Open Access Article. Published on 06 August 2025. Downloaded on 9/8/2025 2:53:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Batteries

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal

{ M) Check for updates ‘

Cite this: DOI: 10.1039/d5eb00129¢

Received 9th July 2025,
Accepted 5th August 2025

DOI: 10.1039/d5eb00129¢

rsc.li/EESBatteries

Broader context

Structural polymorphism and carrier effects in
sodium-ion conducting Prussian blue-type solid
electrolytes

Taewon Kim, 1 You-Yeob Song,° Seungwoo Ryu,1¢ Sang Hyeok Ahn,©
Beom Jin Park,® Chanhee Lee,® Min-Ho Kim,® Dong-Hwa Seo, (0 *°
Sung-Kyun Jung 2 * and Hyun-Wook Lee (&) *©

Prussian blue analogues are renowned for their open-framework structures composed of CN™ ligands,
which distinguish them from conventional solid electrolyte materials. This study explores the effects of
mobile carrier concentrations, water content, and structural integrity on the performance of solid electro-
lytes in all-solid-state batteries. By analyzing different phases of manganese hexacyanoferrate: cubic,
monoclinic, and rhombohedral, we correlate Na* and water content with lattice distortions and Na* con-
ductivity. Computational simulations corroborate experimental findings on activation energies and cou-
lombic interactions between Na* and CN™ ligands, taking into account carrier concentrations and struc-
tural polymorphism. The cubic phase, exhibiting lower Na* content and comparable water content to the
monoclinic phase, demonstrates the fastest Na* migration and the lowest activation energy. In terms of
cell performance, the higher Na* content of the monoclinic phase enhances cycling performance by
reducing the chemical potential difference between manganese hexacyanoferrate and the anode.
Monoclinic manganese hexacyanoferrate-based solid-state batteries enable stable cycling performance
of the Na,Mn[Mn(CN)¢l cathode, with discharge capacities of 60 mAh g™ using a Mn()/Mn(i) redox
couple at room temperature and 120 mAh g~ using dual redox couples of Mn(1)/Mn(i) and Mn(i)/Mn(u) at
30 °C. This study underscores the critical role of Na* and water content in optimizing Na* conductivity
and overall battery performance.

Conventional solid electrolyte frameworks containing sulphur (S*7), oxygen (0*7), chlorine (Cl7), bromine (Br~), or iodine (I") anions present serious limit-
ations. Sulfide-based electrolytes lead to the evolution of toxic H,S gas; oxide electrolytes suffer from poor interparticle contact and require high-temperature
sintering (>900 °C); and halide electrolytes often rely on rare and expensive materials like Y, In, and Sc. Considering these obstacles, we explore Prussian blue

analogues (PBAs) as alternative solid electrolytes composed of CN™ anions. These analogues not only are more affordable due to inexpensive elements and
cost-effective synthesis methods, but they also maintain stability in air. PBAs allow for the manipulation of intrinsic parameters, such as mobile carrier con-
centrations, water content, and structural integrity, all of which are critical for their performance as solid electrolytes. In this study, we investigate the effects

of these parameters on the performance of PBAs in all-solid-state sodium batteries. Specifically, we analyze different phases of manganese hexacyanoferrate
(cubie, monoclinic, and rhombohedral), focusing on variations in Na* and water content and their impact on lattice distortion and Na* conductivity. Our
results highlight the essential role of Na* and water content in optimizing ionic conductivity and enhancing battery performance.
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Introduction

The growing demand for energy storage solutions across
diverse applications has intensified the search for alternative
battery technologies due to a significant increase in the cost of
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state sodium (Na') batteries (ASNBs) have gained increasing
importance. Sodium batteries offer notable advantages,
including lower overall costs and the greater abundance of
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sodium, which is less susceptible to sharp cost
fluctuations.”** Therefore, ASNBs utilizing nonflammable

solid electrolytes have attracted considerable attention,
offering enhanced safety and leveraging the low cost and abun-
dance of Na resources.'>'® A critical factor in the success of
ASNBs is the development of solid electrolytes with high ionic
conductivity, chemical stability, and compatibility with both
electrodes.'*™*?

