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Fig. 1 Radar plots demonstrating electrochemical performance of different classes of cathode materials
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Fig.2 (a) Crystal structure of an intact M" [Fe"(CN)].(b) Crystal structure of a defective M"[Fe" (CN)¢]3/a 01"
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Fig.3 (a) FESEM images of hollow FeHCF nanoframes. (b) FESEM images of FeHCF nanoframes/CNTs composites*”)
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Fig. 4 Schematic illustration of the construction of different Co—Fe PBA hollow structures bya self-templated epitaxial growth

strategy®”
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Table 1 Physicochemical properties of various monovalent

jionst”

H* Li" Na° K NH

Molar mass/(g-mol ™) 1.0 694 230 39.1 18.0
Naked ion radius/A 0.89x10° 0.76 1.02 138 148
Hydrated ion radius/A 1.0£0.1 3.82 358 331 331

Tonic mobilityx10*/(ecm®>V's™") 3623 401 519 7.62 7.62
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NiFe-PBAs HUR IR ZIEH R BI(CV), XK BHEES
T 5T R, 2E SRR (HNO, ) Ha i 57 il
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Fig. 8

ligand water and zeolitic water molecules
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Fig. 10 (a) Radar chart of PBAs electrodes for storing monovalent ions in aqueous electrolytes. (b) Influence of various ions on the
reactivity of FeFe, MnFe, and CoFe-PBAs. (c) Comparison of charge/discharge curves of BG electrodes for different ions.
(d) Comparison of charge/discharge curves of low-defect A,CoFe(CN), framework during the insertion of Na” and K. (e)
INlustration of the three-stage cation insertion (extraction) mechanism at the interface between PBAs electrodes and aqueous

electrolytes!'"”



. 1172 - (RERR Sh22 40

J Chin Ceram Soc, 2026, 54(3): 1161-1176

2026 4F

PBAs LA HMURR P e SR 450 . T AR (1)
AR JFIE AL R B ARRA T 2R H, ©RCR7K R
Y287 LI AT B A 5 i 0 1 F AR el s A S A4
1 PBAs M EHE A /K E T B T T R, JER
7 HHT PBAs fE/K R BT I E R AR
FHTHIG Bk o [RIE, AR BRI TK
FRAEF B R A B I S P AT S, H RTBERS K R
B 5 R Y A A P 32 R 2R L A A A R
A, IXALIR TSI WAL B AR (A ER A
(YRR 25 T Fth A RS () G FRth) B LR 5] ). %
THE MRS B RE S, Eid
P ER A, BT REE ISR PBAs BEFIK &
B B8 1 FL LT it BB L FE AT ) 7 ML AE o

PBAs {EN—RANLEMEEY, BT HAMRLT
(AR AL A PR 18] B2 1 B T T AR BRAR
TERKRE T BAMRKMET . A, FrikiE
IVEREATISAAS B DL T 52BN A, 3 BB AR
REML, G H AR R AR S AN S B S 5
T LA AR 0T B 26 RA A Fridk— B0 9. A TR
HF PBAs 7ESERR/K R EMH N, AR F AT
REMEE T2 1) 1 A DA A% ZK R 77 A LB AR
BN BRI, DU ILIIEESINM Fe(CN)ZE 01
(20%-30%) 7 F B IS FEHAE SRS, U HAEX
RN ARR P EONEE, B KRIE. AT
IR A L A A KRG PBAs, BRI AR
BB (NGRS &) R e i se e, & 4ura
RIS Tr 1) s 2) B FE B TAE AR LT TE (1)
ML, IUA 2 RAAET ZUERE, TR O &5
THRNEN 12400 Grotthuss R 7455 EoAr A8
AR (N B BEAS A5 S ST OB (a0 = 2 B S TR AL
HEZ IRANSENT, 456 R AT X S ZRATH . X 2K
O (XAS) S RAE T By, BN 5401 RE B 45 KA
B, WA TR RAEZRATRER; 3) it
SR ZEL I DAY/ K P LA, /K I PR S PR A T F
P25 1, T R R R B A /K LA ol R s AT T
AN, A B A AR, ST PBAs
PGSR R EE; 4) 158 PBAs MIH SR, Wiff
H Co™'. Ni''%mth &)@ m Rk TB44, SIAHiS
(19 A0 AL AR S A M AT A 2 TR )
PRAGTRTH, R FH /AR 2R 1 25 BR R T 2 2 44 I
T 8 e T TR A T

SE R
[11 GE P, LI S J, XU L Q, et al. Hierarchical hollow-microsphere

metal-Selenide@Carbon composites with rational surface engineering

for advanced sodium storage[J]. Adv Energy Mater, 2019, 9(1):
1803035.

