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Structure and Properties of Prussian Blue Analogues 
in Energy Storage and Conversion Applications
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In recent years, Prussian blue analogue (PBA) materials have been widely 
explored and investigated in energy storage/conversion fields. Herein, 
the structure/property correlations of PBA materials as host frameworks 
for various charge-carrier ions (e.g., Na+, K+, Zn2+, Mg2+, Ca2+, and Al3+) is 
reviewed, and the optimization strategies to achieve advanced performance 
of PBA electrodes are highlighted. Prospects for further applications of 
PBA materials in proton, ammonium-ion, and multivalent-ion batteries 
are summarized, with extra attention given to the selection of anode 
materials and electrolytes for practical implementation. This work provides a 
comprehensive understanding of PBA materials, and will serve as a guidance 
for future research and development of PBA electrodes.
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structure of PBA materials results in a high 
cycling stability of PBA-based electrodes;[19] 
and iv) the low-cost PBAs are suitable for 
large-scale energy storage applications. 
Thus, in 1978, Neff et al.[20,21] first reported 
the electrochemical behavior of an elec-
trodeposited PBA material on platinum 
foil as a host framework for the reversible 
insertion/extraction of K+ ions (and/or 
other hydrated ions) in aqueous solutions. 
In 1999, the reversible charge storage of 
Li+ in PBA materials was also reported in 
organic solvents.[22,23] These early attempts 
were only marginally successful due to 
the serious capacity fading problems that 
PBAs suffer from.[24,25] In the last decade, 

due to the development of energy storage technology and the 
imperious demand for low-cost electrode materials, researchers 
once again set their sights on PBA materials.[26] For instance, 
in 2011, Cui’s group[27] evaluated KCu[Fe(CN)6] as cathode in 
aqueous K+-ion batteries, which presented a high cycle stability 
with capacity retention of 83% in 40  000 cycles. Furthermore, 
the mass loading of PBA active materials was also increased to 
10  mg cm−2, which met the requirements in the practical bat-
tery applications.[28] Goodenough et  al.[29] synthesized a series 
of PBA materials with different N coordinated transition metals 
as potential cathodes in Na+-ion batteries, which achieved a 
flat discharge capacity of >70  mAh g−1, as well as good revers-
ibility. Recently, various kinds of PBAs have been developed as 
cathodes in Na+-ion and K+-ion batteries.[30] Besides, the appli-
cations of PBA materials as cathodes in supercapacitors have 
also been disclosed, such as GdCo(CN)6 for Li+-ion storage,[31] 
CoHCF/MnO2

[32] and K1.7Na0.27Co[Fe(CN)6]0.71·1.6H2O[33] for 
Na+-ion storage, etc. It is worth noting that Huang’s group have 
conducted systematic works on K+-ion storage of PBA mate-
rials in supercapacitors, in which the MnHCF,[34] Fe-HCF,[35] 
and Mn3[Co(CN)6]2·nH2O[36] were successively applied as 
cathodes and exhibited high capacitance and excellent cycling 
performance.

Researchers have also explored the possible applications 
of PBA materials for charge storage of multivalent ions, 
including Zn2+, Mg2+, Ca2+, and Al3+ ions. In 2013, Okubo 
et al.[37] reported the reversible intercalation of Mg2+ into CuFe-
PBA in aqueous electrolytes. Simultaneously, Cui et  al.[38] 
reported that a series of alkaline earth metal divalent ions in 
aqueous electrolytes (Mg2+, Ca2+, Sr2+, Ba2+) can be reversibly 
intercalated in the nanolevel NiHCF electrode, showing excel-
lent cycle and rate performances. Gao et  al.[39] and Chiang 
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1. Introduction

As typical metal–organic framework materials, Prussian blue 
analogues (PBAs) have long been studied and applied in var-
ious fields. They were first synthesized in Berlin as pure syn-
thetic pigments in the early 18th century.[1] Subsequently, with 
the development of science and technology, as well as gradually 
deepening understanding of PBA materials, many other applica-
tions were developed, including gas storage,[2–5] environmental 
purification,[6–8] drug delivery,[9–12] etc., mainly due to their high 
porosity character. In addition, they not only displayed high 
activity as an efficient water oxidation catalyst,[13] but can also 
be utilized as the biosensors to measure hydrogen peroxide, 
glucose, lactic acid, cholesterol,[14–15] and etc. In the last decade, 
research on PBA materials was focused on their potential utility 
as cathode materials in various kind of secondary batteries.

PBAs can display several advantages when used as energy 
storage materials: i) the open framework of PBAs provides 
abundant 3D diffusion channels for diffusion of various charge-
carrier ions;[16,17] ii) compositional control in PBAs regarding the 
transition metal ions can be achieved for optimizing the charge 
storage behavior of PBAs with negligible change in the overall 
open framework structure;[18] iii) the tough open framework 
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et al.[40] reported the reversible intercalation of Al3+ into CuFe-
HCF cathodes in secondary batteries and capacitors, respec-
tively. Ingram et  al.[41] also reported the reversible insertion 
and release of calcium (Ca2+) ions in manganese ferricyanide 
(MnHCF), which is the first report on the reversible intercala-
tion/extraction of divalent cations in PBAs in a non-aqueous 
electrolyte system. Moreover, the diffusion/storage of Zn2+ ions 
in PBA materials was explored. For example, Mantia et  al.[42] 
and Liu et  al.[43] reported the electrochemical performances of 
CuHCF and ZnHCF as cathodes in the aqueous zinc-ion bat-
teries, respectively, which showed a high discharge platform up 
to 1.7 V, as well as an excellent cycle stability.

The above reports indicated a wide feasibility of PBA mate-
rials for various carrier ions, including both the monovalent 
ions (NH4

+, Li+, Na+, and K+) and multivalent ions (Zn2+, Mg2+, 
Ca2+, and Al3+), mainly due to their open frameworks. However, 
there are still some challenges for the further development of 
PBA materials, which restrict their practical applications: i) the 
irreversible phase transition of PBA materials occurs during 
deep discharge/charge process; ii) the [Fe(CN)6] vacancies and 
coordinated water in the crystal framework of PBA materials 
reduce the crystallinity, leading to the loss in capacity retention 
and cycle life;[19] iii) side reactions (oxygen evolution reactions) 
exist due to the narrow electrochemical window of aqueous 
electrolytes;[44] iv) the electrochemical reaction mechanisms of 
the PBA cathodes is complicated and differs in correspondence 
to the variation of intercalating ion species, PBA compositions, 
as well as electrolyte systems.

Recently, several review/progress on the research of PBAs 
have been conducted, among which some works focused 
mainly on applications of PBAs in alkaline-ion batteries and 
electrochemical catalysts,[19,45,46] while others on either the 
electrochemical performances of PBAs-derived materials[47,48] 
or their crystal structure, synthesis, and working principle 
in rechargeable batteries.[30,49] In this work, differing from 
the previous reviews, we present a novel perspective on the 
potential application of PBAs and the strategies to optimize 
them in future energy storage/conversion technologies, after 
making a detailed summary of the crystal structure and reac-
tion mechanisms of the PBA-based host materials (Figure  1). 
Specifically, the proposed optimization strategies provide some 
basic and practical methods for promoting PBA electrode per-
formances, including reducing crystal vacancies and crystal 
water, metal-doping control, constructing concentration gra-
dient and core–shell structure, designing novel morphology, 
developing PBA-based composite materials, and applying high-
concentration electrolytes. Additionally, prospects for further 
applications of PBA materials in proton, ammonium-ion, and 
multivalent-ion batteries are discussed, with extra attention 
given to the selection of anode materials and electrolytes for 
practical implementation. This work provides a comprehen-
sive understanding of PBA materials, and will shed light on the 
future research and development of PBA electrodes.

2. Crystal Structure of PBA Materials

The electrochemical performance of electrodes is closely 
related to their structures.[50] The basic Prussian blue (PB) 

material, Fe4[Fe(CN)6]3·nH2O, has a face-centered cubic 
phase with a Fm3m space group. The detailed structure of 
Fe4[Fe(CN)6]3·nH2O has been detected through X-ray diffraction 
and neutron diffraction analysis.[51–53] Divalent and trivalent Fe 
atoms appear alternately in the face-centered cubic structure 
connecting with the CN bonds. Among them, Fe2+ and 
Fe3+ ions are surrounded by C and N to form octahedrons, 
respectively. In order to maintain electrical neutrality, the Fe2+: 
Fe3+ ratio is maintained at about ≈3:4. As a result, there exist 
≈25% vacancies in the [Fe(CN)6]4− sites, which will be filled by 
water molecules. Two types of the structural water molecules 
are present in the structure of PB: one is coordinated water in 
the empty nitrogen sites with six water molecules coordinated 
to Fe(III), and the other contains up to 8 interstitial water which 
either fill in the center of the unit cell or connect with the 
hydrogen bonds to the coordinated ones. Therefore, a single PB 
unit cell may contain up to 14 water molecules. The interstitial 
water in PBA materials can strongly affect the electrochemical 
performance. For example, Wu et  al.[54] reported that the Fe 
and Mn redox in hydrated NaxMnFe(CN)6·zH2O electrodes are 
separated with different potentials, while a mixed Fe and Mn 
redox in the same potential range is found in the anhydrated 
NaxMnFe(CN)6 electrode. Adding the interstitial water weakens 
the ligand field stabilization energy of low-spin Fe2+ and high-
spin Mn2+ by diluting the ligand field and increasing the lat-
tice constant, leading to re-emergence of the gap between the 
Fe2+/3+ and Mn2+/3+ redox potentials.

The crystal structure of the PBA materials can be tuned 
via changing the chemical composition of PBA materials.[46] 
Generally, there exist three types of crystal structures for PBA 
materials, i.e., cubic-type (e.g., KxFeyMn1−y[Fe(CN)6]w·zH2O[55]), 
monoclinic-type (e.g., Na1.96Mn[Mn(CN)6]0.99−ϒ0.01·2H2O[56]), 
and rhombohedral-type (e.g., Na2Mn[Fe(CN)6]·zH2O[57]) 
structures. PBA materials possess the chemical formula of 
AxP[R(CN)6]1−y ϒy·nH2O (where A = alkali metal or alkaline 
earth metal, P and R represent the transition metals, ϒ is the 
[R(CN)6] vacancies, and 0 ≤ x ≤ 2, y < 1), in which the nitrogen-
coordinated P cations and carbon-coordinated R cations in 
an open framework bridged by cyanide groups (CN)[56] 

Figure 1.  Schematic illustration of the challenges, optimizations, and 
prospects of PBA materials in energy storage/conversion applications.
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(Figure  2). The alkali metal ions or alkaline earth metal ions 
(A) are usually inserted into the 8c site, while the transition 
metals (P, R) replace the Fe2+/3+ sites. Thus, various kinds of 
PBA materials have been developed with optimized electronic 
and ionic properties for enhancing the electrode performance. 
The open-framework nature of PBA structures, which contain 
open <100>  channels (3.2 Å in diameter) and interstitial sizes 
(4.6 Å in diameter) enabling rapid solid-state diffusion of var-
ious carrier ions. The electrode capacity is contributed by the 
electrochemical redox reactions of the transition metal ions in 
either the P or R sites, that is to say, both the N-coordinated and 
C-coordinated transition metals can be electrochemically active. 
Taking the monovalent A+ as an example, in a vacancy-free PBA 
electrode, the redox reaction is as follow

x x x( ) ( )  + + ↔  
+ −P R CN A e A P R CN6 6 	 (1)

Apparently, the PBA framework structure exhibit abundant 
wide channels for insertion/extraction of carrier ions in A sites 
(along <100>  directions), in both aqueous and nonaqueous 
electrolytes.