Intensive research on sodium ion conducting solid electro-
lytes has led to significant advancements in identifying
various candidates, including oxides (e.g, NazZr,Si,PO;,,
0.67 mS cm™),?° sulfides (e.g., NazSbS,, 1 mS cm™"),>"**> and
halides (e.g., Na,ZrClg, 0.018 mS cm™').>*> While these solid
electrolytes demonstrate high ionic conductivity and potential
for practical applications, they face critical commercialization
challenges related to fabrication protocols, material costs, and
chemical stability. For example, sulfide-based solid electrolytes
suffer from poor air and chemical stability, leading to the evol-
ution of toxic H,S gas and a narrow voltage window, which
limits their utilization as solid electrolytes.”*** Oxide-based
solid electrolytes require high-temperature sintering processes
to reduce grain boundaries and improve Na ionic conductivity
due to poor ionic contact between particles.’®*>*° Halide-
based solid electrolytes are composed of expensive and rare
materials, such as Y, Er, and Sc, paired with halide ions, which
increases their cost and results in instability in low voltage
ranges below 1 V.>**7 Furthermore, the typical synthesis
methods for solid electrolytes, such as solid-solution or ball-
milling techniques, are not suitable for large-scale
commercialization."***?° Considering these significant chal-
lenges, Prussian blue analogue (PBA)-based solid electrolytes
have emerged as promising alternatives to traditional solid
electrolytes because they offer several advantages, including
the use of inexpensive elements, cost-effective synthesis
methods, and stability in air.*%*°

A distinctive feature of PBAs is their ability to exhibit struc-
tural polymorphism, significantly influencing their physical
and chemical properties. In the context of Prussian blue-type
solid electrolytes, this structural polymorphism can influence
ionic conductivity and overall battery performance. Typically,
PBAs adopt a cubic structure, but depending on the number of
vacancies in the R(CN)s compounds, the crystal structure can
distort to monoclinic, orthorhombic, or rhombohedral forms.
These variations in crystal structures result in different electro-
chemical behaviors when used as electrode materials.*™*
Therefore, understanding and controlling the structural poly-
morphism in PBAs is crucial for optimizing their function as
solid electrolytes in ASNBs as well. Moreover, a key factor influ-
encing the performance of Prussian blue-type solid electrolytes
is the concentration of mobile cations, such as sodium ions,
within the crystal lattice. The synthetic conditions, particularly
the concentration of sodium precursors during synthesis, can
vary the amount (x) of sodium cations from zero to two, as per
the chemical formula Na,P[R(CN)e]. The distribution and
dynamics of these ions are closely linked to the specific struc-
tural polymorphs present in the material. Different poly-
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morphs may exhibit varying degrees of openness in their
frameworks, which can either facilitate or hinder ion
migration. Consequently, a comprehensive investigation into
the relationship between structural polymorphism and mobile
cation concentration is essential for designing high-perform-
ance sodium-ion conducting solid electrolytes. In this study,
we investigate a representative Prussian blue-type solid electro-
Iyte, manganese hexacyanoferrate (MnHCFe), in its different
crystallographic phases: cubic, monoclinic, and rhombohedral
(Fig. 1a—c). These phases correlate with the Na' and water
content. The intrinsic features, such as sodium (Na) mobile
carrier concentration, water content, and structural integrity,
can be critical variables for the performance of solid electro-
Iytes in ASNBs. For example, changes in bonding covalency,
influenced by the number of structural water molecules,
impact the structural vibration energy, which contributes to
the temperature coefficients of PBA structures.*’ The presence
of interstitial water molecules surrounding the transition-
metal ions can enhance the effect of coordinated water,
leading to variations in the direction of cyanide ligand stretch-
ing. This characteristic offers a unique advantage compared to
other conventional solid electrolytes, such as those based on
sulphur ($*>7), oxygen (0*>7), chlorine (Cl7), bromine (Br~), or
iodine (I") anions. Computational simulations are crucial for
validating the activation energies and coulombic interactions
between Na' and CN~ ligands, considering carrier concen-
trations and structural polymorphism. The cubic phase, which
has lower Na" and comparable water content to the monoclinic
phase, is expected to exhibit fast Na* migration and low acti-
vation energy due to minimal coulombic attraction, unlike the
rhombohedral phase. Fundamental analysis allows compari-
son of the three MnHCFe solid-electrolyte phases in ASNBs.
Benefiting from the aforementioned features, the cubic and
monoclinic phases are expected to enhance ionic conductivity
by reducing the chemical potential difference between
MnHCFe and the anode, thereby leading to stable cycling per-
formance. Solid-state batteries using the monoclinic MnHCFe
solid electrolyte can be expected to demonstrate stable cycling
performance with manganese hexacyano-manganate (Na,Mn
[Mn(CN)s], MnHCMn) as a cathode material. This study
expands on the considerable Na'-ion conducting mechanisms
that play a critical role in governing the kinetics and stability
of overall battery performance in ASNBs, providing valuable
insights for new electrolyte design.