[2] LARCHER D, TARASCON J M. Towards greener and more
sustainable batteries for electrical energy storage[J]. Nat Chem, 2015,
7(1): 19-29.

[3] YAO B, HUANG L, ZHANG J, et al. Flexible transparent molybdenum
trioxide nanopaper for energy storage[J]. Adv Mater, 2016, 28(30):
6353-6358.

[4] REN W H, QIN M S, ZHU Z X, et al. Activation of sodium storage
sites in Prussian blue analogues via surface etching[J]. Nano Lett, 2017,
17(8): 4713-4718.

[5] WANG S T, DONG Y H, CAO F J, et al. Conversion-type MnO
nanorods as a surprisingly stable anode framework for sodium-ion
batteries[J]. Adv Funct Mater, 2020, 30(19): 2001026.

[6] KRAFT A. On the discovery and history of Prussian blue[J]. Bull Hist
Chem, 2008, 33(2): 61-67.

[7] LIU Q N, HU Z, CHEN M Z, et al. The cathode choice for
commercialization of sodium-ion batteries: Layered transition metal
oxides versus Prussian blue analogs[J]. Adv Funct Mater, 2020, 30(14):
1909530.

[8] GODA E S, LEE S, SOHAIL M, et al. Prussian blue and its analogues
as advanced supercapacitor electrodes[J]. J Energy Chem, 2020, 50:
206-229.

[9] RAJAGOPALAN R, TANG Y G, JI X B, et al. Advancements and
challenges in potassium ion batteries: A comprehensive review[J]. Adv
Funct Mater, 2020, 30(12): 1909486.

[10] AHN H, KIM D, LEE M J, et al. Challenges and possibilities for
aqueous battery systems[J]. Commun Mater, 2023, 4: 37.

[11] ZAKARIA M B, CHIKYOW T. Recent advances in Prussian blue and
Prussian blue analogues: Synthesis and thermal treatments[J]. Coord
Chem Rev, 2017, 352: 328-345.

[12] KEGGIN J F, MILES F D. Structures and formule of the Prussian
blues and related compounds[J]. Nature, 1936, 137: 577-578.

[13] ZHANG Q, ZHANG L, LI J H. Fabrication and electrochemical study
of monodisperse and size controlled Prussian blue nanoparticles
protected by biocompatible polymer[J]. Electrochim Acta, 2008, 53(7):
3050-3055.

[14] WU X L, CAO M H, HU C W, et al. Sonochemical synthesis of
Prussian blue nanocubes from a single-source precursor[J]. Cryst
Growth Des, 2006, 6(1): 26-28.

[15] VAUCHER S, LI M, MANN S. Synthesis of Prussian blue
nanoparticles and  nanocrystal superlattices in reverse
microemulsions[J]. Angew Chem, 2000, 112(10): 1863—1866.

[16] PAOLELLA A, FAURE C, TIMOSHEVSKII V, et al. A review on
hexacyanoferrate-based materials for energy storage and smart
windows: Challenges and perspectives[J]. ] Mater Chem A, 2017, 5(36):
18919-18932.

[17] YANG J H, WANG H S, LU L H, et al. Large-scale synthesis of berlin
green Fe [Fe(CN)g] microcubic crystals[J]. Cryst Growth Des, 2006,
6(11): 2438-2440.

[18] LI C, ZANG R, LI P X, et al. High crystalline Prussian white
nanocubes as a promising cathode for sodium-ion batteries[J]. Chem
Asian J, 2018, 13(3): 342-349.

[19]WU X Y, LUO Y, SUN M Y, et al. Low-defect Prussian blue
nanocubes as high capacity and long life cathodes for aqueous Na-ion
batteries[J]. Nano Energy, 2015, 13: 117-123.

[20] YOU Y, WU X L, YIN Y X, et al. A zero-strain insertion cathode

material of nickel ferricyanide for sodium-ion batteries[J]. J Mater



25455 3 Z

%A HELEMBAEK RS T RBT R < 1173 -

Chem A, 2013, 1(45): 14061-14065.

[21] WU X Y, DENG W W, QIAN J F, et al. Single-crystal FeFe(CN)q
nanoparticles: A high capacity and high rate cathode for Na-ion
batteries[J]. ] Mater Chem A, 2013, 1(35): 10130-10134.

[22] WU X Y, SHAO M M, WU C H, et al. Low defect FeFe(CN)q
framework as stable host material for high performance Li-ion
batteries[J]. ACS Appl Mater Interfaces, 2016, 8(36): 23706-23712.

