SN), NaClO4(SN)2, and NaClO4(SN)3 cocrystal electrolytes. (b) Theoretical (top) and
experimental XRD patterns of different samples. (c) ORTEP representation of single-crystal NaClO4(SN)3. (d−f) Single-crystal structures of (d)
NaClO4(SN), (e) NaClO4(SN)2, and (f) NaClO4(SN)3 cocrystal electrolytes. (g) ESP mapping of NaClO4(SN)3. (h) Calculated HOMO−
LUMO energy levels of different samples.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c01095
J. Am. Chem. Soc. 2026, 148, 21588−21598

21589

https://pubs.acs.org/doi/10.1021/jacs.6c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01095?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NaClO4 and SN disappear, while new peaks emerge and
intensify when the content of SN increases. For NaClO4(SN)3,
the experimental XRD pattern matches well with that
simulated from single-crystal data, confirming the formation
of a highly crystalline, single-phase cocrystal structure. The
detailed atomic arrangements of NaClO4(SN), NaClO4(SN)2,
and NaClO4(SN)3 were resolved by single-crystal XRD and
presented as Oak Ridge Thermal Ellipsoid Plot (ORTEP)
representations in Figure 1c and Figure S1.27−34 These high-
resolution structural data are essential for obtaining clear phase
identification and for understanding how local coordination
geometry may influence ion transport pathways.35 The single-
crystal structure views of NaClO4(SN), NaClO4(SN)2, and
NaClO4(SN)3 are illustrated in Figure 1d−1f, and their
detailed single-crystal data and unit-cell parameters are
provided Tables S1−S18. For NaClO4(SN) and NaClO4(SN)2
cocrystals, they share essentially the same local coordination
environment, in which each Na+ center adopts a 5-fold
coordination geometry involving three ClO4

− anions and two
SN molecules. Specifically, for NaClO4(SN)3, NaClO4 and
two-thirds of the SN molecules cocrystallize into a single phase

featuring an ordered ionic backbone where Na+ occupies
octahedral sites coordinated by two O atoms in ClO4

− and
four N atoms in SN, while the remaining SN molecules reside
in interstitial sites with orientational disorder and serve as ionic
flowpaths.

Density functional theory (DFT) calculations were con-
ducted to reveal the electronic structures of the samples.36−39

The electrostatic potential (ESP) mappings of NaClO4 and SN
precursors were displayed in Figure S2. The combination of
ordered Na+ coordination polyhedra and locally disordered SN
units is further illustrated by the ESP mapping in Figure 1g,
which highlights electron-rich nitrile (−C�N) of SN and
carbonyl (−C�O) of ClO4

− with strong affinity to Na+. The
coexistence of a rigid, high-symmetry conduction scaffold of
ordered Na+-coordination backbone and disordered SN
molecule domains is expected to preserve a low-energy ion
migration barrier and introduce auxiliary Na+ hopping
channels. Frontier-orbital calculations for NaClO4, SN,
NaClO4(SN), NaClO4(SN)2, and NaClO4(SN)3 (Figure 1h)
show that the highest occupied molecular orbital (HOMO)
levels of the cocrystalline electrolytes are progressively lowered

Figure 2. MD simulation snapshots of the NaClO4(SN)3 cocrystal electrolyte system (a) at the initial state and (b) after 50 ns at 298 K. (c) RDF
and CN profiles for (blue) Na+−N and (red) Na+−O pairs obtained from MD simulations of NaClO4(SN)3. (d) 1 × 2 × 1 supercell crystal
structure of NaClO4(SN)3 and 3D isosurface map of the accessible Na+ migration regions obtained from AIMD simulations. (e) Schematic
depiction of four representative Na+ migration channels and (f) their corresponding Na+ migration energy barriers in NaClO4(SN)3. (g) Diagram
of the energy barriers for Na+ migration out of the octahedral coordination sites within the NaClO4(SN)3 crystal (the blue text indicates that in this
structure two oxygen atoms on one perchlorate anion are involved in coordination).
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relative to pristine NaClO4 as the SN content increases, while
the lowest unoccupied molecular orbital (LUMO) levels
remain close to that of NaClO4. The deeper HOMO level
suggests a reduced intrinsic tendency toward anodic
oxidation,40 which is qualitatively consistent with the improved
anodic stability experimentally observed for NaClO4(SN)3. As
a result, the cocrystals exhibit larger HOMO−LUMO gaps
than pristine NaClO4, suggesting reduced electronic reactivity
of the NaClO4-derived states within the SN matrix.