Results and discussion
Characterization of the three MnHCFe phases

To elucidate the relationship between the structure of
MnHCFe and the concentrations of Na“ and water molecules,
we conducted a detailed chemical composition and structural
characterization study of the three MnHCFe crystal structures.
These structures were varied in terms of Na' and water content
and synthesized using a co-precipitation method optimized for
temperature, aging time, and drying conditions. The chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural characterization of MnHCFe with varying crystal structures. Schematic illustrations of the unit cell structure of MnHCFe in (a)
cubic, (b) monoclinic, and (c) rhombohedral crystal phases. (d) XANES spectra for the Fe K-edge (left panel) and Mn K-edge (right panel). (e and f)
EXAFS analysis for Fe K-edge (e) and Mn K-edge (f). Neutron powder diffraction patterns of MNHCFe in (g) cubic, (h) monoclinic, and (i) rhrombohe-
dral phases. The diffraction patterns confirm the phase crystallinity of the samples.

compositions of the cubic, monoclinic, and rhombohedral
MnHCFe structures, determined through ICP-MS and TGA,
are listed as Naj osMn[Fe(CN)glo.g0-1.04H,0, Na, 5;Mn[Fe
(CN)6Jo.03-1.49H,0, and Na; 5:Mn[Fe(CN)g]o.01-0.16H,0,
respectively, as shown in Fig. S1 and Table S1. Scanning elec-
tron microscopy analysis revealed similar cubic morphologies
and sizes for all samples (Fig. S2). X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS) at the Fe K-edge and Mn K-edge, coupled
with neutron powder diffraction (NPD), confirmed the oxi-
dation states of Fe and Mn as +2,>*** with main peaks at 7130
eV and 6553 eV, respectively, suggesting identical initial oxi-
dation states across the samples (Fig. 1d). The EXAFS analyses
indicated Fe-C and Fe-N distances of about 2 A and 3 A,

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively (Fig. 1e and f).>*** NPD and subsequent Rietveld

refinement provided further structural insights, revealing that
each MnHCFe sample exhibited distinct cubic, monoclinic,
and rhombohedral phases (Fig. 1g-i and Tables S2-S5). A
detailed examination validates that the MnHCFe samples with
a higher interstitial Na' content exhibit greater lattice distor-
tions, particularly notable when comparing the cubic structure
containing a Na' ratio of 1 in the composition of Na,Mn[Fe
(CN)¢] and the monoclinic and rhombohedral structures con-
taining a Na' ratio of 1.5. Regarding water content, lower water
content is also associated with increased lattice distortions, as
seen in the monoclinic MnHCFe containing 1.49 mol of H,O
compared to the rhombohedral structure with only 0.16 mol
of H,0. These structural changes are likely driven by the
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interactions between Na' ions and the N~ ions in CN~ ligands.
As previously reported by Henkelman et al., intercalated Na"
ions engage in Coulomb attraction with N~ ions, and the
strength of this attraction varies with the amounts of Na* and
water molecules, influencing the structural dynamics of
MnHCFe.*® Consequently, a higher Na™ content leads to more
significant lattice distortions, potentially transitioning a cubic
structure to a monoclinic and further to a rhombohedral struc-
ture as the water content decreases. These interactions also
suggest that higher Na" and lower water content may induce
slower Na'-ion conduction in MnHCFe by increasing the acti-
vation energy for Na' migration. These findings deepen our
understanding of Na" migration in PBA solid electrolytes and
underscore the critical role of structural and compositional
variables in optimizing their performance.

Na' tuning of phase and ionic transport

To establish a more detailed correlation between Na' concen-
tration and ionic conductivity, we prepared MnHCFe samples
with varying Na* contents and characterized their structural pro-
perties using ICP-MS and TGA. The chemical compositions of
these  samples were  determined as  NaggMn[Fe
(CN)gJo.70-1.63H,0, Nay ,sMn[Fe(CN)g]o.73:1.77H,0, Na; goMn[Fe
(CN)6lo.s1-1.95 H,O, Naj 0Mn[Fe(CN)glo.3-1.87H,0, and
Na, ,oMn[Fe(CN)¢]o.ss-1.99H,0, as shown in Fig. S3 and
Table S6. Synchrotron X-ray diffraction (XRD) patterns were ana-
lyzed via Le Bail fitting (Fig. 2a and Table S7) to investigate how
variations in Na" content influence structural transitions. The
results indicate that MnHCFe retains a cubic structure when the
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Na® content is below 1.00. However, a Na' content exceeding
1.00 initiates a phase transition to the monoclinic structure.
Additionally, electrochemical impedance spectroscopy (EIS) was
performed on Na'-blocking symmetric cells to examine the
ionic conductivity of these MnHCFe samples as a function of
Na' content (Fig. 2b and Fig. S4). The results validate that ionic
conductivity steadily increases within the cubic phase as Na"
content increases, peaking at a Na* content of 1.00. Beyond this
threshold, the transition to the monoclinic phase results in a
sharp decrease in ionic conductivity. This trend highlights the
critical role of structural transitions in determining Na* trans-
port properties, with the cubic phase facilitating superior ion
conduction compared to the monoclinic phase. Furthermore,
Fig. 2c illustrates that in the cubic phase, both the lattice para-
meter and ionic conductivity increase with Na' content, indicat-
ing a correlation between Na' content and lattice expansion.
Specifically, the lattice parameter reaches 10.480 A at a Na'
content of 1.00. This expansion provides wider pathways for Na*
migration, significantly enhancing ionic conductivity.***”
Arrhenius plots in Fig. S5 further reveal that activation energy
decreases while ionic conductivity increases within the cubic
phase (Na'" content of 0.66 to 1.00). Beyond a Na' content of
1.00, the phase transition to the monoclinic phase leads to a
sharp increase in activation energy, making Na" migration more
difficult. These results demonstrate that an increase in Na'
content expands the channel size of cubic MnHCFe, thereby
enhancing ionic conductivity. However, the transition to the
monoclinic phase beyond a Na“ content of 1.00 restricts Na"
migration, resulting in reduced ionic conductivity.
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Fig. 2 Na* and water-dependent structural and ionic conductivity of MNHCFe. (a) Synchrotron X-ray diffraction patterns of MNHCFe with different
amounts of Na*. (b) lonic conductivity of MnHCFe as a function of Na* content at 30 °C. (c) Lattice parameter and ionic conductivity as a function of
Na* content in cubic MnHCFe. lonic conductivity of MNnHCFe at 30 °C as a function of dehydration time at 70 °C for pristine (d) cubic and (e) mono-