[23] IMANISHI N, MORIKAWA T, KONDO J, et al. Lithium intercalation
behavior into iron cyanide complex as positive electrode of lithium
secondary battery[J]. J Power Sources, 1999, 79(2): 215-219.

[24] HURLBUTT K, WHEELER S, CAPONE I, et al. Prussian blue analogs
as battery materials[J]. Joule, 2018, 2(10): 1950-1960.

[25] BEALL G W, MULLICA D F, MILLIGAN W O, et al. The crystal
structure of LaKFe(CN)e.4H,0[J]. Acta Crystallogr B Struct Sci, 1978,
34(5): 1446-1449.

[26] MULLICA D F, MILLIGAN W O, OLIVER J D. Refined structure of
CeKFe(CN)4H,0[J]. Inorg Nucl Chem Lett, 1979, 15(1):
0020165079801178.

[27]) MULLICA D F, SAPPENFIELD E L, PERKINS H O. X-ray
diffraction investigations and spectral analyses of monoclinic
SmKFe(CN)s-3H,0[J]. J Solid State Chem, 1989, 78(2): 301-306.

[28] YAN Y Z, HUANG J Z, WANG X J, et al. Ruthenium incorporated
cobalt phosphide nanocubes derived from a Prussian blue analog for
enhanced hydrogen evolution[J]. Front Chem, 2018, 6: 521.

[29] WAN P, XIE H, ZHANG N, et al. Stepwise hollow Prussian blue
nanoframes/carbon nanotubes composite film as ultrahigh rate sodium
ion cathode[J]. Adv Funct Mater, 2020, 30(38): 2002624.

[30] NAI J W, ZHANG J T, LOU X W. Construction of single-crystalline
Prussian blue analog hollow nanostructures with tailorable
topologies[J]. Chem, 2018, 4(8): 1967-1982.

[31] LI W J, CHOU S L, WANG J Z, et al. Facile method to synthesize
Na-enriched Na;FeFe(CN)s frameworks as cathode with superior
electrochemical performance for sodium-ion batteries[J]. Chem Mater,
2015, 27(6): 1997-2003.

[32] SAMAIN L, GRANDJEAN F, LONG G J, et al. Relationship between
the synthesis of Prussian blue pigments, their color, physical properties,
and their behavior in paint layers[J]. J Phys Chem C, 2013, 117(19):
9693-9712.

[33] GRANDJEAN F, SAMAIN L, LONG G J. Characterization and
utilization of Prussian blue and its pigments[J]. Dalton Trans, 2016,
45(45): 18018-18044.

[34] ITO A, SUENAGA M, ONO K. Méssbauer study of soluble Prussian
blue, insoluble Prussian blue, and turnbull’s blue[J]. J] Chem Phys, 1968,
48(8): 3597-3599.

[35] MAER K Jr, BEASLEY M L, COLLINS R L, et al. Structure of the
titanium-iron cyanide complexes[J]. J Am Chem Soc, 1968, 90(12):
3201-3208.

[36] LUDI A. Prussian blue, an inorganic evergreen[J]. ] Chem Educ, 1981,
58(12): 1013.

[37] HU M, JIANG J S, LIN C C, et al. Prussian blue mesocrystals: An
example of self-construction[J]. CrystEngComm, 2010, 12(10):
2679-2683.

[38] ZHANG X L, SUI C H, GONG J, et al. Preparation, characterization,
and property of polyaniline/Prussian blue micro-composites in a
low-temperature hydrothermal process[J]. Appl Surf Sci, 2007, 253(22):
9030-9034.

[39] HU M, FURUKAWA S, OHTANI R, et al. Synthesis of Prussian blue

nanoparticles with a hollow interior by controlled chemical etching[J].
Angew Chem Int Ed, 2012, 51(4): 984-988.

[40] QIN Z G, LI Y, GU N. Progress in applications of Prussian blue
nanoparticles in biomedicine[J]. Adv Healthcare Mater, 2018, 7(20):
1800347.

[41] MAAOUI H, JIJIE R, PAN G H, et al. A 980nm driven photothermal
ablation of virulent and antibiotic resistant Gram-positive and
Gram-negative bacteria strains using Prussian blue nanoparticles[J]. J
Colloid Interface Sci, 2016, 480: 63—68.

[42] KIM H, KIM H, DING Z, et al. Recent progress in electrode materials
for sodium-ion batteries[J]. Adv Energy Mater, 2016, 6(19): 1600943.

[43] CAI X J, GAO W, ZHANG L L, et al. Enabling Prussian blue with
tunable localized surface plasmon resonances: Simultaneously
enhanced dual-mode imaging and tumor photothermal therapy[J]. ACS
Nano, 2016, 10(12): 11115-11126.