3. Electrode Reaction Mechanisms

Revealing the electrochemical reaction mechanisms during 
charge/discharge process is of great importance to develop 
advanced electrode materials,[58–60] and the crystal and elec-
tronic structures of electrodes can be detected by many 
methods, including in situ/ex situ X-ray diffractions (XRD),[61,62] 
transmission electron microscopy (TEM),[63,64] soft X-ray spec-
troscopy (SXS),[65] etc. For PBA materials, the open frame-
works provide numerous 3D tunnels for intercalating various 
carrier ions.[30,66] Pasta et  al.[67] studied the structural proper-
ties of MnHCF/CoHCF as hosts for Na+ ion storage in an 
aqueous NaClO4 electrolyte. They found that the C-coordinated 
Fe plays a role of preserving the crystal structure and enabling 
the outstanding kinetics and cycle life. Meanwhile, although 
the N-coordinated Co/Mn ions contribute significantly toward 

increasing the electrode capacity delivery, a slower reaction 
kinetic induced by the structural distortions from the weak 
N-coordinated crystal field was detected. Reducing this kind of 
structural distortions during charge/discharge process will ben-
efit for the long-term cycling stability. Xie et al.[68] revealed that 
Ni2+ in NiHCF can effectively reinforce the lattice framework 
by alleviating the alterations of cell volume and stress−strain 
caused by Na+ ion migration and structure transition. Further-
more, Lee et  al.[69] reported that the inserted ion species and 
applied electrolyte also play a vital role on the electrochemical 
reactions of PBAs. The authors showed that NiHCF struc-
ture offers fast solid-state diffusion of Li+, Na+, and K+ ions in 
aqueous electrolytes, while exhibiting only a quasi-reversible 
electrochemical behavior for all alkali ions in organic electro-
lytes and Rb+ and Cs+ in aqueous electrolytes.

The reversible structure evolution of PBA materials for 
monovalent ions intercalation have been intensively reported, 
including Na2Ni0.4Co0.6[Fe(CN)6],[70] K2Zn3(Fe(CN)6)2·9H2O,[71] 
K0.6Ni1.2Fe(CN)6·3.6H2O,[28] etc. For instance, Jiang 
et  al.[55] investigated the K+ ion intercalation behavior in 
KxFeyMn1−y[Fe(CN)6]w·zH2O samples (monoclinic, space 
group of P21/n, Figure 3a). For KMn[Fe(CN)6] electrode, mul-
tiple-phase transitions from monoclinic to cubic and cubic to 
tetragonal phases were observed during charging (Figure  3b), 
corresponding to two voltage plateaus in the 1st cycle, with inde-
pendent and symmetric Fe2+/Fe3+–C (0.1–1.0 V/0.9–0.0 V during 
the charge/discharge process) and Mn2+/Mn3+–N (1.0–1.3  V/ 
1.3–0.9 V during the charge/discharge process) redox reactions. 
It is noted that the cubic to tetragonal phase transition reaction 
in high voltage can lead to the Jahn–Teller distortion of Mn3+ in 
MnN6 octahedron during charging process, resulting on a loss 
in structure stability via Mn2+ dissolution. Fe substitution can 
remarkably change this Mn2+/Mn3+–N reaction process, and 
then depress the cubic to tetragonal phase transition reactions 
to obtain higher structure stability. For KFe0.35Mn0.65[Fe(CN)6] 
electrode, a solid solution reaction (0.4–0.95  V for charging 
and 0.8–0.0 V for discharging) and a phase transition reaction 
between monoclinic and cubic phases (0.95–1.3 V for charging 
and 1.3–0.8 V for discharging) were observed (Figure 3c). As a 

Figure 2.  Schematic illustrations of AxP[R(CN)6]y·nH2O materials (A is the alkali metal or alkaline earth metal, P and R represent transition metals in 
different locations, and 0 ≤ x ≤ 2, y < 1. Reproduced with permission.[56] Copyright 2014, Springer Nature.
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result, it displayed excellent reversible K+ storage ability, with a 
high cycling performance (capacity retention of 70% at 100 C 
rate with lifespan >10 000 cycles).

Intercalating multivalent ions in PBA materials have also 
attracted the interest of researchers in recent years, including 
NiHCF,[38] NiFeHCF,[72] Na2Cu0.6Ni0.4[Fe(CN)6],[73] etc. For 
example, Ma et  al.[74] reported the structural evolution of 
KCoFe(CN)6 nanoparticles as host material for electrochemical 
Zn2+ storage. The KCoFe(CN)6 (space group of Fm-3m) dis-
played a 3D cyanide-bridged architecture (a = b = c = 10.31 Å), 
with 3D porous channels to favor the Zn2+ ion transfer. The 
in situ extracting K ions from KCoFe(CN)6 under galvanostatic 
charge produced the CoFe(CN)6 as Zn2+-intercalation host. 
The high-voltage and high-capacity of CoFe(CN)6 electrode 
was achieved with Co3+/Co2+-N and subsequent Fe3+/Fe2+-C 
redox reactions upon Zn2+ ion insertion (in 4 m Zn(CF3SO3)2 
aqueous electrolyte) (Figure  4a). The potentials representing 
these two redox reactions located separately before cycling, 
then shifted gradually and finally overlap upon Zn2+ extraction/ 
insertion (Figure  4b). Figure  4c shows structure evolution of 
CoFe(CN)6 electrode during charge/discharge process via 
XRD pattern, in which the intensity ratio value of (011) and 
(200) reflections (I(011)/I(200)) decreased during discharge, and 
increased during charge, indicating a reversible phase transi-
tion reaction between cubic and monoclinic phases. Notably, 
the (011) and (200) reflections located at 17.4° and 18.4°, 
respectively.

Revealing the diffusion route of the carrier ions in lattice 
framework of the electrodes is vital for rationalizing the high-
rate performance of electrode materials. Due to the 3D-tunnel 
feature of PBA materials, various diffusion routes of carrier 
ions can be demonstrated. Peng et al.[75] revealed the non-linear 
diffusion routes of Na+ ions in PBA framework. Four possible 
Na+ interstice sites are shown in Figure  5a, in which the 8c 
provides the largest free space while 24d offers the smallest. 
Figure 5b,c shows the S-shaped and linear Na+ diffusion routes, 
as well as the corresponding migration energies, respectively. 
The results indicate that the Na+ diffusion along an S-shaped 
route shows a lower energy barrier. Besides, the abundance 
of 24d sites in the PBA framework (20 24d sites) also guar-
antees the enhanced Na+ diffusion in PBA frameworks. This 
nonlinear Na+ diffusion mechanism was further confirmed by 
Zuo’s group,[68] especially when there exists interstitial water in 
the body-center position of the framework. To promote the dif-
fusion kinetics in PBA materials, it is useful to employ strate-
gies including the reduction of crystal water and metal doping 
control, which will be discussed in the later part.

Thus, PBA materials provide an open framework for elec-
trochemical storage of both monovalent and multivalent ions. 
There usually exist multiple phase transitions (monoclinic to 
cubic and cubic to tetragonal phases) or two phase transition 
(monoclinic to cubic) during cycle, and by eliminating the cubic 
to tetragonal phase transition process, a high cycling stability of 
PBA-based electrode can be obtained, which is a very important 

Figure 3.  a) Typical structure of the KFeMnHCF in the P21/n space group, b) the structural evolution mechanism of the KMnHCF electrode, c) XRD patterns 
of the KFeMnHCF-3565 electrode at different states during the first cycle. Reproduced with permission.[55] Copyright 2019, Springer Nature.
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index for the structural design of high-performance PBA elec-
trode materials.

4. Electrochemical Performance

As discussed above, the chemical formula of PBA materials can 
be described as AxP[R(CN)6]1−y ϒy·nH2O (where A = alkali metal 
or alkaline earth metal, P and R represent the transition metals, 
ϒ is the [R(CN)6] vacancies, and 0 ≤ x ≤ 2, y < 1), in which the 
N-coordinated P cations and C-coordinated R cations in an 

open framework bridged by cyanide groups (CN). Thus, 
the structures and electrochemical properties of PBA materials 
can be modulated via selecting various combinations of P and 
R transition metals together with several possible choices of the 
interstitial ions. The electrochemical energy storage in PBAs is 
usually based on the intercalation of ions (i.e., NH4+, Na+, K+, 
Zn2+, Mg2+, Al3+, etc.), along with corresponding redox reaction 
of transition metals. Common PBA materials include iron hex-
acyanoferrate (FeHCF), cobalt hexacyanoferrate (CoHCF), man-
ganese hexacyanoferrate, nickel hexacyanoferrate (MnHCF), 
multi-metal hexacyanoferrate (i.e., CoNiHCF, MnFeHCF, 

Figure 4.  a) Schematic illustration of reversible Zn2+ storage in CoHCF frameworks during electrochemical process, b) the galvanostatic charge/discharge 
profile, and c) corresponding XRD patterns at selected potentials. Reproduced with permission.[74] Copyright 2019, Wiley-VCH.

Figure 5.  a) Crystal structure of NiCoHCF with the four possible interstices of 8c (body-centered), 24d (face-centered), 32f(n) (displaced from 8c sites 
toward N-coordinated corner), 32f(c) (displaced from 8c sites toward C-coordinated corner), b) non-linear and c) linear diffusion routes and corre-
sponding migration energies. Reproduced with permission.[75] Copyright 2018, Wiley-VCH.
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etc.), and other hexacyanoferrate compounds (Table S1, Sup-
porting Information). For some PBAs like FeHCF, CoHCF, and 
MnHCF, both the P and R sites are redox active with different 
redox potentials, wherefore two plateaus are usually observed 
in their charge/discharge profiles, as well as higher capacities 
(100–175 mAh g−1). However, some PBAs like NiHCF, ZnHCF, 
and CuHCF, only exhibit one redox-active site, since Ni, Zn, 
and Cu are electrochemically inert in the operating window of 
common electrolytes, and thereby, the capacity delivery of these 
compounds are usually <90 mAh g−1.