clinic MnHCFe.
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Water content effect on the structure and ionic transport

The presence of water molecules in the lattice also plays a criti-
cal role in determining structural stability and ionic conduc-
tivity. To investigate the effect of water removal, synchrotron
XRD, Le Bail fitting, and EIS analyses were conducted to
examine these transitions. As shown in Fig. 2d, MnHCFe with
a Na'" content of 1.00, which initially adopts a cubic phase,
experiences a progressive decline in ionic conductivity during
dehydration at 70 °C. This is attributed to the gradual removal
of lattice water molecules, which induces structural distortions
and destabilizes the cubic phase, leading to a distorted mono-
clinic phase (Fig. S6 and Table S8) and reduced ionic conduc-
tivity (Fig. S7). After 12 hours of dehydration, the structure
transitions into a highly distorted monoclinic phase with the j
angle exceeding 101°, resulting in the loss of ionic conduc-
tivity. Similarly, Fig. 2e illustrates the effects of dehydration on
MnHCFe with a Na* content of 1.29, which initially exhibits a
monoclinic phase. In this case, the ionic conductivity
decreases as water is removed, with the monoclinic phase
becoming increasingly distorted (increasing # angle) under de-
hydration conditions and eventually transitioning into the
rhombohedral phase (Fig. S8 and Table S9), further hindering
Na' conduction (Fig. $9). These observations suggest that the
removal of water molecules disrupts structural stability and
reduces ionic conductivity, with phase transitions hindering
Na' migration.

Elucidation of Na* migration barriers across different phases

To validate the correlation between Na' migration and the con-
centrations of Na'/H,0, we employed EIS analysis on SUS/
MnHCFe/SUS symmetric cells for three representative
MnHCFe phases: cubic (Naj o,Mn[Fe(CN)g]o.50-1.04H,0),
monoclinic (Na; 5;Mn[Fe(CN)g]o.03-1.49H,0), and rhombohe-
dral (Na; 5;Mn[Fe(CN)g]o.01:0.16H,0). As shown in Fig. S10, the
Na' conductivities of the cubic, monoclinic, and rhombohe-
dral phases of MnHCFe at 30 °C are found to be 8.3 x 107> mS
em ™, 2.2 x 107> mS em ™, and 6.1 x 107> mS cm™*, respect-
ively. Additionally, we conducted a combined characterization
study on impedance using distribution of relaxation time
(DRT) and equivalent circuit model fitting analysis (Fig. S11)
on the cubic and monoclinic MnHCFe phases as shown in
Fig. 3a and b and Tables $10 and $11.***° For the rhombohe-
dral MnHCFe, which possessed high impedance, an equivalent
circuit fit was employed instead of DRT analysis to obtain
more reliable data (Table S12). This approach allows us to
isolate variables such as grain boundary impedance and
ohmic resistance. This separation enhances the understanding
of the intricate relationship between Na' migration and the
structural characteristics of the MnHCFe phases. Fig. 3a and b
show the DRT results for the cubic and monoclinic MnHCFe
exhibiting deconvoluted peaks corresponding to bulk and
grain boundary contributions. Fig. 3c shows the bulk intrinsic
activation energies for Na' migration in the three MnHCFe
phases. The activation energies are determined to be 0.42 eV
for cubic, 0.49 eV for monoclinic, and 0.84 eV for rhombohe-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dral phases, aligning with the expected trend previously dis-
cussed in the structural analysis section. These results under-
score that the cubic phase, with the lowest activation energy,
facilitates easier Na' migration, whereas the rhombohedral
phase, with higher interaction between Na' and CN~ ligands,
possesses the largest activation energy, influenced by the
varying amounts of Na" and water.