[44] VAFAKHAH S, GUO L, SRIRAMULU D, et al. Efficient sodium-ion
intercalation into the freestanding Prussian blue/graphene aerogel anode
in a hybrid capacitive deionization system[J]. ACS Appl Mater
Interfaces, 2019, 11(6): 5989-5998.

[45] YANG H M, JANG S C, HONG S B, et al. Prussian
blue-functionalized magnetic nanoclusters for the removal of
radioactive cesium from water[J]. J Alloys Compd, 2016, 657:
387-393.

[46] FU G L, LIU W, LI Y Y, et al. Magnetic Prussian blue nanoparticles
for targeted photothermal therapy under magnetic resonance imaging
guidance[J]. Bioconjug Chem, 2014, 25(9): 1655-1663.

[47] XUE P, BAOJ N, WU Y F, et al. Magnetic Prussian blue nanoparticles
for combined enzyme-responsive drug release and photothermal
therapy[J]. RSC Adv, 2015, 5(36): 28401-28409.

[48] YANG Z Y, ZHENG X H, ZHENG J B. Facile synthesis of Prussian
blue/hollow polypyrrole nanocomposites for enhanced hydrogen
peroxide sensing[J]. Ind Eng Chem Res, 2016, 55(46): 12161-12166.

[49] KALE S S, BURGA R A, SWEENEY E E, et al. Composite iron
oxide-Prussian blue nanoparticles for magnetically guided 7'-weighted
magnetic resonance imaging and photothermal therapy of tumors[J]. Int
J Nanomedicine, 2017, 12: 6413-6424.

[50] LIJ H, ZHANG F S, HU Z G, et al. Drug “pent-up” in hollow magnetic
Prussian blue nanoparticles for NIR-induced chemo—photothermal
tumor therapy with trimodal imaging[J]. Adv Healthcare Mater, 2017,
6(14): 1700005.

[S1]JIANG T T, WANG Y L, LI Z L, et al. Prussian blue-encapsulated
Fe;0,4 nanoparticles for reusable photothermal sterilization of water[J].
J Colloid Interface Sci, 2019, 540: 354-361.

[52] NEFF V D. Electrochemical oxidation and reduction of thin films of
Prussian blue[J]. J Electrochem Soc, 125(6): 886-887.

[53] QIU S, XU Y K, WU X Y, et al. Prussian blue analogues as electrodes
for aqueous monovalent ion batteries[J]. Electrochem Energy Rev,
2022, 5(2): 242-262.

[54] ELLIS D, ECKHOFF M, NEFF V D. Electrochromism in the
mixed-valence hexacyanides. 1. Voltammetric and spectral studies of
the oxidation and reduction of thin films of Prussian blue[J]. J Phys
Chem, 1981, 85(9): 1225-1231.

[55] ITAYA K, ATAKA T, TOSHIMA S. Spectroelectrochemistry and
electrochemical preparation method of Prussian blue modified
electrodes[J]. J Am Chem Soc, 1982, 104(18): 4767-4772.

[56] ITAYA K, UCHIDA I, NEFF V D. Electrochemistry of polynuclear

transition metal cyanides: Prussian blue and its analogues[J]. Acc Chem



. 1174 - (RERR Sh22 40

J Chin Ceram Soc, 2026, 54(3): 1161-1176

2026 4F

Res, 1986, 19(6): 162-168.

[57] KARYAKIN A A. Prussian blue and its analogues: Electrochemistry
and analytical applications[J]. Electroanalysis, 2001, 13(10): 813-819.

[58] GUO X Y, WANG Z B, DENG Z, et al. Water contributes to higher
energy density and cycling stability of Prussian blue analogue cathodes
for aqueous sodium-ion batteries[J]. Chem Mater, 2019, 31(15):
5933-5942.

[59] GAO C T, LIU Y Z, ZHENG L, et al. The effect of electrolyte type on
the Li ion intercalation in copper hexacyanoferrate[J]. J Electrochem
Soc, 2019, 166(10): A1732-A1737.

[60] PASTA M, WESSELLS C D, HUGGINS R A, et al. A high-rate and
long cycle life aqueous electrolyte battery for grid-scale energy
storage[J]. Nat Commun, 2012, 3: 1149.

[61] PHADKE S, MYSYK R, ANOUTI M. Effect of cation (Li+, Na, K",
Rb*, Cs") in aqueous electrolyte on the electrochemical redox of
Prussian blue analogue (PBA) cathodes[J]. J Energy Chem, 2020, 40:
31-38.

[62] XU C W, YANG Z W, ZHANG X K, et al. Prussian blue analogues in
aqueous batteries and desalination batteries[J]. Nanomicro Lett, 2021,
13(1): 166.