Molecular dynamics (MD) simulations were performed to
provide atomistic insight into the structure characteristics of
the NaClO4(SN)3 cocrystal electrolyte system.41−46 The MD
snapshots in Figure 2a and 2b confirm that, after equilibration
at 298 K, the lattice of the NaClO4(SN)3 cocrystal preserves
long-range order. Radial distribution functions (RDF) and
coordination number (CN) profile analyses are shown in
Figure 2c. The calculated CN is 4 (for Na+−N) and 2 (for
Na+−O), defining a pseudo-octahedral first shell. The
Na[N]4[O]2 octahedra and Cl[O]4 tetrahedra feature an
ordered ionic coordination backbone while additional SN
molecules reside in interstitial sites, thereby maintaining the
intended ordered−disordered hybrid framework. The mixed
N/O coordination rationalizes selective transport of Na+ in the
immobilized, rigid anion framework and provides a structurally
symmetric cage from which Na+ hopping transport can be
initiated.
Ab initio molecular dynamics (AIMD) simulations (Figure

2d and Figure S3) reveal the Na+ diffusion isosurfaces in blue
mesh maps, presenting the three-dimensional network of

accessible pathways within the cocrystal lattice of Na-
ClO4(SN)3. Collectively, observations along the a, b, and c
crystallographic axes show that these ordered and disordered
ionic pathways form an interconnect network with necessary
redundancy and enhanced robustness. This network comprises
well-defined octahedral-vertex-vertex channels that ensure
directional low-impedance ion transport, while additional
disordered ionic flowpaths created by SN side-chains lead to
conformational disorder and local ClO4

− perturbations. The
energy barrier profiles for four representative Na+ diffusion
paths are drawn in Figure 2e and quantified in Figure 2f. Path
1, which traverses directly between adjacent octahedral
vertices, requires only 2.55 eV and thus serves as the primary
high-effective conduction route. Path 2 and Path 3, which
partially traverse the disordered regions, exhibit moderate
energy barriers of 3.39 and 4.63 eV, respectively, indicating
that the local disorder does not hinder but rather supplements
the main conduction channel by offering alternative ionic
hopping sites. In contrast, Path 4, although following an
equally long and tortuous migration trajectory, completely
bypasses the disordered regions and therefore encounters a
substantially higher barrier (8.78 eV). This result underscores
that Na+ migration in a purely ordered environment is
energetically costly, whereas rational incorporation of dis-
ordered segments into the ordered backbone helps enhance
ionic conduction efficiency. These findings suggest that the
“ordered Na+-coordination backbone plus disordered ionic
flowpaths” motif in NaClO4(SN)3 strikes an optimal balance
between low-energy, high-symmetry conduction routes and

Figure 3. (a) 23Na NMR spectra showing the chemical shifts induced by Na+ coordination. (b) FTIR spectra revealing the chemical shifts of C�N
groups and perchlorate anions upon coordination. (c) DSC curves characterizing the melting points and the glass transition temperatures of the
samples. (d) LSV curves for determining the electrochemical stability windows of the samples. (e) Ion migration energy barriers obtained by fitting
the Arrhenius equation. (f) Room-temperature Na+ ionic conductivities and ionic transference numbers of the samples. (g) Schematic illustration
of the in situ melting filtration and SEI formation processes.
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auxiliary pathways that kick in when the primary channel is
transiently blocked.

