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Prussian blue analogues (PBAs) have gained considerable attention as promising cathode materials for
sodium-ion batteries (SIBs) due to their three-dimensional open framework structure, cost-effectiveness,
and high theoretical capacity. Currently, fundamental research on and commercial exploration of PBAs in
SIBs are making robust progress. This review summarizes recent advances and mainly highlights five key
developments: (1) innovative synthesis methods, (2) compositional engineering, (3) advanced structural
designs, (4) post-treatment and remediation techniques and (5) scalable synthesis. Finally, we present a
forward-looking perspective on future research directions, emphasizing the importance of multidisciplin-
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Introduction

Sodium-ion batteries (SIBs) have emerged as a promising
alternative to lithium-ion batteries (LIBs) for energy storage
systems, owing to sodium’s natural abundance and cost advan-
tages. Their performance largely depends on the properties of
the cathode materials, such as the energy density, cost
efficiency, and cycling stability, as well as safety. Current
research on SIB cathodes primarily concentrates on four cat-
egories: layered transition metal oxides,"” polyanionic com-
pounds,’® Prussian blue analogues (PBAs),*” and organic com-
pounds.® Layered transition metal oxides, such as Na,Co0,,”®
NaFeO,,”'° NaMnO,,"! NaCr0,,"* and NaNi, ;Fe;;;Mn,,;0,"*!*
exhibit high specific capacities of over 200 mAh g~*, while they
universally suffer from structural instability caused by compli-
cated phase transitions during sodium (de)intercalation.
Polyanionic compounds comprise phosphates (e.g., NaFePO,,
NazV,(PO,)3), pyrophosphates (Na,MP,0;), fluorophosphates
(Na,MPO,F), and sulfates (Na,Fe,(SO,);). Despite their struc-
tural stability and long cycle lifetimes, a low theoretical
capacity (120 mAh g™') continues to restrict their future appli-
cations. Most organic compounds have low electronic conduc-
tivities and are easily soluble in organic electrolytes, which
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poses great challenges to their rate performance and cycling
stability in practical applications. PBAs stand out due to their
robust 3D open framework, high theoretical capacity (170 mAh
¢~ 1), and low-cost synthesis routes.*”

PBAs are a significant family of metal-organic frameworks,
and their chemical formula is given by AM;[M,(CN)g],00;_;"
ZH,0. Here, M; represents the transition metal ions in a high-
spin state (Myg) coordinated to N atoms, while M, is a tran-
sition metal in a low-spin state (Mys) bonded to C atoms of the
CN ligands, respectively. Typical PBAs usually possess a face-
centered cubic (FCC) lattice structure (space group: Fm3my),
where metal sites M; and M, occupy the vertex positions and
are interconnected via cyanide bridging ligands aligned along
the cube edges. The crystal structure exhibits polymorphic
transformations among cubic, monoclinic, rhombohedral, and
tetragonal phases, governed by Na' concentrations, water
content, and the transition metal (Fig. 1).">'® Among the
PBAs, metal hexacyanoferrates (M-HCFs, M = Fe, Mn, Co, Ni,
Cu, Zn etc.), denoted as A,M[Fe(CN)g],00,_,-zH,0, have gar-
nered considerable interest due to their high theoretical
capacity and cost-effectiveness.””° The following discussion
will focus on this category of compounds.

The pioneering work by Goodenough’s group in 2012
demonstrated the electrochemical potential of PBAs (KMFe
(CN)g, M = Fe, Co, Ni, Mn, Zn) for SIBs, marking the beginning
of extensive research in this field."> Traditional co-precipi-
tation methods often yield PBAs with high Fe(CN)s vacancies
and water contents, leading to structural instability. To miti-
gate this, Huang’s group and Yang’s group separately reported
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Fig. 1 Framework of PBAs (a). Reproduced with permission. Copyright
2012, Royal Society of Chemistry.’® Crystal structure of PBAs (b).
Reproduced with permission. Copyright 2015, American Chemical
Society.'®