[63] YANG C Y, CHEN J, JI X, et al. Aqueous Li-ion battery enabled by
halogen conversion-intercalation chemistry in graphite[J]. Nature, 2019,
569(7755): 245-250.

[64] YANG C Y, SUO L M, BORODIN O, et al. Unique aqueous
Li-ion/sulfur chemistry with high energy density and reversibility[J].
Proc Natl Acad Sci USA, 2017, 114(24): 6197-6202.

[65] ZHOU A J, CHENG W J, WANG W, et al. Hexacyanoferrate-type
Prussian  blue analogs: Principles and advances toward
high-performance sodium and potassium ion batteries[J]. Adv Energy
Mater, 2021, 11(2): 2000943.

[66] KRAFT A. Some considerations on the structure, composition, and
properties of Prussian blue: A contribution to the current discussion[J].
Tonics, 2021, 27(6): 2289-2305.

[67] IVANOV V D. Four decades of electrochemical investigation of
Prussian blue[J]. Tonics, 2020, 26(2): 531-547.

[68] MAL T, CUI H L, CHEN S M, et al. Accommodating diverse ions in
Prussian blue analogs frameworks for rechargeable batteries: The
electrochemical redox reactions[J]. Nano Energy, 2021, 81: 105632.

[69] LI W J, HAN C, CHENG G, et al. Chemical properties, structural
properties, and energy storage applications of Prussian blue
analogues[J]. Small, 2019, 15(32): €¢1900470.

[70] BUSER H J, SCHWARZENBACH D, PETTER W, et al. The crystal
structure of Prussian blue: Fes[Fe(CN)g]3-xH,O[J]. Inorg Chem, 1977,
16(11): 2704-2710.

[71] WESSELLS C D, PEDDADA S V, MCDOWELL M T, et al. The
effect of insertion species on nanostructured open framework
hexacyanoferrate battery electrodes[J]. J Electrochem Soc, 2011, 159(2):
A98-A103.

[72] XIAO P H, SONG J, WANG L, et al. Theoretical study of the structural
evolution of a Na,FeMn(CN), cathode upon Na intercalation[J]. Chem
Mater, 2015, 27(10): 3763-3768.

[73] LING C, CHEN J J, MIZUNO F. First-principles study of alkali and
alkaline earth ion intercalation in iron hexacyanoferrate: The important
role of ionic radius[J]. J Phys Chem C, 2013, 117(41): 21158-21165.

[74] HWANG J Y, MYUNG S T, SUN Y K. Sodium-ion batteries: Present
and future[J]. Chem Soc Rev, 2017, 46(12): 3529-3614.

[75] DELMAS C. Sodium and sodium-ion batteries: 50 years of research[J].

Adv Energy Mater, 2018, 8(17): 1703137.

[76] WESSELLS C D, PEDDADA S V, HUGGINS R A, et al. Nickel
hexacyanoferrate nanoparticle electrodes for aqueous sodium and
potassium ion batteries[J]. Nano Lett, 2011, 11(12): 5421-5425.

[777 WU X Y, CAO Y L, AI X P, et al. A low-cost and environmentally
benign aqueous rechargeable sodium-ion battery based on
NaTiy(PO4);—Na,NiFe(CN), intercalation chemistry[J]. Electrochem
Commun, 2013, 31: 145-148.

[78] WESSELLS C D, HUGGINS R A, CUI Y. Copper hexacyanoferrate
battery electrodes with long cycle life and high power[J]. Nat Commun,
2011, 2: 550.

[79] WU X Y, SUN M Y, SHEN Y F, et al. Energetic aqueous rechargeable
sodium-ion battery based on Na,CuFe(CN)¢—NaTi,(POy); intercalation
chemistry[J]. ChemSusChem, 2014, 7(2): 407-411.

[80] FERNANDEZ-ROPERO A J, PIERNAS-MUNOZ M J,
CASTILLO-MARTINEZ E, et al. Electrochemical characterization of
NaFe,(CN)g Prussian Blue as positive electrode for aqueous sodium-ion
batteries[J]. Electrochim Acta, 2016, 210: 352-357.

[81] WU X Y, SUN M Y, GUO S M, et al. Vacancy-free Prussian blue
nanocrystals with high capacity and superior cyclability for aqueous
sodium-ion batteries[J]. ChemNanoMat, 2015, 1(3): 188-193.

[82] NAKAMOTO K, SAKAMOTO R, ITO M, et al. Effect of concentrated
electrolyte on aqueous sodium-ion battery with sodium manganese
hexacyanoferrate cathode[J]. Electrochemistry, 2017, 85(4): 179-185.