Ion decoordination is also a crucial step in the overall ion
transport process.47,48 Figure 2g presents the stepwise energy
profiles for Na+ decoordination from the NaClO4(SN)3 lattice
via a competitive coordination mechanism, with a total energy
barrier of 11.71 eV, higher than that of 9.6 eV obtained for
NaClO4(SN)2 and NaClO4(SN) (Figure S4), indicating more
enhanced delocalization of Na+ in NaClO4(SN)3. As Na+
moves away from its original pseudo-octahedral coordination
site, each rise in the energy curve corresponds to a discrete
leaving ligand event until Na+ is completely released from its
coordination cage. These energy barriers collectively define the
interfacial decoordination threshold, which is distinct from the
site-to-site migration barriers within the bulk electrolyte. It
reveals that solid-state Na+ transport in NaClO4(SN)3 is finely
regulated by decoordination processes, providing a theoretical
basis for ion transfer across the electrode−electrolyte interface.

To assess the structure−property relationships of the
cocrystalline electrolytes, a combination of spectroscopic,
thermal, and electrochemical measurements was performed.
To elucidate the local coordination environment that under-
pins rapid ion transport, 23Na nuclear magnetic resonance
(NMR) spectroscopy was conducted (Figure 3a), as 23Na
chemical shifts are strongly dependent on the Na+ coordina-
tion environment including the ligand identity and Na−donor
distances.49 The 23Na chemical-shift trends are consistent with

increased involvement of nitrile-N donors in the Na+
coordination, as identified by single-crystal XRD analyses.
The Fourier transform infrared spectroscopy (FTIR) spectra in
Figure 3b (together with Raman spectra in Figure S5) display a
shift of the C�N stretching band from 2252.45 cm−1 to
2262.88 cm−1 and the changes in the Cl−O band near 1074.16
cm−1, respectively. These results directly evidence Na+−SN
and Na+−ClO4

− interactions that construct ordered/disor-
dered hybrid conduction pathways and reflect the enhanced
delocalization of Na+ ions. Differential scanning calorimetry
(DSC) shows that NaClO4(SN)3 melts at 36.2 °C and
undergoes vitrification at −37.9 °C, while the melting point
increases to 44.1 °C after melt infiltration into a glass-fiber
separator (Figure 3c and Figure S6), thereby providing a wide
processing window for in situ molten infiltration and
subsequent solidification.

The electrochemical stability of the cocrystal electrolytes was
evaluated by linear sweep voltammetry (LSV) on Na|
electrolyte|stainless steel batteries. As shown in Figure 3d
and Figure S7, NaClO4(SN)3 exhibits an antioxidation cutoff
potential beyond 4.61 V versus Na/Na+ and an antireduction
cutoff potential of 1.24 V versus Na/Na+, indicating a broad
electrochemical stability window that is sufficient for the
application in high-voltage Na-ion batteries.50,51 The Arrhenius
fittings of the ionic conductivity data (Figure 3e and Figure
S8) yield an activation energy of only 0.26 eV for
NaClO4(SN)3, much lower than those of NaClO4(SN) (0.61

Figure 4. (a) Voltage responses during critical current density measurements of Na||Na symmetric batteries based on various electrolytes (1.0 mAh
cm−2, 0.5−10.0 mA cm−2). (b) Galvanostatic cycling of Na||Na symmetric batteries at 2.0 mAh cm−2 and 1.0 mA cm−2. (c) EIS analyses of Na||Na
symmetric batteries. (d) Cl 2p, (e) O 1s, (f) C 1s, and (g) N 1s XPS spectra and (h) corresponding elemental compositions of the SEI layers
formed by different cocrystal electrolytes in Na||Na symmetric batteries after galvanostatic cycling for 1300 h.
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eV) and NaClO4(SN)2 (0.34 eV), underscoring facile Na+
hopping within the hybrid architecture framework of
NaClO4(SN)3.