the citrate-assisted co-precipitation method, producing low-
defect PBAs with superior cycling stability and capacity.>"** In
2014, You et al. developed a single iron-source precursor
method to synthesize high-quality Na, ¢;Fe[Fe(CN)glo.os With
minimal vacancies and water content.”® In order to address
the challenge of Na“ deficiency in PBAs, reductant and an
inert N, atmosphere were further introduced, which effectively
suppressed Fe®' oxidation and afforded Na-rich Na, ¢;Fe[Fe
(CN)6Jo.so With enhanced electrochemical performance.”* In
2019, Gong et al. adopted a facile ball-milling method to syn-
thesize Fe-MnPBA without additional additives.>® The particles
of Fe-MnPBA can be downsized to ~50 nm, and the ultrafine
particles favor fast Na* diffusion.

The electrochemical behavior of PBAs is predominantly
determined by their composition and structural character-
istics. PBAs store sodium ions through reversible redox reac-
tions of transition metals. Dual-electron transfer PBAs
(DE-PBAs; M = Mn, Fe, Co) exhibit two-step redox activity at
both M- and Fe-sites, delivering high theoretical capacities
(~170 mAh ¢™") but suffering from structural degradation due
to phase transitions. In contrast, single-electron transfer PBAs
(SE-PBAs; M = Zn, Ni, Cu) restrict redox activity to Fe-sites,
achieving lower capacities (~85 mAh g~") but superior cyclabil-
ity (>2000 cycles) owing to their robust frameworks.>*** The
intrinsic [Fe(CN)g] vacancies and crystal water in PBAs also sig-
nificantly influence their electrochemical performance and
stability. The [Fe(CN)e] vacancies introduce lattice defects,
impede charge transfer kinetics, and reduce available Na*
storage sites. The liberation of the crystal water during battery
operation poses significant safety concerns, as their migration
into the electrolyte triggers deleterious side reactions
accompanied by gaseous byproducts.>®

Therefore, the commercialization of PBAs as cathodes for
SIBs faces multiple crucial challenges: (1) intrinsic [Fe(CN)g]
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vacancies and crystal water significantly reduce available
sodium storage sites and may compromise structural stability,
(2) irreversible phase transitions during -electrochemical
cycling cause progressive structural degradation and capacity
fading, and (3) scalable synthesis methods must be developed
to enable cost-effective mass production.'® In order to address
these issues, researchers have attempted to optimize the syn-
thesis method, adjust the composition and structure, etc. So
far, significant progress with PBAs has been achieved, and this
review mainly focuses on the recent progress with PBA cathode
materials for SIB applications, including advanced synthesis
methods, post-treatment techniques, composition engineer-
ing, morphology control, and scalable synthesis, highlighting
their impact on the electrochemical performance. Finally, we
present a forward-looking perspective on future research direc-
tions to facilitate their commercialization for grid-scale energy
storage systems.

Recent progress in improving the
electrochemical performance of PBAs
Optimized synthesis strategy

PBAs are typically synthesized through complexing-agent
assisted co-precipitation, hydrothermal, or electrodeposition
methods. The hydrothermal method usually involves the use
of Na,Fe(CN)s solution as a single iron-source under hydro-
chloric acid (HCI) addition at high temperatures. Fe** jons can
be slowly dissociated to react with residual [Fe(CN)¢]*~ ions. In
this way, Fe-HCF with few [Fe(CN),] vacancies and water can be
obtained, while the yield is very low. To achieve high-yielding
Fe-HCF, Wang et al. developed an efficient method employing
an acetic acid-sodium acetate (HAc-NaAc) buffer system as a
replacement for dilute HCL>” This buffer system provides
stable, low-concentration H' ions to enable controlled
decomposition of [Fe(CN)]*", resulting in highly crystalline,
sodium-rich Fe-HCF (Na, ggFe[Fe(CN)e]o.97-2.06H,0) with 95%
yield—a significant improvement over the 15% yield obtained
using the dilute HCI solution.