[83] WANG W L, GANG Y, HU Z, et al. Reversible structural evolution of
sodium-rich rhombohedral Prussian blue for sodium-ion batteries[J].
Nat Commun, 2020, 11(1): 980.

[84] WU X Y, WU C H, WEI C X, et al. Highly crystallized Na:CoFe(CN)s
with suppressed lattice defects as superior cathode material for
sodium-ion batteries[J]. ACS Appl Mater Interfaces, 2016, 8(8):
5393-5399.

[85]LU Y H, WANG L, CHENG J G, et al. Prussian blue: A new
framework of electrode materials for sodium batteries[J]. Chem
Commun, 2012, 48(52): 6544-6546.

[86] ASAKURA D, OKUBO M, MIZUNO Y, et al. Fabrication of a
cyanide-bridged coordination polymer electrode for enhanced
electrochemical ion storage ability[J]. J Phys Chem C, 2012, 116(15):
8364-8369.

[87] PRAMUDITA J C, SEHRAWAT D, GOONETILLEKE D, et al. An
initial review of the status of electrode materials for potassium-ion
batteries[J]. Adv Energy Mater, 2017, 7(24): 1602911.

[88] CHEN H, ZHANG Z Y, WEI Z X, et al. Use of a water-in-salt
electrolyte to avoid organic material dissolution and enhance the
kinetics of aqueous potassium ion batteries[J]. Sustainable Energy
Fuels, 2020, 4(1): 128-131.

[89] LEONARD D P, WEI Z X, CHEN G, et al. Water-in-salt electrolyte for
potassium-ion batteries[J]. ACS Energy Lett, 2018, 3(2): 373-374.

[90] REN W H, CHEN X J, ZHAO C. Ultrafast aqueous potassium-ion
batteries cathode for stable intermittent grid-scale energy storage[J].
Adv Energy Mater, 2018, 8(24): 1801413.

[91] XIA M T, ZHANG X K, LIU T T, et al. Commercially available
Prussian blue get energetic in aqueous K-ion batteries[J]. Chem Eng J,
2020, 394: 124923.

[92] CHEN L, ZHANG L Y, ZHOU X F, et al. Aqueous batteries based on
mixed monovalence metal ions: A new Dbattery family[J].
ChemSusChem, 2014, 7(8): 2295-2302.

[93] ZHANG Q, WANG Z J, ZHANG S L, et al. Cathode materials for



o5 54 &5 3 3 P R G R LEMEHEK R E T P R TR < 1175 -

potassium-ion batteries: Current status and perspective[J]. Electrochem
Energy Rev, 2018, 1(4): 625-658.

[94] CHEN L, GU Q W, ZHOU X F, et al. New-concept batteries based on
aqueous Li/Na" mixed-ion electrolytes[J]. Sci Rep, 2013, 3: 1946.

[95] WU X Y, XU Y K, JIANG H, et al. NH," topotactic insertion in berlin
green: An exceptionally long-cycling cathode in aqueous
ammonium-ion batteries[J]. ACS Appl Energy Mater, 2018, 1(7):
3077-3083.

[96] WU X Y, MARKIR A, XU Y K, et al. A rechargeable battery with an
iron metal anode[J]. Adv Funct Mater, 2019, 29(20): 1900911.

[97] DAHN J R, SEEL J A. Energy and capacity projections for practical
dual-graphite cells[J]. J Electrochem Soc, 2000, 147(3): 899.

[98] LI C Y, WU J H, MA F X, et al. High-rate and high-voltage aqueous
rechargeable zinc ammonium hybrid battery from selective cation intercalation
cathode[J]. ACS Appl Energy Mater, 2019, 2(10): 6984—6989.

[99] LI S Y, XIA M T, XIAO C X, et al. Common ion effect enhanced
Prussian blue analogues for aqueous ammonium ion storage[J]. Dalton
Trans, 2021, 50(19): 6520-6527.

[100] LEE J H, ALI G, KIM D H, et al. Metal-organic framework cathodes
based on a vanadium hexacyanoferrate Prussian blue analogue for
high-performance aqueous rechargeable batteries[J]. Adv Energy
Mater, 2017, 7(2): 1601491.

[101] AGMON N. The grotthuss mechanism[J]. Chem Phys Lett, 1995,
244(5/6): 456-462.

[102] CUKIERMAN S. Et Tu, Grotthuss! and other unfinished stories[J].
Biochim Biophys Acta, 2006, 1757(8): 876-885.

[103] OHKOSHI S I, NAKAGAWA K, TOMONO K, et al. High proton
conductivity in Prussian blue analogues and the interference effect by
magnetic ordering[J]. J Am Chem Soc, 2010, 132(19): 6620-6621.