52 NaClO4(SN)3 shows a smooth σ−T increase
without a step change near the nominal melting point. This
behavior is consistent with SN-derived plastic-crystal/soft ion
cocrystalline electrolytes,35,46 in which orientational disorder
and defect-assisted ion transport develop progressively with
temperature. Temperature-dependent electrochemical impe-
dance spectroscopy (EIS) analyses (Figure S9) show that the
impedance of NaClO4(SN)3 rises steeply at 0 °C and increases
by about 2 orders of magnitude between −20 and −30 °C,
consistent with SN approaching its glass transition temper-
ature, where the SN molecule orientations freeze and the
coupled Na+ hopping pathways collapse, thus hampering low-
temperature ionic transport. As summarized in Figure 3f and
Figure S10, NaClO4(SN)3 delivers an exceptional Na+
conductivity of 0.94 mS cm−1 at 25 °C. The Na+ transference
numbers of NaClO4(SN), NaClO4(SN)2, and NaClO4(SN)3
reach 0.97, 0.95, and 0.94, respectively, indicating that the
charge transport is dominated by Na+ and the immobilization
of ClO4

− anions enables effective single-ion conduction.
Electronic leakage in solid-state electrolytes may promote
continuous dendritic deposition within the electrolyte and
ultimately facilitate the formation of percolating metallic
filaments, thereby increasing the likelihood of internal short

circuits.53 In this work, the electronic conductivities of
NaClO4(SN), NaClO4(SN)2, and NaClO4(SN)3 are estimated
to be 7.98 × 10−11, 1.40 × 10−10, and 1.90 × 10−10 S·cm−1,
respectively (Figure S11). These low electronic conductivities
indicate an electronically insulating nature, which is beneficial
to suppressing electron-penetration-induced parasitic reactions
and thereby mitigating the risks of internal short-circuits and
self-discharge. Atomic force microscopy (AFM) force−
indentation measurements were conducted to quantify the
effective Young’s modulus of NaClO4(SN)x. The extracted
moduli are 26.4 kPa for NaClO4(SN), 12.8 kPa for
NaClO4(SN)2, and 17.9 kPa for NaClO4(SN)3 in Figure
S12. These values confirm that NaClO4(SN)x is a very soft
solid material with limited self-supporting capability. A glass-
fiber separator was incorporated into the cell architecture to
prevent internal short-circuiting between the cathode and
anode during the in situ melting infiltration.46 After battery
assembly, NaClO4(SN)3 was melt-infiltrated and physically
confined at the interface of the electrode and glass-fiber
separator, which provided a mechanically robust scaffold and
capillary confinement, helping maintain electrode/electrolyte
contact and preventing internal short-circuiting. When the
battery is operated at elevated temperatures above the melting
point, NaClO4(SN)3 melts and forms a conventional eutectic
electrolyte, enabling continued normal cell operation. The

Figure 5. (a) EIS analyses of Na2Fe2(SO4)3||Na batteries with different cocrystal electrolytes. (b) Rate capabilities and (c) corresponding charge−
discharge curves of Na2Fe2(SO4)3||Na batteries from 0.1 to 1.0 C. (d) Cycling performances of Na2Fe2(SO4)3||Na batteries at 0.2 C. (e) Charge−
discharge curves of Na2Fe2(SO4)3|NaClO4(SN)3|Na batteries with a NaClO4(SN)3 electrolyte at 0.2 C. (f) Median voltage evolutions during
cycling of Na2Fe2(SO4)3||Na batteries with NaClO4(SN), NaClO4(SN)2, and NaClO4(SN)3 electrolytes, respectively. (g) Long-term cycling
performances and (h) corresponding charge−discharge curves of Na2Fe2(SO4)3|NaClO4(SN)3|Na batteries at 0.5 C.
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schematic illustration in Figure 3g depicts the in situ melting
infiltration and solid-electrolyte interphase (SEI) formation
processes in NaClO4(SN)3 cocrystal electrolyte based
batteries, in which mild heating allows NaClO4(SN)3 to melt
and infiltrate into the nanopores of electrodes, followed by
solidification into seamless, conformal interfaces and then
forming a stable SEI coating layer during cycling, thereby
minimizing interfacial resistance and enhancing cycling
stability.