Tang et al. developed an epitaxial nucleation-assisted crys-
tallization strategy to suppress structural defects in
NaFeHCF.”® Utilizing graphene oxide (GO) as an epitaxial
growth platform—enabled by its minimal lattice misfit
(4.87%) with NaFeHCF and electronegative functional groups
(-COOH, -OH, -CH(O)CH-)—this approach yielded uniquely
truncated cubic nanocrystals with drastically reduced defect
density (0.08 per formula unit). The enhanced lattice regularity
accelerated Na' diffusion fivefold, achieving unprecedented
rate performance (Fig. 2a).

PBAs are mostly prepared in aqueous solutions, and water
molecules are inevitably inserted into the framework of PBAs
due to the presence of [Fe(CN)s] vacancies. In order to control
water and defect formation in PBAs, solvent engineering
approaches are effective. Geng et al. developed a microwave-
assisted solvothermal approach to prepare high-quality
NaFeHCF nanoparticles using anhydrous ethanol as the reac-
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Fig. 2 Schematic illustration of NaFeHCF@rGO synthesis and structural
diagrams of cubic and cornered NaFeHCF (a). Reproduced with per-
mission. Copyright 2024, Wiley.?® Schematic of the synthesis of PB-EGs
via the ligand pre-exchange strategy (b). Reproduced with permission.
Copyright 2025, Royal Society of Chemistry.?® Schematic illustration of
the synthesis of an NFS@Fe-PB sample based on the mechanochemical
ball milling strategy (c). Reproduced with permission. Copyright 2025,
Wiley.3°

tion solvent.>* The tuned NaFeHCF exhibited low water
content as well as good thermal stability. It delivers a high
initial discharge capacity of 150 mAh g™, good rate capability
and a cycling life of over 500 cycles. Xu et al. proposed a facile
“ligand pre-exchange strategy” to synthesize highly crystallized
PBAs (Fig. 2b).”° Ethylene glycol (EG) was introduced to
exchange with H,O in [Fe(H,O)s]”" to form a water-deficient
solvated structure of [Fe(H,0),(EG)_x]", which resulted in a
reduction of the amount of coordinated water and vacancy
defects in the PBAs. The PB-EG-5 electrode prepared by this
strategy exhibited excellent sodium storage performance and
fast kinetics, with a specific capacity of 91.3 mA h g™* at
1000 mA ¢! in a half-cell and a capacity retention of 70%
after 1000 cycles. Li et al. introduced a synergistic approach of
PBAs combining non-aqueous phase precursor synthesis and
controlled water-concentration secondary crystallization.>” The
process involves preparing a PB precursor in a glycerol system,
followed by secondary crystallization in a water/ethanol mixed
solvent with a precisely regulated water content, achieving the
dual objectives of water content reduction and crystal mor-
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phology optimization. The optimized PB50-24 material exhibi-
ted a highly regular cubic morphology with a remarkably low
interstitial water content of 2.1%. Electrochemical tests
demonstrated outstanding performance—an initial charge-
discharge capacity of 120 mAh g* at 1C rate, a retention of
105 mAh ¢! after 100 cycles, and a high rate capability of
86 mAh g~ at 10C—representing significant improvements in
cycling stability and rate performance.