4.1. FeHCF

FeHCF has two kinds of octahedrons, i.e., high-spin FeHS located 
in FeN6 octahedrons and low-spin FeLS located in FeC6 octahe-
drons, which are interconnected by CN bridges alternately 
to form a cubic open framework. Both the FeHS and FeLS partici-
pate in redox reactions, thus, the theoretical capacity of FeHCF is 
very high (≈170 mAh g−1). However, since the FeLS is less active, 
the practical delivered capacity is much lower. For example, 
in aqueous batteries, the Na1.52Ni0.24Fe0.76−[Fe(CN)6]0.95,[76] 
K2FeFe(CN)6,[77] and K2FeFe(CN)6

[78] exhibit capacity of 106, 125, 
and 120 mAh g−1 for electrochemical storage of Na+, Na+/K+, and 
K+, respectively, which is far less than that of theoretical capacity. 
Furtherly, FeFe(CN)6 also displayed capacity of 116 mAh g−1 in 
5 m Al(CF3SO3)3 electrolyte.[79] The limited utilization of FeLS 
result in insufficient lifespan, inferior rate capability, and low 
working voltage of FeHCF. Yang et  al.[80] first reported that the 
high-voltage scanning can activate FeHCF as cathode in an 
Zn(CF3SO3)2 water-in-salt electrolyte, FeFe(CN)6 displayed an 
capacity of 75 mAh g−1 with capacity contribution of up to 60% 
from discharge voltage plateau at ≈1.5 V versus Zn/Zn2+.

4.2. CoHCF

CoHCF has two plateaus corresponding to high-spin CoHS and 
FeLS. CoHCF has been widely investigated as cathodes for Na+-
ion storage, for instance, hollow CoHCF,[81] CoHCF-Cit/CNT,[82] 
and Na2Ni0.4Co0.6-[Fe(CN)6][70] presented capacities of 97.8, 107, 
and 85 mAh g−1 in Na+-containing aqueous electrolytes, respec-
tively. Ma et al.[74] developed and utilized CoFe(CN)6 as cathode 
materials in an aqueous Zn-ion battery, in which both CoHS 
and FeLS ions contributed to the two-electron energy storage 
process, and the aqueous rechargeable Zn/CoFe(CN)6 cells dis-
plays a reversible capacity of 173.4 mAh g−1 at 0.3 A g−1 with 
discharge voltage plateau of 1.75  V versus Zn/Zn2+. Besides, 
Peng et al.[75] reported that introducing inactive metal Ni could 
suppress capacity fading caused by excessive lattice distortion, 
thus, the high-quality Na1.68Ni0.14Co0.86[Fe(CN)6]0.84 showed the 
best reversible Na+-storage behavior with a specific capacity of 
≈145 mAh g−1 and a remarkably improved cycle performance.

4.3. MnHCF

MnHCF displayed a high specific capacity and redox plateaus 
at high voltage among all simple PBAs, however, the crystal 

Jahn–Teller distortion effect restricted it long-term cycling. 
The volume changes between the charged and discharged 
MnHCF phases contributed to the capacity fading, which can 
be suppressed via reducing structural water content in the 
as-prepared material, metal substitution, as well as applying 
high-concentration electrolyte.[30] Song et  al.[83] revealed that 
the removal of structural water benefited to the electrode per-
formance of Na2−δMnHFC phase. Hu et  al.[84] reported a con-
centration-gradient NaxNiyMn1−yFe(CN)6·nH2O with high Ni 
content on the particle surface, the modified MnHCF deliv-
ered high reversible specific capacity of 110 mAh g−1 at 0.2 C, 
as well as outstanding cycling stability. Li et  al.[85] developed 
Na1.60Mn0.833Fe0.167[Fe(CN)6] with Na-rich cubic structure and 
dual-metal active redox couples to minimize the stress distor-
tion during cycling, and exhibited capacity of 121 mAh g−1 at 
0.1C in 1 m NaClO4 in EC/DMC electrolyte, and an improved 
cycling performance. Furtherly, Jiang et  al.[55] proposed Mn-
rich KxFeyMn1−y[Fe(CN)6]w·zH2O as hosts for K+-ion storage 
in 22  m KCF3SO3 electrolyte, in which Fe substitution could 
mitigate the phase transitions upon discharge, and the high-
concentration electrolyte could help decrease the dissolution 
of electrodes owing to the lack of free water. As a result, the 
cathode displayed capacity of 135 mAh g−1 at 0.5C, and superior 
cycling performance.

4.4. NiHCF

For NiHCF, there exists only one pair of voltage plateaus, 
attributing to the equilibrium voltage of the [Fe(CN)6]4−/
[Fe(CN)6]3− redox couple. Thus, it displays a reversible capacity 
of 65 mAh g−1 (in an organic Na+-containing electrolyte) and 
a good rate performance.[68] During cycling, the lattice param-
eters of NiHCF negligibly change (<1%), which guarantee an 
unrivalled cycling stability, and are of great importance for 
application of long-life rechargeable batteries. Ren et al.[86] acti-
vated the Na+ storage sites in NiHCF via controllable surface 
etching, which improved the discharge specific capacity up 
to 90 mAh g−1, and displayed an outstanding rate capability 
of 71.0 mAh g−1 at 44.4 C. besides, when acting as host mate-
rials in multivalent ion batteries, the capacity delivery can be 
reduced due to the sluggish diffusion kinetics of multivalent 
ions. For instance, the K1.51Ni[Fe(CN)6]0.954−(H2O)0.766

[87] and 
K0.02Ni1.45[Fe(CN)6]·2.6H2O[88] displayed lower capacities of 
48  and 46 mAh g−1 in 0.5 m Mg(ClO4)2 and 5 m Al(CF3SO3)3 
electrolytes, respectively.

4.5. Others

CuHCF, ZnHCF, and TiHCF have also been investigated 
as cathodes in batteries/super-capacitors. It is reported 
that the working potential of CuHCF is higher than that of 
NiHCF, while NiHCF presents much better cycling sta-
bility due to its poor crystallinity.[19] It is reported that 
KCu[Fe(CN)6][89] and Na2Cu0.6Ni0.4[Fe(CN)6][73] displayed 
60  and 62 mAh g−1 in aqueous NaClO4 electrolytes, respec-
tively. Besides, Cu[Fe(CN)6] ϒ0.37·3.4H2O[90] has also been 
investigated as cathode material for proton batteries, with a 
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high specific capacity of 95 mAh g−1 at 1C, as well as a high 
rate capacity of 49 mAh g−1 at 4000C.

Wu et  al.[91] reported the Zn2+-insertion in Zn3[Fe(CN)6]2 in 
30 m ZnCl2 “water-in-salt” electrolyte, which displayed a spe-
cific capacity of 95 mAh g−1 at 1C. Mai’s group[92] revealed a 
selective K+ insertion/extraction into/from CuHCF in a K+-Zn2+ 
hybrid aqueous electrolyte, which displayed a high capacity of 
79 mAh g−1 at 2C, and a superior rate capacity of 47 mAh g−1 
at 300C.

Xie et  al.[93] developed a new type of Prussian blue analog, 
Na0.66Ti[Fe(CN)6]0.92·ϒ0.08, in which two kinds of Na+ storage sites 
were provided by FeLS and TiHS ions, contributed to a high capacity 
of over 90 mAh g−1, with two pairs of clear charge/discharge pla-
teaus at 3.0 V/2.6 V and 3.4 V/3.2 V, respectively. This work broad-
ened the categories of transition metals in PBA frameworks.

5. Optimization Strategies for High-Performance 
PBA Cathodes
One of the most important limitations in the previously 
reported PBA cathode materials is the low capacity delivery, 
which constrained the specific energy and power densities of 
the full batteries. Access to achieve the full theoretical capacity 
was mainly limited by the following obstacles: i) in some 
PBA materials, only the C-coordinated Fe is electrochemically 
active, i.e., only half of the available A-sites were utilized for the 
capacity delivery; ii) the occurrence of [Fe(CN)6]3−/4− vacancies in 
PBA materials synthesized with a conventional co-precipitation 
method lowers the potential capacity that can be utilized; 
iii) water molecules bond to the N-coordinated transition metal 
ions around the [Fe(CN) 6]3−/4− vacancy not only decrease the 
specific capacity, but also deteriorate the cycling stability of elec-
trodes. To address these issues, researchers have proposed a 
series of optimization strategies to enhance the energy storage 
properties of PBAs, i.e., reducing crystal vacancies and water 
content during synthesis, metal-substitution, designing novel 
morphology, constructing PBA-based composite materials, as 
well as applying high-concentration electrolytes. In this chapter, 
the above optimization strategies are summarized, which we 
hope can provide relevant guidance for the future development 
and design of more advanced PBA materials.

5.1. Reducing Crystal Vacancies and Crystal Water

In the early stages of the study, researchers usually prepared the 
PBA materials using the simple hydrothermal or chemical pre-
cipitation reactions with transition metal salts and Fe[(CN)6]4− 
in aqueous electrolytes. These synthesis methods led to a lot of 
[Fe(CN)6]4− vacancies in lattice structures, due to the imperfect 
crystal growth process, and these vacancies could be occupied 
by the coordination water, resulting in the decrease in ion/
electron conductivities, as well as the occurrence of some side 
reactions. As a result, the obtained PBA electrodes could hardly 
reach their theoretical specific capacity, and the corresponding 
structural stability was severely deteriorated. Through tuning 
the synthesis method, an optimized crystal growth process 
could be achieved to obtain smaller content of crystal vacancies, 

and coordination waters,[94–96] and thus to enhance the capacity 
delivery of PBA electrodes.