To evaluate the capability of cocrystal electrolytes for
suppressing sodium dendrite formation under demanding
plating/stripping conditions, the critical current density
measurements were conducted.54 As shown in Figure 4a, the
Na||Na symmetric batteries with a NaClO4(SN)3 electrolyte
cycled at 1.0 mAh cm−2 sustain a critical current density of
10.0 mA cm−2. This indicates the formation of a robust
interphase that resists uneven Na deposition and promotes
uniform ion transport, which are key requirements for stable
sodium metal anode operation. The long-term stability for Na
plating/stripping was examined at a practical areal capacity of
2.0 mAh cm−2 under a current density of 1.0 mA cm−2. The
symmetric batteries with a NaClO4(SN)3 electrolyte continu-
ously cycled for 1300 h with an overpotential of only 35.2 mV
(Figure 4b). Such low polarization and high stability over
extended cycling suggests that NaClO4(SN)3 maintains a
highly conductive, mechanically stable interface. EIS analyses
(Figure 4c) further reveal two distinct semicircles in the
Nyquist plots, assigned to the SEI resistance (at the
midfrequency region). Among the three electrolytes, Na-
ClO4(SN)3 exhibits the lowest total interfacial resistance,
signifying tighter physical contact and reduced space charge
accumulation at the Na and electrolyte interface.

To clarify the chemical nature and origin of the SEI layer
that underpins this electrochemical stability, X-ray photo-
electron spectroscopy (XPS) was conducted on cycled Na
electrodes and the pristine cocrystal electrolyte (Figure S13).
The Cl 2p spectrum (Figure 4d) shows only Cl 2p3/2 (197.8
eV) and Cl 2p1/2 (200.1 eV) spin−orbit peaks, demonstrating
that ClO4

− remains electrochemically inert and contributes to
interphase stability.55−57 The O 1s signal at 531.0 eV (Figure
4e) further corroborates the presence of organic carbonates
within the SEI. The C 1s spectrum (Figure 4f) displays
dominant peaks at 284.8 eV (C−C), 286.2 eV (C−O), and
288.8 eV (C�O), indicating carbonate-rich organic compo-
nents derived from partial SN decomposition, while the N 1s
peak at 399.5 eV (Figure 4g and Figure S14) suggests that
some of the nitrile groups in SN remain intact and coordinate
with Na+ to help form continuous conducting channels. The
corresponding elemental compositions shown in Figure 4h,
presented as semiquantitative, trend-based comparisons under
identical acquisition and fitting conditions, reflect an organic-
rich SEI layer enriched in C, Na, and O with minor N and Cl
components. Such ion-conductive yet electronically insulating
SEI components promote interfacial passivation, thereby
establishing a Na-rich interphase that facilitates Na+ transport
and supports long-term cycling stability.

The Nyquist plots in Figure 5a verify that Na2Fe2(SO4)3|
NaClO4(SN)3|Na batteries exhibit the lowest interfacial
impedance of 220.78 Ω·cm2 compared to those of
NaClO4(SN) and NaClO4(SN)2 counterparts. Such low
impedance benefits from its low melting point and in situ
solidification, which together ensure intimate interfacial
contact with both the electrodes and minimize space charge

accumulation at the interfaces. By utilizing a NaClO4(SN)3
electrolyte, the high-voltage Na2Fe2(SO4)3 cathode (Figure
5b) delivers the highest specific capacities, maintaining 96.7,
91.9, 89.5, 88.2, 86.3, and 83.0 mAh g−1 at 0.1, 0.2, 0.3, 0.4, 0.5,
and 1.0 C, respectively. This impressive rate performance is
attributed to its high Na+ conductivity, which originates from
the stable ion-conducting framework and rapid Na+ hopping
transport in the NaClO4(SN)3 electrolyte. The nearly
overlapping charge−discharge profiles of Na2Fe2(SO4)3|
NaClO4(SN)3|Na batteries in Figure 5c demonstrate negligible
polarization even at high current rates, indicating uniform Na+
transport and preventing local charge buildup.