Ball milling solid-state synthesis has also emerged as an
effective  method for preparing PBAs with low water
content.>>**3* For instance, Peng et al. developed a “water-in-
salt” nanoreactor strategy to synthesize highly crystalline
Na,_,MnFe(CN), with minimal defects and water.>® The result-
ing MnHCF-S-170 particles exhibit a uniform ellipsoidal mor-
phology (~30 nm) and a chemical composition of Na; ssMn[Fe
(CN)6)1.00-1.90H,0. The reduced Fe(CN)s vacancies enhance
structural integrity, facilitating robust Na-ion transport chan-
nels and fast migration kinetics. Additionally, the low intersti-
tial water content minimizes electrode-electrolyte side reac-
tions, improving the electrochemical performance. Gao et al.
introduced a solvent-free, zero-waste mechanochemical
approach for large-scale production of NFS@Fe-PB, a compo-
site comprising cubic PBA (c-NFFHCF) and monoclinic sulfate
(m-NFS), with the formula Naj; gFe,[Fe(CN)elo.08(SO4)1.99°0.72H,0
(Fig. 2¢).*° This material demonstrates high crystallinity and
stable performance across a broad temperature range
(-=10-50 °C), delivering a specific capacity of 94 mAh g™ at
10 mA g~ and retaining 82.15% capacity after 500 cycles. The
m-NFS phase stabilizes the structure by mitigating distortion
in ¢-NFFHCF during cycling, and the synergistic effects
between the two phases enable rapid Na-ion storage and struc-
tural reversibility.

Advanced post-treatment and remediation techniques

PBAs with high sodium content, low defect concentration, and
minimal crystal water are considered ideal cathode materials
for SIBs. In addition to optimized synthesis methods,
advanced post-treatment processes are equally critical.
Washing and purifying the as-prepared samples is an impor-
tant process, while washing the PBAs with water results in Na"
loss and Fe>* oxidation. To address this challenge, Wang et al.
developed an innovative washing strategy using a reducing
sodium ascorbate aqueous solution, effectively suppressing
theundesirable Na* loss and Fe®*" oxidation.>* The prepared
PW-H (Na, ggFe[Fe(CN)g]o.s4:3.11H,0) exhibited higher sodium
content and fewer vacancies compared to conventionally
water-washed samples (PW-L, Naj s¢Fe[Fe(CN)g]o.g3-3.41H,0).
When evaluated as a cathode in SIBs, PW-H delivered a
specific capacity of 140 mAh g~" at 0.1C with excellent cycling
stability (Fig. 3a—c).

The removal of crystalline water from PBAs is typically
achieved through controlled thermal treatment. Pioneering
work by Song et al. demonstrated that vacuum drying at 100 °C
effectively eliminates interstitial water from Na,_ sMnHCF.'®
Maddar et al. provided a deeper insight into the dehydration
kinetics of Prussian white cathode materials, establishing that

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01534k

Published on 08 2025. Downloaded on 22/11/25 16:06:20.

Dalton Transactions

(a)

-

=
-
—~

Voltage(V vs. Na*/Na) ‘&5

=

Intensity @.u.)

—pweH
201 —pwar

M

01c

B s 0 7is 70 s
Binding Energy (eV)

T 20 4 6 s 100 130 10
Specific Capacity (mA hg")

@ ()

F1s No additive F1s

~
o]
3

1wt% APTS

8

. PVOF

Intensity (a.u.)
Intensity(a.u.)

5 8

9 No additive 20
¢ 1Wt% APTS

Specific Capacity (mAh g")
3
Coulombic Efficiency (%)

692 690 688 686 684 682
Binding energy (eV)

€92 690 638 686 684 682
Binding energy (o)

0 100 200 300 400 500 600 700 800
Cycle Number

(®)

=

© HO 3

=

00

@
o
2
o .
2l Nuwen o ¢
s =
[ YA g © g
s o
& 50| ]
> S L Copachy PDF “ 5
s & sof - Capacy
s e [ G it/ 20
» s o Efficiency. PVDF
rcr. & 10
100 200 0

