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Prussian Blue Cathodes for Lithium-lon Batteries: A Review

Hyunjoon Yoo*, Sang Bok Lee™*, Il-Kwon Oh*'

ABSTRACT: Prussian blue (PB) and Prussian blue analogues (PBAs) are being revisited as low-cost cathode candidates
for lithium-ion batteries (LIBs), owing to their three-dimensional open-framework structures that facilitate favorable
ion-diffusion pathways and their compositional tunability using relatively abundant elements such as Fe and Mn. In
aqueous electrolytes, their kinetics and power capability can be relatively favorable due to fast ion transport and
reduced desolvation barriers, whereas in non-aqueous electrolytes water content and defects, low electronic
conductivity, and interfacial reactions often increase polarization and accelerate degradation. This review summarizes
Li storage behavior and voltage characteristics of PB based cathodes and compares practical strategies such as defect
and water control, compositing, and CEI design. We also discuss remaining challenges from electrolyte selection and
electrode engineering perspectives to achieve both high power and stable cycling.
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Fig. 1. Schematic illustration of the crystal structure of Fe-based
Prussian blue. (a) Defect-free Prussian blue framework
and (b) framework containing vacancies and hydration.
Reprinted with permission from [20]
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Fig. 2. Structural changes in PB/PBA. (a) Schematic illustration
of the lattice structure during stepwise delithiation from
Li,Fe"Fe'(CN)s to LiFe"Fe™(CN)s and Fe'"Fe(CN)g. Reprinted
from [13] under the CC BY 4.0 license. Spin-state differ-
ences of coordinated metals depending on the coordina-
tion environment: (b) low-spin FeCe, (c) high-spin FeNe,
and (d) high-spin MnN,. Reprinted from [34] under the
CCBY 4.0 license
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3 o] AlhA 02 AL, vhel HS-Mn*e e_g A4
G2 213} Jahn-Teller 4 0] AA &/4A WHE A] ZHA|
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Bjg 92 AR Bt ARCEDT AgHRel 3
3} g veht 9le} 7l e Hheatth aelelE A
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AGERA 3V e 43 S5 Hole Fds 21
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>1E o

e e 5 e QB0 A A5 ATH30L o] F
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FeFe(CN) ol 4] Z+2}F ©F 95 mAh g’ @ 138 mAh g'9] 7}
S8 B0 HR9). o] Az PBAS) 4T 154 S
Hoj3l o}, Ao Ad/4a/A™ ¢Hg/de] s Al
vtk A9 41 Wete] Fich

o] A 271 A= A Utk Wu 52 53 &

HolA EFF(CN)] B53 F247F Li* A1ele) 7hel 4
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FeFe(CN), 242 =2 AAIF o] & 918l K,Fe(CN)E
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8o DA et s Wel Agie s, 1
A} Ak Aloj7} LIB "é%c’ﬂ A% ddES Hol=qirH20].
T = H|5A LIBoj A QH
Aoz -TLE/\V]L @%‘ﬂ = AAsEe, g Aol A el 7t
Aol 27 We Aol W P g Ao AR AY L
HRCH13]. Wu 52 21814 2jR]oflo] & F3l LiFeFe(CN)g
(x=0-2) A €& Alo] 8} aL, Li-rich 4 eff of| 4 o] QH A Q1 <&
= 7% 7PsAe maslalell,

9e5he, PBAZE LIBol 4] 9F0.2 A5ty QlaAL
= QI ARheRe) A Alol2 FRAAWA B
A& Faslsial, Elxloﬂol/&iii Z7] Ast A= 4L A
A& AP 2dsh, A /CEl 275 PBA ol £
SHE® was o] Waslt i, Ao 21y

7|8t g of| A= Li,Fe(CN), A 14| 7} -84 o = ZA 5t
A k7] wfiZoll, Li)FeFe(CN)ger 2/ TAloA A Aoz
A5 Flo] Brhssiehs A Alofo] 9lom[20], o]
& 2I5f LIB full-cell 282 I3l A = 3}38+4]/41 7] 31e14]
prelithiation A 2Fo] = Q31 HA| AHo] Hrt.

PB/PBAL 4 A B0 charet ol Aol 7}
55k, AA| 2= Na-PBA7L SIBoj| A 7H &HEs] o+ &
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Table 1. Key comparison points for PB/PBA cathodes in LIB and SIB applications

Comparison item

From the LIB (lithium-ion battery) perspective

From the SIB (sodium-ion battery) perspective

Literature accumulation | PB/PBA for non-aqueous LIBs is still at the stage where recent
studies are being accumulated, mainly focusing on defect reduction,
prelithiation, CEI control, and full-cell applications.

and technological
maturity

As one of the representative application areas of
PB/PBA, relatively extensive literature has been
accumulated on structure—performance
correlations and process optimization.