Relying on the NaClO4(SN)3 electrolyte , the
Na2Fe2(SO4)3||Na batteries retain a specific capacity of 83.9
mAh g−1 (corresponding to a capacity retention of 89.6%) after
300 cycles at 0.2 C, reflecting robust cathode−electrolyte
compatibility (Figure 5d). The nearly identical charge−
discharge curves in Figure 5e confirm minimal structural or
interfacial degradation supported by the NaClO4(SN)3
electrolyte. Figure 5f illustrates that the median discharge
voltage of NaClO4(SN)3-based batteries remains above 3.53 V,
evidencing low polarization and high stability of SEI over
cycling. During long-term charge−discharge cycling at 0.5 C
(Figure 5g), the Na2Fe2(SO4)3|NaClO4(SN)3|Na batteries
maintain a specific capacity of 69.16 mAh g−1 after 1500
cycles, corresponding to a capacity retention of 84.9% and
demonstrating exceptional endurance under rigorous con-
ditions. The superimposed profiles before and after long-term
cycling in Figure 5h reveal virtually unchanged polarization and
low impedance, underscoring the integrity of electrode−
electrolyte interfaces.

The low-temperature durability of cocrystal electrolytes was
further evaluated (Figure S15). The Na2Fe2(SO4)3||Na
batteries with a NaClO4(SN)3 electrolyte sustain a specific
capacity of 75.8 mAh g−1 at 0 °C, while the NaClO4(SN) and
NaClO4(SN)2 counterparts deliver 10.7 and 65.8 mAh g−1,
respectively. The low-temperature operability of NaClO4(SN)3
is attributed to its ordered−disordered cocrystal architecture in
which orientationally disordered SN units maintain rotational
dynamics and provide auxiliary ionic pathways that couple
molecular reorientation to ion transport. The relatively wide
electrochemical stability window of NaClO4(SN)3 enables its
compatibility with diverse cathode chemistries. As a
representative example, the NaFe0.3Ni0.3Mn0.3O2|Na-
ClO4(SN)3|Na batteries deliver an initial specific capacity of
125.60 mAh g−1 and retain 120.63 mAh g−1 after 100 cycles at
0.5 C, corresponding to a capacity retention of 96.0%,
confirming the applicability of this cocrystal electrolyte to
high-voltage layered oxide cathode materials (Figure S16). As
summarized in Table S19, the NaClO4(SN)3 cocrystal
electrolyte achieves a well-balanced optimization of room-
temperature ionic conductivity, Na+ transference number, and
long-term cycling stability, which compares favorably with
representative solid-state electrolytes for sodium metal
batteries.

■ CONCLUSION
In summary, we present the design of a NaClO4(SN)3 ionic
cocrystalline electrolyte assembled by an ordered Na+-
coordination backbone and orientationally disordered SN
molecules as the peripheral auxiliary component. This
architecture constructs a continuous 3D Na+ transport network
with immobilized ClO4

− anions, enabling effective single-ion
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conduction and maintaining mechanical compliance for
intimate electrode contact. Ab initio molecular dynamics
simulations and experimental characterizations consistently
support this “ordered Na+-coordination backbone plus
disordered ionic flowpaths” design principle and clarify its
pivotal role in constructing stable ion-conducting frameworks
and facilitating rapid Na+ hopping transport. Benefiting from
its interconnected ion-conducting channels, NaClO4(SN)3
delivers a low activation energy of 0.26 eV and a high Na+
ionic conductivity of 0.94 mS cm−1 at 25 °C. In full batteries
paired with high-voltage Na2Fe2(SO4)3 cathodes, the Na-
ClO4(SN)3 electrolyte supports favorable interfacial ion
conduction and sustained high-voltage output over prolonged
cycling, demonstrating impressive long-term durability. More-
over, the cocrystalline electrolyte integrates these electro-
chemical advantages with facile processing and cost-effective
scalability, indicating promise for practical deployment. These
combined attributes exemplify an order−disorder hybrid
cocrystal engineering strategy to develop solid-state electro-
lytes with rapid ionic conductivity and long cycling durability,
providing a promising solution for rechargeable solid-state
alkali metal batteries.
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