Cycle number

Fig. 3 Digital photographs (a), XPS spectra (b), and the first charge and
discharge curves (c) of PW-H and PW-L of the synthesized PBAs.
Reproduced with permission. Copyright 2022, Royal Society of
Chemistry.>* XPS spectra of F 1s for the cycled cathodes in both the
electrolyte without the additive (d) and with 1 wt% APTS additive elec-
trolyte (e) and cycling performance of NiMnFe-PBA with 1 wt% APTS
additive and no additive at 200 mA g~ (f). Reproduced with permission.
Copyright 2025, Elsevier.>® Sodium ion solvation/de-solvation and trans-
port behavior upon selective asymmetric polarization of the PAANa
“diaper” interface layer during the charge/discharge cycle when
encountering moisture (g), water molecules captured by the PAANa
“diaper” (h), and electrochemical cycling performance of the PAANa and
PVDF electrodes at 150 mA g~ (). Reproduced with permission.
Copyright 2025, Elsevier.>®

water removal follows temperature- and atmosphere-depen-
dent kinetics.>” Recently Xing et al. removed 90.1 wt% crystal
water in Fe-PB by drying at 130 °C under vacuum for 12 h, and
the dehydrated Fe-PB maintained 85.5% of its initial capacity
after 1200 cycles at 300 mA g~ *.%®

However, a significant challenge remains as heat-treated
materials readily reabsorb water when exposed to ambient air.
So, electrolyte modification has emerged as a practical solu-
tion to mitigate water-related issues. Wang et al. demonstrated
that adding 1 wt% (3-aminopropyl)triethoxysilane (APTS) to
conventional electrolytes effectively minimizes interfacial side
reactions.?® This additive captures harmful water molecules,
thereby protecting Fe-based PBAs from HF-induced damage
and significantly enhancing cycle life (Fig. 3d-f). Remarkably,
the material maintained a capacity of 59.2 mAh g after
12 000 cycles at 1.0 A g~'. An alternative approach was devel-
oped by Du et al. through the design of a sodium polyacrylate
“water-absorbing layer”(Fig. 3g-i).>® This functional layer selec-
tively captures water released from PBAs during cycling while
forming an asymmetric interfacial layer through ionization.
This dual mechanism enhances both interfacial kinetics and
structural stability, enabling 97.9% capacity retention after 300
cycles at 0.15 A g™

The rapid crystallization process of PBAs generates numer-
ous Fe(CN)y vacancies, which compromise structural integrity

This journal is © The Royal Society of Chemistry 2025
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and induce capacity fading due to structural degradation
during prolonged electrochemical cycling. In the aqueous syn-
thesis of FeHCF, high spin Fe®** (HS-Fe*") cations in the
vacancies are exposed to H,O, OH~, and [Fe(CN)s]*~ anions.
DFT calculations show that the binding energy between
HS-Fe** and [Fe(CN)g]*~ is the lowest, which indicates that
HS-Fe®" cations in the vacancies are more likely to coordinate
with the [Fe(CN)e]*~ anions. Based on DFT calculations, Wan
et al. proposed a post-synthetic vacancy repairing strategy by
adding the prepared vacancy-rich FeHCF to a highly concen-
trated Na,Fe(CN), solution (0.8 mol L™").*° The vacancy defects
could be significantly reduced by ~26% after post-synthetic
vacancy repairing. Vacancy-repaired FeHCF-P cathodes signifi-
cantly reduce electrolyte decomposition at the cathode-electro-
Iyte interface and suppress the dissolution of Fe ions during
the charge-discharge process, as confirmed by electrochemical
analysis. Thus, the vacancy repairing strategy in a concentrated
[Fe(CN),]*~ solution could effectively reinforce the crystalline
structure of FeHCF and guarantee excellent cycling stability.