Increasing the content of alkali metal ions in synthesis 
process and removing the interspace water by vacuum drying 
have been utilized to reduce the vacancies and coordinative 
water content in PBA materials. In 2015, Goodenough et al.[83] 
reported the removal of interspace water by vacuum drying to 
obtain a dehydrated Na2MnFe(CN)6. The crystal structures of 
the hydrated/dehydrated Na2−δMnHCF were detected and sim-
ulated by a combined analyses XRD and time-of-flight (TOF) 
neutron diffraction. Upon vacuum drying, the monoclinic 
hydrated Na2−δMnHCF (space group of P21/n, a  = 10.5864 Å, 
b  = 7.5325 Å, c  = 7.3406 Å, and β  = 92.119°) transformed to a 
rhombohedral dehydrated Na2−δMnHCF (space group = R3̅,  
a  = b  = 6.5800, c  = 18.9293 Å), as shown in Figure  6a,c. The 
interstitial H2O played a critical role on the electrochemical 
voltage profile of electrodes. When operated in 1 m NaClO4 
in 1:1 diethyl carbonate/ethylene carbonate electrolyte, Mn3+/
Mn2+-N and Fe3+/Fe2+-C redox reactions accounted for 
the two voltage plateaus in the hydrated Na2−δMnHCF electrode 
(Figure 6b), while they overlapped to form only one plat voltage 
plateau at ≈3.5 V (Figure 6d). The change of discharge platform 
for the dehydrated sample was mainly due to the removal of 
interstitial H2O, which induced a larger rotation of the (CN)− 
anion from the MnNCFe bond axis, shorted the Mn⋅⋅⋅Fe 
distance, lowered the volume of cell unit, as well as reduced 
the energy separation of Mn3+/Mn2+-N and Fe3+/Fe2+-C redox 
couples. Consequently, the dehydrated Na2−δMnHCF presented 
a flat charge and discharge platform with a reversible capacity 
of 150 mAh g−1 at 3.5 V in a sodium half-cell, and 140 mAh g−1 
with a hard-carbon anode.

Wu et  al.[97] reported that increasing NaI concentration in 
synthesis electrolyte could benefit to generate the low-defect 
Na1.33Fe[Fe(CN)6]0.82 nanoparticles, as a competent cathode 
material for Na+ storage. Benefiting from the suppressed lattice 
defects and well defined nanocubic morphology, the FeFe(CN)6 
electrode showed a greatly enhanced capacity (125 mAh g−1), a 
robust rate capability (102 mAh g−1 at rate of 20C), and an excel-
lent cycling stability (capacity retention of 83% over 500 cycles). 
Dou’s group[98] reported a Na-rich Na1+xFe[Fe(CN)6] as supe-
rior cathode material for sodium-ion batteries. The Na-rich 
Na1+xFe[Fe(CN)6] was synthesized using Na4Fe(CN)6 as pre-
cursor in solutions with different NaCl concentrations (PB-1, 
0 m; PB-3, 1.2 m; PB-5, 6.16 m), and their XRD Rietveld refine-
ment results (Figure 6e) indicated a clearly increased entrance 
of Na+ ions into the crystal lattice of Na1+xFe[Fe(CN)6] frame-
work, leading to an obvious increase of the lattice parameter a 
from 10.3028 Å (PB-1) to 10.3304 Å (PB-5). With more Na+-ion 
occupation in the PB framework, the amount of CN groups 
increased, and the amount of O atoms, which come from the 
coordinated water, decreased gradually from the PB-1 to the 
PB-5, suggesting a decreased content of [Fe(CN)6]4− vacancies 
and crystal water. Consequently, PB-5 electrode displayed a 
capacity of 103 mAh g−1 at the current density of 20  mA g−1, 
which is larger than that of the PB-1 (89.5 mAh g−1). PB-5 elec-
trode also showed excellent cycling stability (97% of capacity 
retention after 400 cycles) (Figure 6f).

Slowing down the crystallization rate has also been regarded 
as an effective way to reduce crystal defects. For a rapid 
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nucleation and growth process, the control of PBA particle 
size during synthesis process is difficult in aqueous solution. 
In 2015, Liu et  al.[99] prepared Na1.7FeFe(CN)6 as host for Na+ 
ion storage. With the sodium citrate as a chelating agent during 
synthesis, the crystallization rate slowed down successfully, 
and consequently improved the crystallinity of Na1.7FeFe(CN)6 
(Figure 7a,b). High-crystallinity was directly related to the lower 
water content and higher sodium content in the crystal. Fur-
therly, with higher crystallinity, the Na1.7FeFe(CN)6 showed 
highly reversible electrochemical reactions, with a high capacity 
delivery (120.7 mAh g−1 @ 200  mA g−1), and a high rate per-
formance (73.6 mAh g−1 @ 1200 mA g−1), as well as enhanced 
cycling performance in 1 m NaClO4 in PC/EC (v/v = 1:1) electro-
lyte (Figure 7c,d). Lower crystallization rate can also be achieved 
via changing the solvent from water to ethylene glycol, as well 
as using a low-temperature solvothermal method. In 2017, 
Wang’s group[78] prepared uniform K2Fe[Fe(CN)6] dehydrate 
nanocubes with an edge length of ≈200  nm using ethylene 
glycol based electrolyte. The obtained K2Fe[Fe(CN)6] nano-
cubes presented much smaller particle size than that synthe-
sized in aqueous electrolyte (Figure  7e,f). When applied as 
host material for K+ ion storage, the K2Fe[Fe(CN)6] electrode 
showed a high discharge capacity of 120  mAh g−1 (at current 
density of 200  mA g−1), and an excellent cycling stability with 
>85% capacity retention over 500 cycles at current of 21.4 C in 
0.5 m K2SO4 electrolyte (Figure  7g,h). In summary, the above 
methods, including annealing treatment, increasing salt con-
centration and applying chelating agent during synthesis, etc., 
is effective to synthesize the PBA materials with lower crystal 

vacancies and crystal waters. With reduced crystal defects, opti-
mized electrochemical performance can be achieved, due to the 
reduced side reactions, enhanced electronic/ionic conductivi-
ties, as well as the optimized redox reactions.

5.2. Metal-Substitution

Metal substitution control is a general method to tune the elec-
trochemical performance of electrodes.[100] For the most widely 
used PBA materials (AxM[Fe(CN)6]y·nH2O), there exist two 
type of transition metal ions in the lattice framework. When 
M is a transition metal such as Ni, Cu, Zn, N-coordinated M 
is electrochemically inert, and only C-coordinated Fe2+ can 
undergo redox conversion. Owing to the single active redox 
site (one-electron transfer Fe2+/Fe3+), this type of PBAs shows 
a low theoretical specific capacity (<70 mAh g−1), excellent elec-
trical conductivity, as well as good cycle stability and rate per-
formance. However, when M is Fe, Co, Mn, etc., there exists 
two types of redox reaction sites (two-electron transfer), i.e., 
Fe2+/Fe3+ and M2+/M3+, leading to higher capacity delivery 
(≈170 mAh g−1), but with poor cycle stability. For example, 
Wessells et  al.[28,27] reported that K0.6Ni1.2Fe(CN)6·3.6H2O and 
K0.71Cu[Fe(CN)6]0.72·3.7H2O electrodes showed a long lifespan 
(5000–40 000 cycles) as hosts for Na+ and K+ storage, but they 
exhibited a low capacity below 70 mAh g−1, while Su et  al.[78] 
reported that the K2FeFe(CN)6·2H2O offered a higher capacity 
of 120 mAh g−1, but with a low lifespan of about 500 cycles. 
To achieve both higher cycling stability and capacity delivery 

Figure 6.  Reducing crystal water and increasing alkaline cation contents to advance the electrode performance. a) crystal structure of hydrated 
Na2−δMnHCF and c) corresponding electrochemical profile; b) crystal structure of dehydrated Na2−δMnHCF and d) corresponding electrochemical 
profile; Reproduced with permission.[83] Copyright 2015, American Chemical Society; e) Lattice parameters changes of the Na1+xFe[Fe(CN)6] powders 
and the crystal structure of the Na1+xFe[Fe(CN)6] framework, f) Cycling performance of Na1+xFe[Fe(CN)6] electrodes. Reproduced with permission.[98] 
Copyright 2015, American Chemical Society.
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of KxM[Fe(CN)6]y·nH2O electrode, Hu et  al.[55] developed an 
Fe-substituted Mn-rich KxFeyMn1−y[Fe(CN)6]w·zH2O cathode 
for aqueous K+-ion batteries in 22 m KCF3SO3 (water in salt) 
electrolyte. The K1.98Mn[Fe(CN)6]0.94·0.57H2O (KMnHCF) 
and K1.85Mn0.33Fe0.67[Fe(CN)6]0.98·0.77H2O (KFeMnHCF-3565) 
were prepared to reveal the role of Fe-substitution. Comparing 
with KMnHCF electrode (capacity/voltage decay in 40 cycles, 
Figure 8a), the KFeMnHCF-3565 electrode exhibited nearly no 
capacity and/or voltage decay within the initial 40 cycles at 10C 
(Figure 8b). Comparing with KMnHCF electrode, not only the 
formation of trigonal phase at the end of the charging process 
was reduced (showing highly reversible phase transformation 
during cycle), but also the electronic and K+-ion conductivities 
was enhanced for KFeMnHCF-3565 electrode, as confirmed by 
DFT calculation results (smaller bad gap and diffusion activa-
tion energy after Fe substitution, Figure 8c,d). As a result, the 
KFeMnHCF-3565 electrode presented impressive performance 
of high capacity (135 mAh g−1 at 0.5 C and 94 mAh g−1 at 100 C), 
with a capacity retention of 90% over 10 000 cycles (Figure 8e).

Wang et  al.[76] investigated the effect of low-level Ni sub-
stitution on the electrochemical performance of Na-rich 
NaxFeFe(CN)6 (NaFeHCF) cathode. The NaFeHCF was syn-
thesized by a citrate-assisted controlled crystallization co-
precipitation method. The Ni substitution in NaFeHCF (without 
any change in the basic crystal structure) could not only stabi-
lize the crystal structure, but also enhance the intrinsic electric 
conductivity. Consequently, the NaNi0.23Fe0.77HCF delivered 
high discharge capacity of 105.9 mAh g−1 at 200  mA g−1 and 
73.1% capacity retention over 1000 cycles at 1000  mA g−1. 
Peng et  al.[75] furtherly investigated the electrochemical 
performance of a series of NixCo1−x[Fe(CN)6] PBA materials 

with different Ni/Co ratios. The electrochemical perfor-
mances of Na0.79Ni[Fe(CN)6]0.74 (LQ-NiFe), Na0.86Co[Fe(CN)6]0.73 
(LQ-CoFe), Na0.71Ni0.25Co0.75[Fe(CN)6]0.75 (LQ-NiCoFe), and 
Na1.68 Ni0.14Co0.86[Fe(CN)6]0.84 (HQ-NiCoFe) cathodes were 
compared (Figure 9a,b). Among all the electrodes, two pairs of 
well-defined and symmetric oxidation/redox peaks at 3.42/3.22 
and 3.86/3.73  V were observed for HQ-NiCoFe electrode, cor-
relating to two reversible Na+ insertion/extraction into/out of 
the structural framework (representing C-coordinated Fe2+/Fe3+ 
and N-coordinated Co2+/Co3+ redox reactions), while the oxida-
tion/redox peaks of Co2+/Co3+ of LQ-NiCoFe and LQ-CoFe are 
inconspicuous with large polarizations (showing low platform 
capacity). Thus, HQ-NiCoFe displayed the best rate perfor-
mance. Reversible phase transition mechanism (between cubic 
and monoclinic) was revealed for HQ-NiCoFe electrode upon 
Na+-ion extraction process (Figure  9c). The authors attributed 
the high reversibility of Na+ insertion/extraction in HQ-NiCoFe 
to the following two reasons: i) the excellent structural stability 
of HQ-NiCoFe framework is mainly due to the small lattice var-
iation (less than 3%) during cycle via introducing 0.14 Ni in per 
formula unit, ii) the fewer of the Fe(CN)6 vacancies and water 
molecules prevented the collapse and deterioration of HQ-
NiCoFe framework during cycle. Consequently, HQ-NiCoFe 
exhibited a high specific capacity of 145 mAh g−1 (1.68 electron 
transfer), and an impressive cycling stability (90% of capacity 
retention over 600 cycles at current of 5C, CE of 100%).