To complement the relationship between Na' migration
and the interactions between Na' and CN~ ligands, we fabri-
cated ASNBs using rhombohedral MnHCFe as solid electrolyte,
in states before and after humid air exposure, Na,Mn[Mn
(CN)s] (MnHCMn) as the cathode, and Na;Sn as the anode.
Initial tests with rhombohedral MnHCFe revealed no Na* con-
duction or redox reactions, as confirmed by EIS and cyclic vol-
tammetry (CV) measurements (Fig. S12 and S13). However,
exposure of rhombohedral MnHCFe to humid air (80% relative
humidity) for 24 hours resulted in a phase transition to a
monoclinic structure. This altered phase demonstrated Na*
conductivity and facilitated redox reactions in full cells,
suggesting that water exposure reduces coulombic attraction
and enhances Na' migration within MnHCFe. Further analyses
measured the distances between Na' ions and N™ in the CN~
ligands across different unit cells (Fig. 3d and e). Results indi-
cated that ionic conductivity and activation energy are influ-
enced by these distances; notably, the cubic structure, with the
longest Na'-N distances, exhibited the lowest activation energy
and the highest Na' conductivity. This phenomenon likely
results from weaker coulombic attractions due to a smaller
concentration of Na* (1.04 mol) and a higher amount of H,O
(1.04 mol). Conversely, the rhombohedral structure, which has
the shortest Na'-N distances, showed the highest activation
energy and the lowest Na' conductivity, correlating with its
higher Na" content (approximately 1.5 mol) and lower water
content (0.16 mol), resulting in stronger coulombic inter-
actions. Additionally, all three MnHCFe phases conform to the
Meyer-Neldel rule, as illustrated in Fig. 3f. This observation
underscores that decreases in activation energy (E,) are often
accompanied by reductions in the conductivity prefactor (o)
in the Arrhenius rate law, highlighting the critical role of both
the Arrhenius prefactor and E, in ion conduction.*®™** To vali-
date our findings regarding the impact of Na* and anion inter-
actions on conductivity, we performed bond valence energy
landscape (BVEL) calculations (Fig. 3g-i). These calculations
revealed activation energies for Na" migration of 0.168 eV for
the cubic phase, 0.395 eV for the monoclinic phase, and 1.02
eV for the rhombohedral phase (Fig. 3j-m). The BVEL results
align with our expectations, further confirming that Na* con-
ductivity and the activation energy for Na' migration are fun-
damentally dependent on the interactions between Na ions
and the surrounding anions, which are influenced by the rela-
tive amounts of Na" and water in the MnHCFe structures.

DFT study of Na'-CN~ interactions in representative structures

To elucidate the underlying mechanisms of observed vari-
ations in Na'-N interactions across different phases of
MnHCFe, we conducted a computational analysis using
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lonic conductivity of MNHCFe with different crystal structures. (a and b) Analysis of distribution of relaxation times for cubic (a) and monocli-

nic (b) phases, illustrating the contributions from bulk and grain boundary regions. (c) Arrhenius plots of the intrinsic bulk activation energy for Na*
migration in MnHCFe. (d) lonic conductivity and (e) activation energy of MnHCFe as a function of the Na*—N distance for cubic, monoclinic, and
rhombohedral phases. (f) Meyer—Neldal plots of log oy versus activation energies, E,, for three MnHCFe phases. (g—i) Isosurfaces of Na* transport
channels in cubic, monoclinic, and rhombohedral MnHCFe structures, calculated using the bond valence energy landscape (BVEL) method. (j-1)
Energy profiles along the migration paths in these three structures, calculated using the BVEL method. (m) Migration barrier for Na* ions across the

three crystal structures (BVEL method).

density functional theory (DFT). This analysis revealed elec-
tronic changes corresponding to the structural differences in
MnHCFe. We generated the structures of water-containing
MnHCFe based on previous literature,>** modeling them as
NaMn[Fe(CN)s'H,O for the cubic phase, Na,Mn[Fe
(CN)e]-2H,0 for the monoclinic phase, and Na,Mn[Fe(CN)g]

EES Batteries

for the rhombohedral phase. These structures were fully
relaxed using the GGA+U method (refer to the Computational
details section for more information), and the results are dis-
played in Fig. 4a. Consistent with experimental observations,
our computational studies confirmed that an increase in Na*
content leads to bending in the Mn-N-C bonds, facilitating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nitrogen.