[104] WESSELLS C D, MCDOWELL M T, PEDDADA S V, et al. Tunable
reaction potentials in open framework nanoparticle battery electrodes
for grid-scale energy storage[J]. ACS Nano, 2012, 6(2): 1688—1694.

[105] CHEN R J, HUANG Y X, XIE M, et al. Preparation of Prussian blue
submicron particles with a pore structure by two-step optimization for
Na-ion battery cathodes[J]. ACS Appl Mater Interfaces, 2016, 8(25):
16078-16086.

[106] IANG Y Z, YU S L, WANG B Q, et al. Prussian Blue@C composite

as an ultrahigh-rate and long-life sodium-ion battery cathode[J]. Adv
Funct Mater, 2016, 26(29): 5315-5321.

[107] VENTOSA E, PAULITSCH B, MARZAK P, et al. The mechanism of
the interfacial charge and mass transfer during intercalation of alkali
metal cations[J]. Adv Sci, 2016, 3(12): 1600211.

[108] LEE H W, PASTA M, WANG R Y, et al. Effect of the alkali insertion
ion on the electrochemical properties of nickel hexacyanoferrate
electrodes[J]. Faraday Discuss, 2014, 176: 69-81.

[109] YANG Q, WANG W, LI H, et al. Investigation of iron
hexacyanoferrate as a high rate cathode for aqueous batteries:
Sodium-ion batteries and lithium-ion batteries[J]. Electrochim Acta,
2018, 270: 96-103.

[110] ZHOU A X, JIANG L W, YUE J M, et al. Water-in-salt electrolyte
promotes high-capacity FeFe(CN)s cathode for aqueous Al-ion
battery[J]. ACS Appl Mater Interfaces, 2019, 11(44): 41356-41362.

[111] ASAKURA D, LI C H, MIZUNO Y, et al. Bimetallic

cyanide-bridged coordination polymers as lithium ion cathode materials:
Core@shell nanoparticles with enhanced cyclability[J]. ] Am Chem
Soc, 2013, 135(7): 2793-2799.

[112] WANG Y, ZHONG H, HU L, et al
hexacyanoferrate/MnO, composite nanostructures as a cathode
material for supercapacitors[J]. J Mater Chem A, 2013, 1(7):
2621-2630.

[113] WU X Y, XU Y K, ZHANG C, et al. Reverse dual-ion battery via a
ZnCl, water-in-salt electrolyte[J]. ] Am Chem Soc, 2019, 141(15):
6338-6344.

[114] LEE E, KIM D H, HWANG 1J, et al. Soft X-ray absorption
spectroscopy study of Prussian blue analogue ACo [Fe(CN)s] H,O
nano-particles (A=Na, K)[J]. J Korean Phys Soc, 2013, 62(12):
1910-1913.

[115] KAMIOKA H, NAKADA F, IGARASHI K, et al. Transient
photo-induced phenomena in vacancy-controlled Co—Fe cyanides[J]. J
Phys: Conf Ser, 2009, 148: 012031.

[116] IGARASHI K, NAKADA F, MORITOMO Y. Electronic structure of
hole-doped Co-Fe cyanides: Na 1.60—0Co[Fe (CN)slog0-2.9HO
(0.0<<9<:0.85) [J]. Phys Rev B—Condens Matter Mater Phys, 2008,
78(23): 235106.

Manganese

Development on Prussian Blue for Aqueous Ion Batteries

LUO Wen"?, XU Jiyu', FU Kai*, CAI Hongwei®
(1. School of Physics and Mechanics, Wuhan University of Technology, Wuhan 430070, China;
2. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology,
Wuhan 430070, China)

Extended Abstract

Aqueous ion batteries have attracted recent attention due to their low cost, high safety, and environmental friendliness, making
them a promising alternative to conventional lithium-ion batteries. Among the various electrode materials explored for aqueous ion
batteries, Prussian blue analogues (PBAs), with the general formula A,T[M(CN)] (where A = Li, Na, K; T = Fe, Co, Ni, Mn, Cu; and
M = Fe, Mn, Co), emerge as a highly promising class of materials. PBAs are characterized by their large open frameworks, abundant
ion insertion sites, and ease of synthesis, which contribute to their superior electrochemical performance. This review systematically
summarizes the structural properties, synthesis strategies, and applications of PBAs in aqueous lithium-ion, sodium-ion,
potassium—ion, and ammonium-ion batteries, while addressing the key challenges and future directions for their development.