Initial state (full-cell

Since many PB/PBAs intrinsically have Li-free initial compositions, | Na-rich initial compositions, such as Prussian
introducing a Li-rich initial state or chemical/electrochemical

white, can be utilized, making full-cell assembly

configuration) prelithiation is practically required for graphite-anode-based full- | and securing the Na inventory relatively
cell configurations. straightforward.
The theoretical ity of Prussian white,
Representative The theoretical capacity of Li,FeFe(CN)j is reported to be ¢ theorelic 'capac1ty (,) russtan white 3
. . . PR . . Na,FeFe(CN) , is approximately 170 mAh g™, and
theoretical capacity | approximately 190 mAh g™, indicating high specific-capacity

and operating voltage | potential.

its average operating voltage is generally around
3V vs. Na/Na™.

The large voids in the open PBA framework may not fully match

The relatively large Na" ion often shows better

Ion-lattice compatibility | the small Li* ion, raising the possibility of changes in site preference, | compatibility with the channels/voids of the PBA

and insertion sites
insertion.

local coordination rearrangement, and structural evolution during | framework, resulting in more favorable structural

accommodation.

Coupling of defects/
plng . . likely to be directly associated with carbonate electrolyte
water and interfacial L . . .
reactions decomposition, initial CEI formation, resistance growth, and initial

irreversible capacity.

Residual water, surface ~-OH groups, and [M(CN),] vacancies are

Water and vacancies are also important, but
relatively more studies have been accumulated on
synthesis, drying, and electrolyte optimization.
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Table 2. Representative CEl components in non-aqueous LIB cathodes

Category Representative species/examples Main origin
Inorganic LiE, Li,COs, Li. PO E, I?ecomposition of lithi.um salts such as LiPF, carbonate decomposi-
¥ tion, and surface reactions
Oreanic lithium alkyl carbonate, lithium alkoxide, poly-| Oxidative decomposition and/or polymerization of solvents such as
& carbonate/oligomeric carbonate species EC/DEC/EMC
Polymeric CEI species, C-O-Fe interfacial EC ring-opening reactions induced by the local coordi{lation environ-
PB/PBA . . . ment around structural water/-~OH groups and vacancies, Fe-centered
bonds, and occasional LIOH/Li,O ] 1. . .
reactions, crystal water, and initial irreversible reactions
4. Hl==7A HsHEHol|l M2 AH/ B2} o7 LI Eat a :
MS SEAM X2 VR — VG — e
B N e D s .
S le Ve Agrarcus . 1 erachion
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s i ] ! suian Boe e - gt ” * 7 kinatics
ofF4 §E0Q FAS B B 49 FotE fuY o T
2= 9Jt}[22,35,36]. £3] PB/PBAL= 3HJ 7|9 [M(CN) ] 22 N EESRRR . HR R,
‘Tq— ;1(_]_—% %/_01{7]— %%37] '/H% > %—‘jg— ﬂ_ﬂ%(LCO/NCM) b HE HS Ls LS = ;;‘50 181, 10th, 100th, 200th, 300 | 400eh, ':::-:l:'nvu-:
£ @ |
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- = ~ ~ ~ HS HS 5 8—
Sk Ao AAA Sl H3xolw, o] & fJsf s (d/ &/ e T O v
BE)I A7 AAZE A Alo] MR AE e s B
AvbA o2 u|47A| LIB ¢ Ewof A CEl: A3 9] e [ fe €
A7)18}keh4]- 3ok ZafjeF A= 2 vkgofl o8 F4 = ] 4
- = - — & ol £
L8] BY ARSOR olsEd fuse 3YFe (L x ainaal

2% LiE Li,CO,, LiPO,F,e} 2:2 §7] A5}, lithium alkyl
carbonate, lithium alkoxide, alkyl carbonate, polycarbonate/
oligomeric carbonate species®} 22 7] AEo] HiFcH
(Table 2). o]2|3t CEL= A} Ak} Lit AEe] &< Al
okl F7HA Rl el Zaff 2 W F3kE et 4
ol met dolgd 852 dAlsks dge & 4 ok 1
2ju CED} St dstAY d=shA A3shd AW A &
7Fet s Ast= oo 4= UTH(37].