the transformation of the cubic MnHCFe into a monoclinic
framework.>® Moreover, the enhanced bending of Mn-N-C
bond angles in the dehydrated rhombohedral MnHCFe con-
tributes to the stabilization of this structure through bond dis-
tortion,** indicating a preference for stability via structural
modifications. Further analysis involved the Integrated Crystal
Orbital Hamilton Population (ICOHP) and Bader charge ana-
lysis to explore changes in the electronic structure induced by
bond modifications across the phases.*>™*® As illustrated in
Fig. 4b, these analyses depict the structural transition from
cubic to monoclinic to rhombohedral phases. The results,
shown in Fig. 4c, indicate a decrease in Mn-N bond strength—
as reflected by reduced ICOHP values—and an increase in the
atomic charge on nitrogen in a more negative direction. The
decrease in Na' mobility can thus be partially attributed to the
strengthened interaction between Na' and negatively charged
nitrogen atoms.*® This comprehensive study provides valuable
insights into how Na'" and H,O contents influence the inter-
actions between Na' and CN~ ligands, impacting Na'
migration. These findings offer significant implications for the
design of high-performing Na' conducting PBA materials,
enhancing our understanding of the structural and electronic
factors that govern ion transport in these systems.

Comparative electrochemical performance of ASNBs

To assess the impact of the crystal structure on cell perform-
ance, we conducted galvanostatic cycling with potential limit-
ation (GCPL) measurements on the three MnHCFe phases

© 2025 The Author(s). Published by the Royal Society of Chemistry

using MnHCMn as the cathode and Na;Sn as the anode. The
voltage profiles of ASNBs using these MnHCFe phases are pre-
sented in Fig. 5a and b, in which cell redox behaviors are
similar to the typical redox reactions of MnHCMn.>® The
rhombohedral phase does not demonstrate battery perform-
ance due to its low Na' conductivity. Vice versa, the ASNBs
using cubic and monoclinic MnHCFe exhibit cycling perform-
ance over 30 cycles with two redox reactions (Mn(1)/Mn(u) and
Mn(i1)/Mn(m1)), delivering initial capacities of 127 mAh g~" and
120 mAh g™, respectively, which decrease to 15 mAh g™* and
93 mAh g~' after 30 cycles, operated in the cut-off voltage
range of 0.9 V to 3.0 V at 30 °C and a 0.2C rate. Intriguingly,
despite the cubic phase having faster Na' conductivity and
lower activation energy, the monoclinic phase exhibits better
capacity retention, demonstrating more stable performance
(Fig. 5¢). In the cubic MnHCFe cell (Fig. 5a), a soft breakdown
occurred when the second plateau (~2.75 V) was accessed
during charging, resulting in increased capacity and current
exceeding the critical current density (CCD), compared to uti-
lizing only the first plateau (~2 V). To investigate this behavior,
electronic conductivity and CCD measurements were
conducted.

Fig. S14 shows chronoamperometry data for Na'-blocking
SUS/MnHCFe/SUS symmetry cells with a voltage step of 0.2
V. The electronic conductivity was determined to be 1.4 x 107°
S em™" for the cubic phase and 1.7 x 10™° S em™" for the
monoclinic phase (Fig. S14), which are sufficiently low to clas-
sify MnHCFe as a solid electrolyte, comparable to other sulfide

EES Batteries
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Fig. 5 Electrochemical performance and stability of NazSn/MnHCFe/MnHCMn solid-state batteries. (a and b) Galvanostatic charge—discharge
profiles of MNHCFe electrolytes for the (a) cubic and (b) monoclinic phases and their (c) cycling performance at 0.2C rate and 30 °C. (d and e)
Galvanostatic charge—discharge profiles of MnHCFe electrolytes in the first and fifth cycles for the cubic (d) and monoclinic (e) phases at 0.2C rate
and 60 °C. (f) Cycling performance of monoclinic MnHCFe at 0.2C rate and 60 °C. (g) Symmetric cell test using NazSn electrodes with cubic and
monoclinic MnHCFe electrolytes at 30 °C. (h) Calculated reaction energies of cubic and monoclinic MnHCFe phases with NazSn as a function of the
mixing ratio of MnHCFe. (i) Voltage profiles of full cells using the monoclinic MnHCFe electrolyte utilizing the Mn(1)/Mn(u) redox plateau of MNHCMn
at 0.2C rate and room temperature. (j) Cyclability of the full cell using monoclinic MNnHCFe at 0.2C rate and room temperature.

solid electrolytes.”® The CCD and areal capacity for both
phases were measured as 0.3 mA cm™> and 0.3 mAh cm™,
respectively (Fig. S15). Utilizing both redox plateaus of
MnHCFe, which targets a capacity of 120 mAh g™, would
result in a current density of 0.076 mA cm™> and an areal
capacity of 0.380 mAh cm™>, exceeding the critical areal
capacity. This likely induces soft breakdown and unstable