Li et  al.[85] also reported the Fe substitution in 
Na1.60Mn0.833Fe0.167[Fe(CN)6] (NaMnFe-HCF) to minimize the 
stress distortion by restraining Mn2+ dissolution and the trig-
onal-cubic phase transition (common issues in Mn-based PBAs). 
The pure Mn-based hexacyanoferrate (NaMn-HCF) showed the 

Figure 7.  Slowing down the crystallization rate during synthesis to achieve higher electrode performance. As prepared Na1.7FeFe(CN)6 particles a) without and 
b) with sodium citrate; comparison of c) rate performance and d) cycling performance of electrodes. Reproduced with permission.[99] Copyright 2015, Elsevier; 
The K2Fe[Fe(CN)6] particles synthesized in e) H2O and f) ethylene glycol based electrolytes; g) rate performance and h) cycling performance of K2Fe[Fe(CN)6] 
electrodes. Reproduced with permission.[98] Copyright 2016, Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2006970
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trigonal structure with a = b = 7.539 Å, c = 17.9193(1) Å in space 
group R-3 (Figure  10a), while the NaMnFe-HCF presented a 
face-centered-cubic (FCC) structure with the lattice parameters 

a  = b  = c  = 10.515(1) Å in space group Fm-3m (Figure  10b). 
The different crystal structures of NaMn-HCF and NaMnFe-
HCF are determined by the different locations of Na+ ions in 

Figure 8.  Fe-substituted Mn-rich KxFeyMn1−y[Fe(CN)6]w·zH2O cathode for enhanced cycling performance. Charge/discharge profiles of the a) KMnHCF 
and b) KFeMnHCF electrodes; c) Density of states for the KMnHCF and KFeMnHCF model structures; d) Migration energy barriers of the K+-ion diffu-
sion within the lattice of the KMnHCF and KFeMnHCF model structures; f) Rate capability and long-term cycling performance of the KFeMnHCF-3565 
electrode. Reproduced with permission.[55] Copyright 2019, Springer Nature.

Figure 9.  The comparison of a) CV curves and b) rate performances of Na0.79Ni[Fe(CN)6]0.74 (LQ-NiFe), Na0.86Co[Fe(CN)6]0.73 (LQ-CoFe), Na0.71Ni0.25
Co0.75[Fe(CN)6]0.75 (LQ-NiCoFe), and Na1.68 Ni0.14Co0.86[Fe(CN)6]0.84 (HQ-NiCoFe) cathodes; c) In situ XRD patterns of HQ-NiCoFe under cycling at a 
current density of 15 mA g−1. Reproduced with permission.[75] Copyright 2018, Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2006970
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the unit structures, i.e., Na+ ions in NaMn-HCF occupied the 
6c positions in the voids of the structure, and deviated toward 
Mn atoms of NaMn-HCF, while Na+ ions occupied 8c posi-
tions in the middle of the voids in NaMnFe-HCF. The result 
demonstrated that the trigonal structure of NaMn-HCF can be 
tuned to the cubic phase after the introduction of the second 
electrochemically active Fe. This Fe-substitution induced struc-
ture variation improved the thermal stability of Mn-based hexa-
cyanoferrate, i.e., the phase decomposition of NaMnFe-HCF 
(started from 270 °C) was higher than that of the NaMn-HCF 
(started from 230 °C), as shown in Figure 10c,d. High thermal 
stability of electrode materials are intimately related to the cor-
responding cycling stability.[101,102] The authors also revealed 
that both structures become more stable with higher Na and 
Mn contents, and the cubic NaMnFe-HCF presented lower 
energy variation (during cycle) than that of NaMn-HCF, as well 
as the lower volume change, which was responsible for higher 
electrode cycle stability (Figure 10e,f). As a result, the NaMnFe-
HCF electrode delivers high energy density (436 Wh kg−1) and 
excellent cycle life (80.2% capacity retention over 300 cycles) 
as host for Na+ storage. In summary, the enhancing effect of 
metal substitution in PBA materials is mainly attributed to a 
combination of optimized crystal structure, enhanced thermal 
stability, improved electronic/ionic conductivity, as well as the 
minimized lattice variation during cycle.

5.3. Constructing Concentration Gradient and 
Core–Shell Structure

In addition to the direct metal doping, the crystal structure 
of PBA materials can be further stabilized via constructing 

concentration gradient and/or core–shell structure. For 
instance, Hu et  al.[84] reported a NaxNiyMn1−yFe(CN)6·nH2O 
(g-NiMnHCF) material with a concentration gradient of Ni 
content increased gradually from the inside of the particle to 
the surface. Concentration-gradient particles were prepared 
via a facile and scalable co-precipitation process (Figure  11a), 
in which the Ni2+ solution was slowly pumped into the Mn2+ 
solution to obtain a mixture with increasing Ni2+ concentration, 
and the resultant mixture of Ni2+/Mn2+ was precisely pumped 
into a Na4Fe(CN)6 solution to form a precipitate under constant 
magnetic stirring. The obtained structure of g-NiMnHCF was 
special and strong enough to reduce the stress and cumulative 
damage during cycling, thus prevented the fractures observed 
in homogeneous NiMnHCF samples (Figure  11b–g), and thus 
improved the cycling performance. As a result, the g-NiMnHCF 
cathode displayed an improved electrochemical performance 
(high reversible specific capacity of 110 mAh g−1 at 0.2 C, out-
standing cycling stability with 93% retention after 1000 cycles at 
5 C) comparing the homogeneous NiMnHCF cathode.

Yin et al.[103] investigated the electrochemical performance of 
a highly crystallized core–shell Co/Ni hexacyanoferrate coated 
by Ni-HCF (CoNi-HCF@Ni-HCF), which was fabricated by 
using an in situ self-assembly method (Figure  12a). TEM fig-
ures identified that the Ni-HCF was uniformly coated on the 
surface of CoNi-HCF and forms a smooth shell with a thickness 
of 15  nm (Figure  12b). This specially designed structure sup-
presses lattice distortion and avoids side reactions during the 
Na+ insertion and extraction process. Through comparing the 
CV curves of CoNi-HCF and CoNi-HCF@Ni-HCF electrodes, 
the authors revealed that the oxidation peaks at 4.15  V was 
almost disappeared for CoNiHCF@Ni-HCF electrode, demon-
strating the suppressed side reaction in the electrode/electrolyte 

Figure 10.  Crystal structures of a) NMHFC and b) NMFHFC; structural evolution of c) NMHFC and d) NMFHFC during heating from 30 to 300 °C; 3D 
surface plot of total energy difference as a function of the Na ion occupancy percentage and the Mn atomic occupancy (Mn/Fe ratio) in the framework 
of e) cubic and f) trigonal structures, respectively. Reproduced with permission.[85] Copyright 2019, Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2006970
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Figure 11.  a) Schematics illustration of the preparation progress of the g-NiMnHCF; modulated von Mises stress (σvm) distribution in b) MnHCF and c) 
g-NiMnHCF during cycling; and d) comparison of modulated von Mises stress profiles of MnHCF and g-NiMnHCF; damage distribution of e) MnHCF 
and f) g-NiMnHCF materials after 10 cycles, respectively. g) Comparison of damage profiles of MnHCF and g-NiMnHCF after 10 cycles. Reproduced 
with permission.[84] Copyright 2020, American Chemical Society.

Figure 12.  a) Synthesis procedure and b) TEM morphology of CoNi-HCF@Ni-HCF core–shell nanocubes; charge/discharge voltage profiles  
of c) CoNi-HCF and d) CoNi-HCF@Ni-HCF; e) long-term cycling performance of 300  mA g−1. Reproduced with permission.[103] Copyright 2019, 
Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2006970
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interface at voltages higher than 4.0 V (Figure 12c,d). Although 
the reversible capacity delivery reduced slightly from 129.2 to 
104.3 mAh g−1 after coating, the CoNi-HCF@Ni-HCF elec-
trode shows better rate and cycle performance (Figure 12e). In 
summary, constructing concentration gradient and core–shell 
structures, the side reactions in electrode/electrolyte interface 
and the stress and cumulative damage during cycling can be 
effectively suppressed, as well as the enhanced electrochemical 
electrode performance.

5.4. Novel Morphology Design for Faster Ion Transport

In recent years, researchers also explored the morphology/
property relationship between the active materials morphology 
and corresponding electrochemical properties.[104] For PBA 
materials, the insufficient utilization of Fe2+/Fe3+ redox couple 
was an obstacle for practical usage. To activate the Na+ ion 
storage in Ni[Fe(CN)6], Ren et al.[86] reported a unique NiHCF 
nanoflower cathode using a surface etching approach (NiHCF-
etch), which included a co-precipitation synthesis of NiHCF 
cube, and subsequent alkaline corrosion process (Figure  13a). 
After etching, the BET surface area increased from 12.7 to 
38.0 m2 g−1, showing higher electrode/electrolyte interface 
for ion/charge transfer. NiHCF-etch electrode presented a 
much sharper redox peak comparing with that of the pristine 
NiHCF-cube, indicating that the NiHCF-etch electrode pre-
sented higher specific capacity as well as faster kinetics for Na+ 
insertion/extraction kinetics (Figure  13b). Figure  13c showed 

the solid-state diffusion process of Na+ in electrodes, comparing 
with the NiHCF-cube electrode that NiHCF-etch electrode pre-
sented a much shorter distance for Na+ ions diffusion to occupy 
all of the insertion sites, and larger proportion of the reaction 
sites in central area could be accessed. GITT was employed to 
analyze the solid-state diffusion kinetics of Na+, the calculated 
DGITT for the NiHCF-cube and NiHCF-etch were between 
10−10−10−11 and 10−9−10−10 cm2 s−1, respectively (Figure 13d). Due 
to the enhanced diffusion kinetics, the NiHCF-etch electrode 
exhibits an extremely high specific capacity of 90 mAh g−1, high 
rate capability of 71.0 mAh g−1 at 44.4 C, as well as excellent 
cycle life over 5000 times.