Compositional engineering

Despite significant efforts to minimize water content in PBAs
through optimized synthesis and thermal treatment, achieving
stable, low-water frameworks remains challenging. So
researchers adopted compositional engineering to reduce the
water content.’”*? For instance, Gao et al. used larger K
(1.33 A) to substitute Na' (1.02 A) in Na,_,FeMn[Fe(CN)g]
(FeMnPBA), finding that K* doping reduces interstitial H,O
occupancy and expands ion migration channels; the optimal
3% K-doped material achieved a water content of 6.9%, deliver-
ing 139.1 mAh g~" at 100 mA g~ " and retaining 77.1% capacity
after 700 cycles (Fig. 4a).*! Similarly, Xu et al. introduced K*
into MnFe-PBAs, creating a mixed Na/K phase (Na;.¢gKq.74Mn
[Fe(CN)g]o.s600.14:1.86H,0, NaKMHCF) with reduced water/
vacancies compared to pure Na phases, which delivered
129.3 mAh g~ at 10 mA g™ " alongside excellent rate capability
and cycling stability.** Alternatively, Li et al. employed an ion-
exchange method to synthesize low-water K/Na mixed iron
hexacyanoferrate  (KNaFeHCF); their optimal sample
(KNaFeHCF-12 h) showed a water content reduced by 21.2%
compared to co-precipitated NaFeHCF and exhibited excellent
electrochemical performance, with capacities of 130.33 mAh
g~ ' at 0.1C and 99.49 mAh g at 30C.*° It can be concluded
that the K-doping strategy can minimize the water content in
PBAs.

Fe- and Mn-based PBAs (Fe-HCF and Mn-HCF) are promis-
ing cathode materials for SIBs, offering high theoretical
capacities and cost-effectiveness. However, their practical
application is hindered by irreversible phase transitions and
poor cycling stability, particularly the Mn**-induced Jahn-
Teller distortion in Mn-HCF. To address these limitations,
metal substitution has emerged as an effective strategy.*>*°
Recently, Li et al employed the integrated crystal orbital
Hamilton population (ICOHP) function to evaluate N-tran-
sition metal (N-TM) bond strengths, identifying Cu-N as the
most stable due to its lowest ICOHP value, which indicates

Dalton Trans., 2025, 54,14254-14261 | 14257
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Fig. 4 Schematic illustration of the synthesis process of FeMnPBA and
K-FeMnPBA3 (a). Reproduced with permission. Copyright 2024, Wiley.*
The ICOHP values of various TM-N bonds (b), cycling performance of
TMFeHCF-2 samples at a current density of 1C (c). Reproduced with per-
mission. Copyright 2024, Wiley.** Schematic representation of the
HE-PBA electrode (d), illustration of sodium storage mechanism for
HE-PBA (e) and cycling performance of HE-PBA and FeHCF at 0.5C (f).
Reproduced with permission. Copyright 2025, Wiley.**

that Cu doping can improve the stability of PBAs compared to
other dopants (Fig. 4b and c).*

Experimental validation confirmed that Cu-doped Fe-HCF
(CuFeHCF-2) delivered superior cyclability (83.5% capacity
retention after 400 cycles at 1C), supported by in situ XRD
revealing a reversible monoclinic—cubic transition. Zhang
et al. introduced Zn into Fe-HCF via ion exchange, achieving
minimal lattice distortion (~3.6% volume change) and a stable
cubic-tetragonal transition, significantly enhancing cycling
stability.”” The Ni/Mn-doped Fe-HCF reported by Wang et al.
displayed a specific capacity of 122.8 mAh g™' at a current
density of 10 mA g™, and exhibited a significant improvement
in both the mid-value voltage and cycling stability.>® Ternary
PBAs (T-PBAs) with Cu/Fe co-doping in Mn-HCF exhibited a
solid-solution reaction mechanism, and consistently main-
tained a cubic phase with smaller lattice distortions rather
than occurring in conventional three-phase transitions during
the charging and discharging processes, forcefully inhibiting
the structural degradation of PBAs.*®