EES Batteries

cycling behavior when employing both redox plateaus of
MnHCMn. In contrast, operating the cell within a stable
voltage range and utilizing only the Mn(i)/Mn(u) redox plateau
at a capacity of 70 mAh g™' yields a current density of
0.038 mA cm > and an areal capacity of 0.190 mAh cm™2, both
well within the critical limits, resulting in stable cycling per-
formance with minimal capacity fading.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To validate the two-plateau reactions, full cells of Na;Sn/
MnHCFe/MnHCMn were tested at 60 °C to increase ionic con-
ductivity and mitigate soft breakdown. Both cubic and mono-
clinic phases initially delivered a discharge capacity of around
140 mAh g™ at a 0.2C rate and at 60 °C as shown in Fig. 5d
and e. However, the discharge capacity of the cubic phase
decreased to about 80 mAh g~ after 5 cycles, while the mono-
clinic phase maintained a similar capacity after 5 cycles. Since
monoclinic electrolytes tend to improve cycling stability,
ASNBs using monoclinic MnHCFe cycled with two redox reac-
tions (Mn(1))/Mn(u) and Mn(u)/Mn(m)), delivering an initial
capacity of 140 mAh g™ and maintaining 130 mAh g™" after 30
cycles (Fig. 5f). Nevertheless, the cyclability remains limited.
To further explore the challenges associated with cycling per-
formance, we conducted Na;Sn symmetry cell tests at a current
density of 0.05 mA em™ and at 30 °C for 100 h. As shown in
Fig. 5g and summarized in Fig. S16, the monoclinic phase
shows a lower overpotential of around 0.3 V than the 2 V for
the cubic phase after 100 h, implying better stability with
Na,sSn. Furthermore, EIS measurements were taken every
10 hours and subsequently analyzed using DRT analysis
during NazSn symmetric cell tests at a current density of
0.05 mA cm~> and at 25 °C for 100 h (Fig. S17 and 518). As
shown in Fig. S18, the cubic phase shows a continuous
increase in interfacial resistance due to SEI formation,
whereas the monoclinic phase maintains stable interfacial re-
sistance beyond 40 hours. DRT analysis further confirms that
the increase in resistance during cycling arises primarily from
SEI evolution, while the bulk and grain boundary resistances
remain relatively unchanged. The stability appears to be the
critical factor in the different cycle performances observed.
The monoclinic phase, containing more Na* (1.5 mol), exhibits
enhanced stability with NazSn compared to the cubic phase
with 1 mol of Na', likely due to the reduction in chemical
potential differences between the anode and the solid electro-
lyte.® Our DFT calculations of reaction energies between
NasSn and the MnHCFe phases support this hypothesis
(Fig. 5h and Tables S13 and S14). The cubic MnHCFe phase
has a lower reaction energy (—171 meV) than the monoclinic
MnHCFe phase (-133 meV), suggesting that a higher Na"
content enhances the interfacial stability between Naz;Sn and
MnHCFe. Consequently, the larger Na* content in the monocli-
nic phase contributes to its interfacial stability, making it the
most effective solid electrolyte for ASNBs among the tested
MnHCFe phases. This effectiveness is attributed to its ade-
quate Na* conductivity and enhanced stability in full-cell con-
figurations. Considering interfacial stability, the interface
between the Na;Sn anode and MnHCFe electrolyte represents
a critical bottleneck for achieving stable two-plateau reactions.
To further investigate the interfacial decomposition products
formed due to parasitic reactions between the Na;Sn anode
and the MnHCFe electrolyte, post-mortem X-ray photoelectron
spectroscopy (XPS) analyses of O 1s, C 1s, Mn 2p, and Fe 2p
were conducted after symmetric NazSn cell testing. The results
and detailed discussion are provided in Fig. S19-S23 and
Note S1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In efforts to mitigate instability, ASNBs incorporating
monoclinic MnHCFe were tested using the Mn(1)/Mn(u) redox
reaction at a 0.2C rate and room temperature. As shown in
Fig. 5i and j, the single plateau reaction maintained a dis-
charge capacity of around 60 mAh g™ after 100 cycles, indi-
cating stable cycling performance with minimal capacity
fading. These results underscore the importance of inter-
facial stability between Naz;Sn and MnHCFe in achieving
stable cycling performance, which is also attributable to the
optimized Na® and water content. Understanding the inter-
play between Na* and water contents was pivotal in achieving
these outcomes. Na' content influences the coulombic inter-
actions between Na® and nitrogen (N7) in CN~ ligands, typi-
cally leading to reduced Na' conductivity at a Na* content of
1 as a threshold. Conversely, water content can mitigate
these interactions by enhancing Pauli repulsion between Na*
and the framework, thus facilitating faster Na' movement.
An optimized Na" content of approximately 1 mol optimizes
conductivity: a Na' content higher than 1 mol slows down
conductivity due to increased coulombic interactions and
lattice distortion, while too little Na* also diminishes con-
ductivity due to a reduced number of mobile cations and
smaller channel size. Appropriate water content further opti-
mizes conductivity by reducing Na'-N interactions. In terms
of cell performance, increasing Na' content enhances inter-
facial stability between the PBA and the Na-Sn alloy, crucial
for long-term cell stability and performance. This investi-
gation into the effects of Na" and water content not only
advances our understanding of PBA superionic conductors
but also provides a robust framework for designing high-per-
formance ASNBs. This approach, focusing on controlled Na*
and water content, offers promising directions for enhancing
the Na' conductivity and overall performance of PBA-based
batteries.