Hollow particles are an important class of materials with 
large internal cavities and thin shells, which present wide appli-
cations in energy storage fields. Hollow PBA materials can 
be obtained via a facile synthesis process.[105] Wei’s group[81] 
reported a universal MOF template strategy for fabricating 
hollow polyhedrons of cobalt hexacyanoferrate (CoHCF) as host 
material for Na+ storage in aqueous electrolyte. ZIF-67 is one of 
MOF materials assembled by linking the Co2+ and imidazolate, 
and Co2+ ions in the framework can easily disassociate in an 
aqueous solution and released Co2+ into electrolyte. These Co2+ 
ions can further coordinate with [Fe(CN)6]4− ions to form solid 
Co-HCF precipitates on the ZIF-67 surface. With gradual con-
sumption of the ZIF-67 cores, the Co-HCF hollow structures 
gradually formed (Figure  14a). Finally, Co-HCF hollow struc-
ture was obtained with rough external surfaces composing of 
numerous nanoparticles with shell thickness of 150  nm. The 
obtained hollow dodecahedrons possessed an ultra-high BET 

Figure 13.  a) Schematic diagrams and SEM images of the NiHCF products after different etching time; b) comparison of CV curves of NiHCF-cube and 
NiHCF-etch; c) Outside-in diffusion route of Na+ in NiHCF-cube and NiHCF-etch; d) The calculated diffusion coefficients versus state of discharge. 
Reproduced with permission.[86] Copyright 2017, American Chemical Society.

Adv. Funct. Mater. 2021, 31, 2006970
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specific surface area of 167 m g−1, which was of great benefit for 
rapid ion/charge transportation. Comparing with the normal 
Co-HCF cube, the hollow Co-HCF exhibited much higher rate 
and cycling performance (Figure 14b,c). Furtherly, authors also 
presented the excellent hybrid Na-ion cells (carbon anode, 
hollow CoHCF cathode) with high specific power of 30 kW kg−1, 
and superior cycling performance of over 3000 cycles. In sum-
mary, with simple etching approach and template strategy, we 
can synthesize PBA materials with novel morphologies, which 
provide higher electrode/electrolyte interface area for charge/
ion transfer, consequently, the enhanced diffusion kinetics of 
electrode (high power density) can be achieved, as well as the 
superior cycling performance.

5.5. PBA-Based Composite Materials

The utilization of composite material, which is composed with 
active materials and other materials (e.g., carbon based mate-
rials) via physical or chemical binding, brings unexpected 
electrode performances. In 2015, Yang et  al.[106] reported a 
reduced graphene oxide–PB composite as cathode for sodium-
ion batteries. The product was obtained via heat-treating the 
graphene oxide–PB composite (GOPC), which could release 
the coordinated water from PB framework through electron 
exchange between the cubic PB particles and graphene oxide 
(GO) (Figure  15a). After heat-treatment, the PB was clearly 
well covered by RGO, and the resulted secondary particles 
reached ≈7–10  µm, which is an ideal particle size for indus-
trial application (Figure  15b,c). This kind of composite mate-
rial improved the conductivity (e.g., electrode depolarization 
effect[107]), removed the coordination water in the PB, reduced 
the occurrence of side reactions, thus, the obtained RGOPC3 
electrode presented high rate performance and excel-
lent cycling stability (163.3 mAh g−1 at 30  mA g−1, capacity 

retention of 91.9% over 500 cycles at 200 mAh g−1), as shown 
in Figure 15d,e.

Surface coating has been regarded as one of the effective 
methods to enhance electrode performance.[108,109] Tang et al.[110] 
reported a Fe-HCF microcubes encapsulated by conductive 
polypyrrole (PPy) to form Fe-HCF@PPy composites. With 
PPy coating, the obtained Fe-HCF@PPy exhibited a rougher 
surface comparing with the pure Fe-HCF (Figure  16a,d). The 
electrochemical process of the electrodes was tested by CV 
curves (Figure 16b,e). The side reactions (oxidation peak beyond 
4.10  V in CV curves) of Fe-HCF disappear after PPy coating, 
indicating that PPy coating can restrain the side reactions 
between Fe-HCF and electrolyte. Comparing with Fe-HCF, 
the CV peaks of Fe-HCF@PPy-2 overlapped very well during 
scanning, indicating a more reversible redox reaction. Besides, 
the potential difference between the cathodic and anodic peaks 
for Fe-HCF@PPy-2 sample is smaller than that of Fe-HCF 
(220 mV vs 430 mV), indicating the reduced polarization due to 
the enhanced conductivity after PPy coating. SEM results also 
indicated the well preserved cubic morphology of Fe-HCF@
PPy, while the Fe-HCF was partially destroyed, demonstrating 
the enhanced structure stability (Figure  16c,f). Thus, PPy 
coating acted as an electronic conductor to enhance electrical 
conductivity and a protective layer to inhibit side reactions, 
making the material have excellent rate performance and cycle 
stability (75 mAh g−1 at 3000 mA g−1, and capacity retention of 
79% after 500 cycles at 200 mA g−1).

Introducing capacitive contribution can greatly enhance the 
electrode capacity delivery.[111] Lu et al.[112] reported (in 2017) the 
ZnHCF@MnO2 composite as cathode for aqueous Zn ion bat-
teries. In aqueous electrolyte, Zn2+ ions can adsorb on surface 
of 2D MnO2 nanosheets due to the electrostatic interaction, 
then the subsequent dropwise addition of K3Fe(CN)6 during the 
aging process resulted in the formation of the ZnHCF@MnO2 
composite (Figure  17a). TEM morphology of ZnHCF@MnO2 

Figure 14.  a) Schematic illustration of the formation mechanism of CoHCF hollow cubes; comparison of b) rate and c) cycling performance of CoHCF-
cube and CoHCF hollow cubes. Reproduced with permission.[81] Copyright 2019, Elsevier.

Adv. Funct. Mater. 2021, 31, 2006970
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composite was shown in Figure 17b. The charge storage mecha-
nism was adjusted by the combination of capacitive property of 
MnO2 and intercalative feature of ZnHCF, and few 2D MnO2 
nanosheets acted as a buffer layer to reduce diffusion con-
trolled limitations to achieve rapid Zn2+ ion storage together 
with sufficient redox reactions. As a result, the ZnHCF@MnO2 

composite exhibited much higher electrode performance than 
that of the ZnHCF and MnO2 (Figure  17c–e), with revers-
ible capacity of 118  mAh g−1 at 100  mA g−1 (75  mAh g−1 at 
1000 mA g−1) and has good cycling stability.

Zhang et  al.[82] reported the truncated CoHCF nanocubes 
threaded by carbon nanotubes (CoHCF-Cit/CNT) as cathode 

Figure 15.  a) schematic mechanism for the removal of coordinated water from RGOPC; SEM images of b) PB and c) RGOPC; comparison of d) cycling 
performance and e) rate performance. Reproduced with permission.[106] Copyright 2015, Royal Society of Chemistry.

Figure 16.  SEM image of pristine a) Fe-HCF and d) Fe-HCF@PPy; CV curves of b) Fe-HCF and e) Fe-HCF@PPy electrodes; SEM image of pristine 
c) Fe-HCF and f) Fe-HCF@PPy after cycling. Reproduced with permission.[110] Copyright 2016, Royal Society of Chemistry.

Adv. Funct. Mater. 2021, 31, 2006970
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in aqueous Na+/Zn2+ dual battery. A facile synthesis process 
was carried out with citrate and glycerol in the recipe to reduce 
the reaction rate and the growth rate of CoHCF, and the CNT 
was treated by concentrated H2SO4 and HNO3 before adding 
to the electrolyte. The crystal structure of HCF, morphology of 
Co-HCF and CoHCF-Cit/CNT are shown in Figure 18a–c. CNT 
not only effectively reduce the internal resistance of CoHCF 

particles, but also can obviously reduce the resistance between 
adjacent CoHCF particles, as a result, the electrochemical per-
formance of the CoHCF-Cit/CNT was significantly improved 
(Figure 18d,e), with a high capacity (107.2 mAh g−1 at 0.1 A g−1), 
a high rate performance (68.1 mAh g−1 at 5 A g−1), as well as a 
high cycling stability (capacity retention of 66.6%, over 500 cycle 
at 1A g−1). In summary, applying PBA-based materials is very 

Figure 17.  a) Schematic diagram for the fabrication procedures of the ZnHCF@MnO2 composite, and b) corresponding TEM morphology; comparison 
of c) capacity, d) rate, and e) cycling performance of ZnHCF, MnO2, and ZnHCF@MnO2. Reproduced with permission.[112] Copyright 2017, Royal Society 
of Chemistry.

Figure 18.  a) crystal simulation of CoHCF; SEM images of b) CoHCF and c) CoHCF-Cit/CNT, comparison of d) rate and e) cycling performance of 
CoHCF, CoHCF-Cit, CoHCF-Cit+CNT, and CoHCF-Cit/CNT. Reproduced with permission.[82] Copyright 2018, Elsevier.

Adv. Funct. Mater. 2021, 31, 2006970
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helpful in enhancing the electrode performance, including 
enhancing the reversibility of redox reactions, improving the 
conductivity, suppressing the side reactions, as well as intro-
ducing capacitive contributions to the capacity delivery.

5.6. Applying High-Concentration Electrolyte

The side reaction issue in aqueous electrolyte restricts the 
capacity delivery of PBA electrodes.[113] Due to the limited 
activated and utilized redox active sites (e.g., Fe2+/Fe3+, Co2+/
Co3+, etc.), the PBA-type cathodes usually suffered from 
ephemeral lifespan and inferior rate capability. Applying high-
concentration electrolyte provides a feasible solution for this 
issue.[114] Yang et al.[80] reported that the high-voltage scanning 
could be an efficient method to activate the C-coordinated Fe in 
FeHCF cathode in aqueous 21 m LiTFSI + 1 m Zn(TFSI)2 elec-
trolyte. The FeFe(CN)6 cube (Figure 19a) was prepared, and Zn-
FeHCF cells were assembled to test the cycling performance. 
When cycled in the range of (0.5, 1.9) V versus Zn/Zn2+, a 
rapid capacity loss of up to 58.9% in first 30 charge/discharge 
cycles was observed, while cycling in range of (0.1, 2.3) V, 
after an initial drop, the capacity started to steadily increase 
within 300 cycles (Figure 19b). This result indicated that high-
voltage scanning was beneficial to achieve better cycling per-
formance. CV curves showed that the cathodic peaks located 
at 0.75  V (CNFe3+/2+) decreases rapidly in 10 cycles, while 
the cathodic peaks located at 1.5  V (Fe3+/2+CN) increases 
gradually in 100 cycles (Figure  19c). The capacity contribu-
tion of voltage platform at 1.5 V rapidly increased in the initial 
50 cycles and finally contributed 78% of the whole capacity in 
the 300th cycle (Figure 19d), thus, the voltage platform at 1.5 V 
dominated the capacity delivery of FeHCF cathode after electro-
chemical activations. The high-voltage scanning induced activa-

tion resulted in an excellent cycling performance of 5000 (82% 
capacity retention) and 10  000 cycles (73% capacity retention, 
Figure  19e), as well as a superior rate capability (41 mAh g−1 
at ≈97C).