High-entropy materials (HEMs) have emerged as a promis-
ing approach to improving the electrochemical properties of
PBAs.***° Pioneering work by Ma et al. involved the synthesis
of a high-entropy PBA, Na,(FeMnNiCuCo)[Fe(CN)e], where five
distinct metal species were incorporated in equal molar ratios
at the nitrogen-coordinated sites.”® This HE-PBA, engineered
through entropy maximization, displays a near-zero volume
change during sodium ion intercalation/deintercalation. Liu
et al developed a HE-PBA with the composition
Na, 3Feq.45Mgo.13Nig.14CUg 14Z00 14[F(CN)g]o.04:1.9H,0 by intro-
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ducing inactive metals (Cu, Ni, Zn, and Mg) into the M sites.**
The material retains a stable cubic structure throughout
charge/discharge cycles, effectively suppressing lattice distor-
tion. This HE-PBA delivers an initial capacity of 107.9 mAh g~
at 0.5C, retaining 81.5 mAh g™' after 500 cycles (Fig. 4d-f).
Remarkably, it also shows outstanding long-term durability,
sustaining 2000 cycles at 1C with minimal degradation.

Structure designing

PBA cathodes suffer from significant mechanical degradation
during cycling due to phase-transition-induced stress hetero-
geneity and volume variations during Na" insertion/extraction,
leading to cracking and poor stability. To address these
challenges, core-shell architectures have been developed as an
effective solution, where the shell layer provides elastic
buffering to accommodate volume changes while minimizing
core stress, enhances conductivity through dopant incorpor-
ation and heterointerface formation, and reinforces structural
integrity.”’ ®* An example is the MNnHCF@Fe/MnHCF compo-
site synthesized via an acid-assisted method, which forms Mn-
doped FeHCF shells on MnHCF cores, demonstrating 95.5%
capacity retention after 400 cycles at 1 A g~ and excellent rate
capability (134.2 mAh g™* at 10 mA g™ ') (Fig. 5a).>' PW@PB
and CoHCF@FeHCF also showed superior electrochemical
performance.”®  Yuan et al reported a triple-layer
FeHCF@MnHCF®@FeHCF structure where the inner and outer
FeHCF shells work synergistically to suppress the Jahn-Teller
distortion in the MnHCF core while preventing Mn dis-
solution, achieving 140.2 mAh g™" at 10 mA g~ with outstand-
ing cycling stability (Fig. 5b).>

Conductive polymers, such as polypyrrole (PPy),>® polyani-
line (PANI)** and poly-3,4-ethylenedioxythiophene (PEDOT),>®
applied to PBA coatings can also significantly improve the
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Fig. 5 Schematic illustration of the synthesis process of MnHCF@Fe/
MnHCF (a). Reproduced with permission. Copyright 2025, Elsevier.>
FeHCF@MnHCF@FeHCF (b). Reproduced with permission. Copyright
2025, Elsevier.>?
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interfacial charge transfer kinetics and mitigate cathode—-
electrolyte side reactions. Their intrinsic chemical resistance
and mechanical flexibility maintain the structural integrity of
PBAs during prolonged electrochemical cycling. For instance,
Yuan et al.>® employed a vapor-phase molecular self-assembly
technique to fabricated NaFeHCF/PPy. The incorporation of a
PPy protective layer not only improves the electronic conduc-
tivity but also effectively mitigates the dissolution of Fe ions
during cycling. The NaFeHCF@PPy electrode exhibited a
remarkably enhanced cycling performance, with capacity
retentions of 85.6% and 69.1% over 500 and 1000 cycles,
respectively.

Some inorganic metal compounds also possess excellent
chemical stability and have promising potential as coating
layers for PBAs.>’>° Xu et al. constructed a magical Co,B skin
on the surface of MnHCF.® Benefitting from the complete cov-
erage and the buffer effect of the Co,B layer, the modified
MnHCF cathode exhibits suppressed Mn dissolution and
reduced intergranular cracks inside particles, thereby demon-
strating a thousand-cycle level cycling lifespan.

Scalable synthesis

Scalable synthesis of PBAs is critically necessary to unlock
their full potential for sodium-ion batteries. Significant pro-
gress has been made through batch precipitation methods:
Wang et al. successfully prepared rhombohedral Na,_,FeFe
(CN)e on a 5 kg scale using a 100 L reactor, achieving stable
cycling performance over a thousand cycles (Fig. 6a and b).®
Xu et al. achieved kilogram-grade synthesis of MnNi-PB and

-
Fe(CN)>

Room-temperature.