PB/PBAY] 7-f-ol&= #& 242} -OH, 12]3l vacancy
Zuio] nES} 24 ele vl CBl 34 A=) o
wbaQl ASLE 33} oA AR % Atk Wi 52
FeHCFe(iron hexacyanoferrate) 7|9F PBAoJA ZH|J¥= Y]
T4/l E e OH ¥+l gjt)zo] EC(ethylene
carbonate)?] ring-opening W $<& 23S G 3|, YR} E
Holl At (Fat /7R 7] 5)7F S5 aLEAHY CEZF
in situ® QS AASIATH(Fig. 3)[22]. Asi& = (HCA:

21 m LiTFSI in water, HCO: 5.5 m LiTFSI in EC, HYB:
HCA+HCO &3hef whet ¢ Z2utdyt dQ/dV #] =7}
wglo] Debxn], 53] §7]4|(HCO)o] 4 Fe low-spin

Cycle Number (n)

Fig. 3. Lithium ion insertion reactions and CEl formation in the
PBA (FeHCFe) cathode as a function of electrolyte com-
position (aqueous/organic/hybrid), and the resulting
changes in electrochemical performance. (a) Schematic
illustration of CEl formation and structural stabilization in
different electrolytes. (b) Comparison of dQ/dV curves
under HCA, HCO, and HYB conditions. (c) Changes in the
capacity contributions of HS and LS sites during cycling.
(d) Long-term cycling performance and coulombic effi-
ciency. Reprinted from [22] under the CC BY 4.0 license
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Fig. 4. Morphology-performance correlations of PB/PBA cath-
odes through defect (vacancy/structural water) and par-
ticle-size control. (a,b) SEM images of a high-defect
FeFe(CN)s sample and its initial cycling behavior (capac-
ity/coulombic efficiency). (c,d) SEM images of low-defect
FeFe(CN)s nanocubes and their improved cycling stabil-
ity/coulombic efficiency. Reprinted with permission from
[20]. (e) Schematic illustration of particle-size design for
lithiated PBA (LiFeHCF). (f) Comparison of the long-term
cycling performance of LiFeHCF-1 to LiFeHCF-5. (g) Long-
term cycling performance and coulombic efficiency of
the full cell. Reprinted from [13] under the CC BY 4.0
license
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Table 3. Electrochemical performance of Prussian blue/PBA cathodes in non-aqueous LIBs

Ref Active material Low-rate performance | High-rate performance Cycle performance
v (mAhg'@mAg' (C) | (mAhg' @ mA g' (C)) (mAh g' @ mA g (C), cycles)
[20] Low-defect FeFe(CN)s 160 @ 24(0.15C) 102 @ 3840 (24C) 157 @ 24 (0.15C) after 100 cycles
[Half-cell] [Half-cell] [Half-cell]
(13] Li, ,FeFe(CN), -nH,O 142 @ 19 (0.1C) 97 @ 1900 (10C) 95.9 @ 1900 (10C) after 650 cycles
(LiFeHCEF-1) [Full-cell] ® [Full-cell]® [Full-cell]®
106@ 38 (0.2C) 90 @ 1900 (10C) 102.9@190 (1C) after 370 cycles
[Half-cell] [Half-cell] [Half-cell]
- Li,FeFe(CN), 155.9 @ 30 (0.2C) ~101.3@ 3000 (20C) | ~93.5 @ 1500 (10C) after 1000 cycles
(Chemical lithiation) [Full-cell]® [Full-cell]® [Full-cell] ®
135.6 @ 20 (~0.13C) - 88.5 @ 75 (0.5C) after 100 cycles
[FeHCFe] [FeHCFe] [FeHCFe]
, 114 @ 30 (-) - 122.0 @ 30 (-) after 200 cycles,
[22] | PBA(FeHCFe/NiHCFe) in HYB®
[NiHCFe] [NiHCFe] [NiHCFe]
68 @ ~13 (~0.2C) ~42 @ ~325 (~5C) 68 @ 65 (~1C) after 800 cycles
[29] FeFe(CN), 138 @ 25 (-) 82 ?)400 96 @ 25 (-) after 50 cycles
(39] NaleE:I[;é(FCg)i':é;HZO 153.7 @ 19 (0.1C) 92.46 @ 1900 (10C) 115.04 @ 190 (1C) 1000 cycles

* Hybrid Electrolyte (LiTFSI in water and EC) ® Graphite Anode

E Li o5 /7% &9 eld|, Zhang &
Al(B] x| ol o] A) EA| =2 X 17 lithiated PBA(L12 FeFe(CN)
nH O)i U 24 E e A AXRTH13]. E=3 A
Z U oE A Z7F4E A S FEEE 28 2
0] 2 /8 Ak(Kinetico)t} AT A4 Ho] B AL F
= Xd% A2 3}aL(Fig. 4e), 3=} 34 /operando XRD/
BVEL A4 Li F-R-(x)2} =& (n)o] Li E4F EYA ¢
T2 AL oG A v =R Bkt o] gk A A
BN AAEL vho| 22 A7)e] BAH Feha o
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i AE2 AEglen, Li g4 stxAoA 27| HH&
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£ waslgic13]. Eat 39 §Fo2 o
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QFstATH21]. &, FeFe(CN)2] 2H5hel (Fe**—Fe’) 9 Q]
3 Buzp A AR A Q)(QF 0.94 V vs. Li/LiYE T} =&
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