Nakamoto et  al.[115] also reported a high-voltage sodium-
ion battery (over 2 V)  using Na2MnFe(CN)6 as cathode, and 
KMnCr(CN)6 as anode in 17 m aqueous NaClO4 electro-
lyte. The highly concentrated electrolyte provided a 2.8  V 
electrochemical window, which enabled the practical usage of 
the Na2MnFe(CN)6/KMnCr(CN)6 battery. CV curves showed 
the almost reversible peaks of both Na2MnFe(CN)6 cathode 
(Fe2+/Fe3+, Mn2+/Mn3+) and KMnCr(CN)6 anode (Cr2+/Cr3+) 
(Figure  20a). The charge/discharge measurements of both 
cathode and anode also confirmed their reversible charge/
discharge behavior (Figure 20b). The obtained Na2MnFe(CN)6/
KMnCr(CN)6 battery showed a high voltage and high rate per-
formance, mainly due to the synthetic effect of open-framework 
electrodes and a highly concentrated but mobile aqueous 
electrolyte.

Wu et al.[91] reported a reverse dual-ion battery with a nano-
composite having ferrocene encapsulated inside a micropo-
rous carbon (Fc/C composite) as anode (ZnCl42− insertion), 
a Zn3[Fe(CN)6]2 as cathode (Zn2+ insertion) in 30 m ZnCl2 
“water-in-salt” electrolyte (Figure  21a). By applying high con-
centrated electrolyte, the dissolution of ferrocene in both Fc/C 
composite and Zn3[Fe(CN)6]2 was depressed, the ZnCl42− inser-
tion potential in Fc/C composite anode was depressed, and the 
cation-insertion potential in the Zn3[Fe(CN)6]2 cathode was also 
raised, thus widening the full cell voltage from 0.6 to 0.95  V 
(Figure  21b). Consequently, the full cell delivered a reversible 
capacity of ≈30 mAh g−1 based on the total active masses of 
both the Zn3[Fe(CN)6]2 cathode and the Fc/C anode and with 
an average voltage of ≈0.90 V (Figure 21c), which is obviously 
superior than that in dilute electrolytes. In summary, applying 

Figure 19.  a) XRD pattern and crystal structure of as-prepared FeHCF, b) cycling performance of Zn–FeHCF batteries operated at two different voltage 
windows, c) in situ CV curves recorded at 2 mV s−1, d) capacity contribution of two voltage platforms after various cycles, e) in-depth discharge/charge 
process up to 10 000 cycles at 3 A g−1. Reproduced with permission.[80] Copyright 2019, Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2006970
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high concentration electrolyte benefits a lot on improving elec-
trochemical window of electrolyte, raising the electrode oper-
ating potential, and activating the Fe2+/Fe3+-C redox reactions 
via high-voltage scanning.

6. Prospects on Future Research and Development 
of PBA Cathode Materials
In this section, we discuss some prospects on the future devel-
opment of PBA materials in energy storage/conversion fields. 
Aiming to achieve advanced electrochemistry, the prospects are 
focused on the possible applications of PBA electrodes in proton, 
ammonium-ion, and multivalent batteries, as well as the selection 
of anode materials and electrolytes for full battery applications. 
We believe that the following prospects will benefit significantly 
for the future research and development of PBA materials.

6.1. Application in Proton Batteries

Selecting proton as charge carrier ions inside the Faradaic elec-
trode can achieve an ultra-high rate performance,[116] which is 
vital for developing the next-generation batteries. Wu et  al.[90] 
reported a Grotthuss proton conduction mechanism in the 

hydrated PBA cathode, in which proton transfer took place by 
means of concerted cleavage and formation of OH bonds in 
a hydrogen-bonding network. In Cu[Fe(CN)6]0.63∙ϒ0.37∙3.4H2O 
(CuFe-TBA, Figure  22a), where ϒ presented the [Fe(CN)6] 
vacancies, the zeolitic water and ligand water in the vacancies 
formed a hydrogen-bonding “sphere”, and the vacancies exist 
on adjacent sites connected together to build a percolating 
hydrogen-bonding network, in which the Grotthuss topo-
chemistry could occur. Upon insertion, the protons inserted in 
CuFe-TBA could first bind with the lattice water molecules to 
form H3O+ (Figure 22b), after relaxation, this proton migrates 
to a zeolitic water site (Figure  22c), which suggested a lower 
energy of the zeolitic water site for proton binding. Thus, the 
proton “migrated” along a water chain via cooperative cleavage 
and reconnection of the covalent and hydrogen bonds. Under 
this Grotthuss mechanism, the CuFe-TBA cathode exhibited 
an ultrahigh rate performance at 4000 C (380 A g−1), and a long 
cycling life of 0.73 million cycles (Figure 22d,e). When storing 
Na+, K+ or NH4

+ ions, the CuFe-TBA cathode exhibited much 
poorer rate performance (Figure  22f), suggesting the inti-
mate correlation between the Grotthuss mechanism and high 
rate capability of proton storage in CuFe-TBA cathode. The 
PBA materials provide ideal model frameworks for investing 
proton storage mechanisms, which is of great importance for 
developing future high power-density energy storage devices. 

Figure 20.  a) CV curves of Na2Mn[Fe(CN)6] and KMn[Cr(CN)6] (colored lines) in 17 m NaClO4 aq. b) charge/discharge curves of Na2Mn[Fe(CN)6] and 
KMn[Cr(CN)6] half cells. Reproduced with permission.[115] Copyright 2018, Wiley-VCH.

Figure 21.  a) Schematic mechanism of the reverse dual-ion battery, b) CV curves of the Fc/C anode and Zn3[Fe(CN)6]2 cathode in ZnCl2 electrolytes, c) charge/
discharge profiles of the reverse dual-ion full battery at 1 C rate. Reproduced with permission.[91] Copyright 2019, American Chemical Society.

Adv. Funct. Mater. 2021, 31, 2006970
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Besides, this kind of proton insertion mechanism exists not 
only in the acidic electrolyte, but also in the mild aqueous 
electrolytes. The co-intercalation mechanism of H+ and mon-
ovalent/multivalent carrier ions, and corresponding electro-
chemical behaviors of PBA materials shall be further explored 
and developed.

6.2. Application in Ammonium Batteries

The intercalation chemistry of NH4
+ ions in PBA materials has 

also been disclosed in recent years. Cui’s group[117] first reported 
the NH4

+ intercalation in Cu-HCF and Ni-HCF comparing 
with Li+, Na+, and K+ intercalations. Ji’s group[118] reported 
an original “‘rocking-chair”’ NH4

+-ion battery comprising 
(NH4)1.47Ni[Fe(CN)6]0.88 as the cathode and 3,4,9,10-perylen
etetracarboxylic diimide (PTCDI) as anode. They also revealed 
that the NH4

+ intercalation/extraction in Berlin green was of 
nearly zero strain, thus resulting in enhanced cycling stability 
as compared with that of the Na+ and K+ intercalations.[119] 
Recently, Huang’s group also reported the NH4

+ intercalation 
in Na-FeHCF[120] and Cu-HCF,[121] they not only achieved excel-
lent cycling and rate performance via controlling morphologies 
and sizes of Na-FeHCF nanocubes, but also revealed the selec-
tive NH4

+ channel in CuHCF, which leads to high cell voltage 
(≈1.8 V) and outstanding rate performance of Zn2+/NH4

+ hybrid 
batteries. In consideration of the high abundance of NH4

+ on 
earth, further investigations shall be done to develop effec-
tive PBA cathode materials for NH4

+ storage, which is of great 
importance for the development of next-generation batteries.

PBA materials have also been regarded as promising hosts 
for reversible insertion/extraction of multivalent ions (e.g., 
Zn2+,[49] Mg2+,[38] Ca2+,[122] Al3+[123,124]), due to their 3D open 
framework with large interstitial sites for fast reaction kinetics. 
The robust 3D frameworks of PBAs are stable toward the inser-
tion/extraction of various multivalent ions, and the correlated 
applications in various kind of batteries could be illustrated as 
follows:

6.3. Application in Zn-Ion Batteries

Recently, the aqueous Zn-ion batteries has received exten-
sive attention.[49,125] Various kinds of PBA materials have 
been reported as hosts for Zn2+ storage, including ZnHCF,[43] 
CuHCF,[42] FeHCF,[126] NiHCF,[127] MnHCF,[128] etc. Ma et al.[74] 
reported the CoFe(CN)6 as host for Zn2+ storage, showing 
excellent electrode performance, which was a pioneering 
work for Zn-ion battery research field. The CoFe(CN)6 host 
was prepared via in situ extracting K ion from KCoFe(CN)6, 
leaving unoccupied interstitial sites for the potential insertion 
of Zn2+. Thus, a highly operational voltage plateau of 1.75  V 
(vs Zn/Zn2+), and a high capacity of 173.4 mAh g−1 at 0.3 A g−1 
was obtained, and Co2+/Co3+ and Fe2+/Fe3+ redox reaction 
couples accounted for the voltage and capacity delivery. Yang 
et al.[80] also reported the Li+/Zn2+ hybrid-insertion in FeHCF 
compound, in which low-spin Fe (FeCN bonds) redox reac-
tion was activated via high-voltage scanning in a highly con-
centrated electrolyte, resulting in a record-breaking cycling 
performance.

Figure 22.  a) Schematic structures CuFe-TBA, A hypothetical ligand hydronium in CuFe-TBA b) before and c) after relaxation, d) Galvanostatic charge/
discharge curves at various current rates, e) cycling performance of CuFe-TBA electrodes, f) the rate performance comparison of CuFe-TBA for different 
cation ions. Reproduced with permission.[90] Copyright 2019, Springer Nature.