Fig. 6 Digital image of synthesis of Prussian white Na,_sFeFe(CN)g in
100 L reactor and powder of final product (a), digital image of pouch full
cell connected with red LED lights (b). Reproduced with permission.
Copyright 2020, Springer Nature.®? Synthesis of Mng sNig5-0.5 using a
100 L reactor (c) and kilogram-grade MngsNig5-0.5 sample after one
preparation (d). Reproduced with permission. Copyright 2022, American
Chemical Society.®* Schematic illustration of microfluidic segmented
flow synthesis and bulk solution synthesis of Ni-/Co-/Mn-/Cu-based
PBAs (e), representative TEM images of different PBAs as noted in the
microfluidic reactor (up) and the conventional bath reactor (down) (f).
Reproduced with permission. Copyright 2024, Wiley.5®
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MnFeNi-PB using a 100 L reactor through a coprecipitation
method, and both of the Mn-based PBAs demonstrated
good electrochemical performance (Fig. 6c and d).®*®*
Complementing these batch approaches, Wang et al. devel-
oped a continuous segmented flow microfluidic strategy
enabling rapid synthesis (within minutes) of highly dispersed
and crystalline ZnHCF nanocubes.®® This microfluidic process
can be extended to synthesize PBAs like NiHCF, CoHCEF,
MnHCEF, and CuHCF (Fig. 6e and f).

Scalable synthesis of PBAs—from kilogram-scale batch pre-
cipitation to continuous microfluidic nanocube production—
enables high-yield, low-defect cathodes while maintaining
exceptional cycling stability and crystallinity, unlocking their
commercial potential for sodium-ion batteries.

Summary and outlook

PBAs have emerged as highly promising cathode materials for
SIBs, offering advantages such as a robust 3D open framework,
high theoretical capacity, and cost-effective synthesis. The
electrochemical performance of PBAs is fundamentally gov-
erned by their unique crystal structure and sodium storage
mechanisms. Critical challenges include [Fe(CN)¢] vacancies,
crystal water content, and irreversible phase transitions during
cycling, all of which significantly impact their performance
and safety. This review systematically examines recent progress
in optimizing PBA-based cathodes through advanced synthesis
methods, post-treatment, compositional engineering, structure
design and scalable synthesis. Innovative approaches such as
hydrothermal methods with buffer systems, solvent engineer-
ing, and mechanochemical synthesis have enabled precise
control over crystallinity, defect concentration, and water
content. Post-treatment techniques including optimized
washing procedures and controlled thermal dehydration have
further improved the performance. Compositional engineer-
ing, especially the development of high-entropy PBAs with
multiple transition metals, has demonstrated remarkable
improvements in structural stability and electrochemical pro-
perties. The core-shell structural modification effectively miti-
gates mechanical degradation in PBA cathodes by providing
elastic buffering for volume changes.

The development of PBAs as high-performance cathodes for
sodium-ion batteries requires focused efforts on several key
fronts. First, advanced synthesis and post-treatment methods
must be developed to further minimize [Fe(CN)¢] vacancies
and crystal water while maintaining structural integrity, poten-
tially through novel crystallization techniques and optimized
dehydration processes. Second, innovative compositional
engineering strategies, including high-entropy designs and
machine learning-guided doping, should be pursued to stabil-
ize the framework against phase transitions and Jahn-Teller
distortions. Third, scalable and environmentally friendly man-
ufacturing processes need to be established to enable cost-
effective mass production, with particular attention to continu-
ous-flow reactors and mechanochemical approaches. While

Dalton Trans., 2025, 54,14254-14261 | 14259
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significant progress has been made, realizing the full potential
of PBAs will require continued interdisciplinary collaboration
to bridge the gap between laboratory-scale innovation and
commercial viability, ultimately positioning them as a sustain-
able and competitive alternative to lithium-ion battery cath-
odes for grid-scale energy storage applications.
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