Conclusion

In this study, we have investigated the influence of Na" and
water content on the design and performance of PBA solid
electrolytes for ASNBs. Our analysis focuses on Na' conduc-
tivity across three crystallographic phases of MnHCFe: cubic,
monoclinic, and rhombohedral. Through ICP-MS, TGA, NPD,
and XAFS analyses, we have found that the MnHCFe phases
contain different amounts of Na' and water in the different
crystal structures: the cubic phase containing 1.04 mol of
Na' and 1.04 mol of water exhibited no lattice distortion. In
contrast, the monoclinic phase, with 1.51 mol of Na' and
1.49 mol of water, showed slight lattice distortion, while the
rhombohedral phase, with 1.51 mol of Na' and only
0.16 mol of water, exhibited significant lattice distortion.
These structural changes are driven by the interactions
between Na' and N~ in CN~ ligands, affecting the Na“ con-
ductivity due to the resultant lattice distortions. To further
investigate the effects of Na" and water content on structural
transitions and ionic conductivityy, MnHCFe samples with
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varying Na' concentrations, as well as gradually dehydrated
MnHCFe, were characterized. Synchrotron XRD and Le Bail
fitting revealed that both Na' content and water content play
critical roles in determining the structure and ionic conduc-
tivity. An increase in Na' content enhances ionic conductivity
in the cubic phase; however, once the Na' content exceeds
approximately 1, a phase transition to the less conductive
monoclinic phase occurs. Additionally, dehydration disrupts
structural stability, inducing phase transitions and leading to
a further reduction in ionic conductivity. To further quantify
the effects on Na' conductivity, we conducted EIS, DRT ana-
lysis, and computational simulations via BVEL and DFT cal-
culations. The Na” conductivities are 8.3 x 107> mS cm™, 2.2
x 107> mS em™, and 6.1 x 10> mS cm™' for the cubic
(1.04 mol of Na" and 1.04 mol of water), monoclinic
(1.51 mol of Na" and 1.49 mol of water), and rhombohedral
phases (1.51 mol of Na" and 0.16 mol of water), respectively.
Moreover, activation energies for Na' migration were calcu-
lated to be 0.42 eV for cubic, 0.49 eV for monoclinic, and
0.84 eV for rhombohedral structures, correlating inversely
with the degree of lattice distortion. Based on these findings,
we conclude that maintaining a cubic phase with approxi-
mately 1 mol of Na* ions and an adequate water content is
critical for achieving high ionic conductivity. Adequate water
content helps sustain the channel size and stabilize the
cubic crystal phase, reducing coulombic interactions and
enhancing Na“ mobility. These optimized conditions offer a
pathway to significantly enhance the ionic conductivity of
PBAs by balancing mobile cation concentration and struc-
tural stability.

In terms of cell performance, the monoclinic MnHCFe has
outperformed the other phases, demonstrating better cycling
performance despite the cubic phase having faster Na* con-
ductivity. In the case of stability, the interface between the
NasSn anode and the MnHCFe electrolyte can be the bottle-
neck. As a result, monoclinic MnHCFe was selected as the
solid electrolyte for further ASNB applications. The assembled
full cells exhibited robust performance, delivering a discharge
capacity of 60 mAh g™* at room temperature and at 0.2C rate
over 100 cycles. This comprehensive study underscores the
critical role of Na" and water content in enhancing Na* con-
ductivity and optimizing cell performance in PBA-based
ASNBs. By modulating the coulombic interactions between
Na' ions and the CN~ ligands, we can significantly influence
both the ionic transport and the structural stability of the elec-
trolytes. Furthermore, increasing the Na' content not only
improves the interface stability between the PBA and anode
materials like Na-Sn alloy but also minimizes chemical poten-
tial differences, thereby enhancing cycling performance. These
insights pave the way for the development of advanced PBA
superionic conductors, offering promising strategies for the
practical application of all-solid-state battery technologies. Our
findings provide a robust framework for future research and
development in the field, marking a significant advancement
in the understanding and application of PBA materials in
energy storage systems.
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