The crystal structure of PBAs, determined by X-ray diffraction, consists of a face-centered cubic (FCC) framework, where Fe**
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and M** ions are octahedrally coordinated to the carbon and nitrogen atoms of cyanide groups, respectively. This structure creates a
three-dimensional porous network capable of accommodating various guest ions. PBAs, which are derived via substituting Fe with
other transition metals (i.e., Cr, V, Mn, Co, Ni, and Cu), retain the same structural framework, but exhibit enhanced electrochemical
properties due to the presence of dual redox-active centers (i.e., Fe*'/Fe*" and M**/M*"). These redox pairs enable high theoretical
capacities and reaction potentials, making PBAs suitable for high-performance battery applications.

However, PBAs often suffer from structural defects, such as Fe(CN)s vacancies, which can compromise their electrochemical
stability. These vacancies, typically formed during rapid precipitation, can lead to a structural collapse during cycling, particularly in
systems involving multi-electron reactions. To mitigate these issues, researchers have developed some strategies to synthesize
low—defect PBAs with an improved structural integrity and cycling stability.

PBAs can be synthesized by various methods, i.e., co-precipitation, hydrothermal synthesis, and single-precursor approaches.
Co-precipitation as one of the most common methods involves the reaction of Fe' salts with [Fe*"(CN)¢]* in aqueous solutions,
resulting in the formation of PB or its analogues. Hydrothermal synthesis involves the production of well-crystallized PBAs with
controlled morphologies at high temperatures and pressures. The single-precursor method, which relies on the slow release of Fe** or
Fe?* ions from [Fe(CN)4]*or [Fe(CN)¢]*~ precursors, offers a route to highly mono-dispersive PBA nanoparticles.

Despite the widespread use of lithium-ion batteries, their application in aqueous systems is limited due to the poor compatibility
of PBAs with hydrated Li* ions. The small ionic radius of Li* leads to a structural instability in PBAs, thus having a rapid capacity
decay. However, recent studies have explored the use of salt-in-water electrolytes to improve the reversibility of Li* insertion in PBAs,
offering a potential pathway for their application in aqueous lithium-ion batteries.

Aqueous sodium-ion batteries with their low cost and natural abundance of sodium emerge as a viable alternative to
lithium—ion batteries. PBAs, particularly those based on Fe, Mn, and Co, have the excellent performance in sodium-ion batteries due
to their ability to accommodate larger Na* ions. For instance, FeFe-PBAs and MnFe-PBAs exhibit high specific capacities and long
cycle lives, making them attractive candidates for grid-scale energy storage. However, the presence of structural vacancies remains a
challenge as they can lead to capacity fading during cycling.

Aqueous potassium-ion batteries face some challenges due to the large ionic radius of K*, which can cause significant volume
changes during cycling. PBAs with their large interstitial spaces are well-suited for K* insertion and demonstrate high reaction
potentials and excellent cycling stability. For instance, K:NiFe(CN)s has a remarkable performance with a high capacity retention
over thousands of cycles. In addition, mixed-ion systems, such as Na*/K* hybrid batteries, are also developed to leverage the
advantages of both ions, further enhancing the performance of PBAs in potassium-ion batteries.

Aqueous ammonium-ion batteries, though less explored, offer unique advantages due to the large ionic radius of NH4*, which
matches well with the interstitial spaces in PBAs. This compatibility results in high reaction potentials and stable cycling. Recent
studies have demonstrated that PBAs such as CuFe-PBAs can achieve high specific capacities and excellent cycle life in NH,*
batteries, particularly when paired with Zn anodes. However, the development of full-cell configurations remains a challenge due to
the limited availability of NH4*-compatible anodes.

Aqueous proton batteries, though less common, have shown a potential due to the unique transport mechanism of protons in
PBAs. Protons can rapidly diffuse through the hydrogen-bonded water networks within the PBA structure, enabling a high-rate
performance. PBAs such as Nao'4,(VO);[Fe(CN)g],' 12H,0 demonstrate high capacities and excellent cycling stability in acidic
electrolytes, making them promising candidates for high-power applications.

Despite the development of PBAs for aqueous ion batteries, several challenges still remain. The presence of structural vacancies
and water in the PBA framework can lead to a capacity fading and a structural instability during cycling. Future research should focus
on understanding the mechanisms of vacancy formation and developing strategies to eliminate these defects. In addition, the
optimization of electrolyte composition and the enhancement of electronic conductivity in PBAs are also critical for improving their
performance in practical applications.

In conclusion, PBAs represent a versatile and promising class of materials for aqueous ion batteries, offering high capacities,
long cycle lives, and superior rate capabilities. PBAs have a potential to play a key role in the development of next—generation energy
storage systems via addressing the existing challenges and further exploring their electrochemical properties.
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