Adv. Funct. Mater. 2021, 31, 2006970

 16163028, 2021, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202006970 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [08/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2006970  (20 of 25) © 2020 Wiley-VCH GmbH

6.4. Application in Ca-Ion Batteries

The large ionic radius of Ca2+ restricted its application as an 
intercalating ion for batteries. The Ca2+ ion present an ionic 
radius of ≈118 pm, and the hydrated Ca2+ ion in aqueous elec-
trolyte show a large radius of ≈428 pm, which is much larger 
than that of Li+, Na+, and K+ ions. Selecting suitable host mate-
rials is vital for efficient Ca2+ insertion/extraction. In 2015, 
Lipson et  al.[41] first reported the concept of reversible Ca2+ 
storage in Na1.1MnFe(CN)6 PBA material. Since then, more 
PBA materials were investigated as cathode in Ca-ion batteries, 
including K2BaFe(CN)6,[129] KxMFe(CN)6,[130] MFe(CN)6,[131] 
KxFeFe(CN)6,[132] etc. The bottleneck of PBA materials as Ca2+ 
ion hosts mainly lies in their poor electrochemical cycling sta-
bility, and low capacity delivery, thus, more works need to be 
done to optimize the electrochemical performance.

6.5. Application in Mg-Ion Batteries

Since Mizuno et  al.[37] first reported the Mg2+ ion insertion in 
K0.1Cu [Fe(CN)6]0.7·3.6H2O, the research on PBAs as hosts for 
Mg2+ ion was widely conducted. Especially, in recent years, PBA 
materials including K0.86Ni[Fe(CN)6]0.954,[87] Na1.4Ni1.3Fe(CN)6,[133] 
Na2Co[Fe(CN)6],[134] etc., have been investigated as cathodes in 
aqueous/non aqueous Mg-ion batteries. For instance, Marzak 
et  al.[134] systematically investigated the intercalation of Mg2+ 
ion into the electrodeposited Na2Ni[Fe(CN)6], Na2Co[Fe(CN)6], 
Na2VOx[Fe(CN)6], and NaIn[Fe(CN)6] cathodes, and found that 
the NaIn[Fe(CN)6] showed better stability upon repeated Mg2+ 
storage comparing with the other three systems. The authors 
also revealed that not only the solvation energy of the carrier 
ions, but also the electronic structure of the electrode materials 
depending on the nature of the transition metals determined 
the Mg-ion insertion electrochemistry in the PBA cathodes.

6.6. Application in Al-Ion Batteries

As a trivalent ion, Al3+ ion possesses the highest charge den-
sity, leading to high electrostatic interaction between the inter-
calated Al3+ and host frameworks, as well as poor diffusion 
kinetics. In 2015, Liu et  al.[39] first reported the reversible Al3+ 
insertion in a CuHCF cathode. Since then, more PBA mate-
rials are developed as cathodes for Al3+ storage, including 
K2CoFe(CN)6,[135] K0.02Ni1.45[Fe(CN)6],[88] K2CoFe(CN)6,[135] 
FeFe(CN)6,[79] etc. For instance, Zhou et al.[79] (in 2019) reported 
the electrochemical Al3+-ion storage in FeFe(CN)6 cathode using 
a 5 m Al(CF3SO3)3 “water-in-salt” electrolyte (Al-WISE). The Al-
WISE presented a wide electrochemical window (2.65  V) and 
suppressed the dissolution of FeHCF cathode, resulting in a 
high discharge capacity of 116 mAh g−1 and a superior cycle 
stability >100  cycles. However, the intercalation mechanism 
of Al3+ ions in PBA-based Al-ion cathodes is still elusive, and 
more works are warranted to decipher the exact mechanism, 
as well as to seek high-performance anode materials. Never-
theless, PBA materials have provided a standard open-frame-
work structure for investigating the insertion chemistry of 
multivalent ions. It is crucial to understand the underlying 

electrochemistry, which could pave the way for the exploration 
of more advanced PBA materials.

6.7. Screening Suitable Anode Materials and Electrolytes 
for Practical Applications

The selection of suitable cathode, anode, and electrolyte is 
the key to the successful usage of a full battery.[136–140] Table 1 
provides some previously reported PBA-based full batteries, 
including Na-ion, K-ion, Zn-ion, Mg-ion, and Al-ion full bat-
teries. There exist a lot of combinations of anode materials and 
electrolytes, taking the Na-ion batteries as example, the anode 
materials can be TiS2,[84] NaTi2(PO4)3,[75] Na foil,[85] FeHCF,[141] 
and KMn[Cr(CN)6],[115] etc., and the applied aqueous/non-
aqueous electrolytes are selected based on their electrochemical 
windows. For aqueous Zn-ion batteries, Zn-based anode is 
promising in future practical applications.[142] Considering the 
low-cost, high battery performance, and high safety, the aqueous 
batteries were believed to be promising in future energy storage 
fields, especially in large-scale energy storage field. We high-
light that the aqueous Na2Mn[Fe(CN)6] || KMn[Cr(CN)6],[115] and 
CoFe(CN)6  || Zn[74] cells are among the most promising next-
generation PBA-based full batteries. On the other hand, for 
the PBA-based full cells with Mg2+-ion, Ca2+-ion, and Al3+-ion 
insertion chemistry, there is still a long way to go for industrial 
application, mainly due to the lack of suitable anode materials.

6.8. Summaries and Prospects

Prussian blue analogues have been widely used in electrochem-
ical energy storage because of their low cost, stable open frame-
work, easy preparation, and non-toxicity. In this review, we 
have made summaries on crystal structures, electrode reactions 
mechanisms, optimization strategies for high-performance 
PBA materials, and have also reviewed some possible appli-
cations of advanced PBA materials as cathodes for proton, 
ammonium-ion, and multivalent-ion batteries. For future devel-
opment of PBA materials in energy storage/conversion fields, 
some prospects have been outlined as follows:

i)	 The intrinsic electrochemical performance of PBA materials 
is strongly affected by the crystal vacancies, which can in-
crease the structural water content, and consequently reduce 
the redox-active sites. Improving crystallinity is vital for de-
veloping high-performance PBA materials. We believe that 
skillful selection of complexing agents during synthesis pro-
cess is the most feasible way to optimize the crystallization 
of PBA materials,[75,143] especially in scale-up manufacture. 
Furthermore, the poor electrical conductivity of PBA materi-
als is another critical challenge for their commercialization. 
Mixing with various conductive carbon materials during syn-
thesis process is one of the effective methods to overcome 
this issue.

ii)	 The future energy storage devices call for the next-generation 
PBA materials with higher operating voltage, better rate per-
formance, higher cycling stability, as well as larger capacity 
delivery. Various optimization strategies will be adapted to 
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achieve this goal, including crystal vacancy reduction, metal-
substitution, concentration gradient or core–shell structure, 
novel morphology design, etc. Among these strategies, from 
our point of view, the metal-substitution provides a funda-
mental and atomic-level modulation of electrochemical prop-
erties of PBA electrodes. We emphasize that composition 
optimization of PBA materials through a high throughput ap-
proach can be a feasible way for selecting high-performance 
PBA materials.

iii)	It is reported that PBA materials show excellent electro-
chemical performance in aqueous batteries.[45] However, 
their energy storage mechanism is still under debate. In 
addition to the traditional intercalation/extraction of charge-
carrier ions, the co-intercalation/extraction of protons and 
metal ions is observed, especially in aqueous Zn-ion batter-
ies.[49] In our opinion, the participation of proton intercala-
tion in PBA materials can lead to better reaction kinetics, 
which is vital for achieving high power density of aqueous 
batteries. Therefore, more efforts shall be done on exploring 
the electrochemical behaviors of PBA materials in aqueous 
electrolytes.

iv)	For intercalation of multivalent ions in PBA-based elec-
trodes, the poor diffusion kinetics are mainly due to the large 
electrostatic interaction between multivalent ions and host 

frameworks.[144] It is reported that structural water can accel-
erate the diffusion of multivalent ions via charge shielding 
mechanism. However, as discussed above, the existence of 
structural H2O in PBA materials can promote crystal vacancy 
formation, leading to reduced electrode cycle lifespan. Thus, 
seeking a balance between the content of structural water and 
the length of cycle lifespan of PBA electrode materials is very 
important for the development of PBA-based hosts for multi-
valent ions storage.

v)	 Further explorations on more advanced synthesis methods 
are also necessary to achieve higher crystal stability, higher 
reversibility of redox reactions, better diffusion kinetics of 
carrier ions, higher ionic/electronic conductivity, improved 
electrode operating voltage, suppressed side reactions, as 
well as gaining more capacitive contributions to the electrode 
capacity delivery. This review provides a comprehensive un-
derstanding of PBA materials, and will serve as a guidance 
for future research and development of PBA materials in 
energy storage/conversion fields.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Table 1.  Summary of full cell performance (PBA cathode, anode, electrolyte, electrode performance).

Na-ion battery

Cathode Anode Electrolyte Electrode performance

g-Ni0.1Mn0.9HCF[84] TiS2 1 m NaPF6 in EC/DMC/FEC 112 mAh g−1 at 0.5 C

HQ-NiCoHCF[75] NaTi2(PO4)3 1 m NaClO4 in EC/DEC 125.6 mA h g−1 at 15 mA g−1

NaxMnFe(CN)6
[85] Na foil 1 m NaClO4 in EC/DEC 123 mAh g−1 at 10 mA g−1

CuHCF[141] FeHCF Aqueous NaNO3 electrolyte 50 mAh g−1 with average voltage of ≈0.70 V

Na2Mn[Fe(CN)6][115] KMn[Cr(CN)6] Aqueous 17 m NaClO4 ≈40 mAh g−1 with voltage of 1.7 V based on both cathode and anode

K-ion battery

Cathode Anode Electrolyte Electrode performance

K2FeFe(CN)6
[77] NaTi2(PO4)3 K2SO4/Na2SO4 mixed aqueous solutions 125 mAh g−1 at 0.5 C

Fe-substituted Mn-rich 
PBA[55]

Organic PTCDI anode 22 m KCF3SO3 63 mAh g−1 at 0.5 C (based on both cathode and anode),  
voltage of 1.27 V

Zn-ion battery

Cathode Anode Electrolyte Electrode performance

ZnHCF[43] Zn 0.5 m Na2SO4, 0.5 m K2SO4, 1 m ZnSO4 in H2O 65.4 mAh g−1 at 1C average operating voltage of ≈1.7 V.

CoFe(CN)6
[74] Zn 4 mol Zn(OTf)2 into 1 kg H2O 171.64 mAh g−1 at 0.2 A g−1, average voltage of 1.75 V.

FeHCF[80] Zn 21 m LiTFSI + 1 m Zn(TFSI)2 76 mAh g−1 at 1 A g−1, with average voltage of 1.5 V.

Mg-ion battery

Cathode Anode Electrolyte Electrode performance

Ni-HCF[133] Polyimide 1 m MgSO4 in H2O 38 mAh g−1 at a 0.2 A g−1 based on PBN/polyimide electrodes

K0.86Ni[Fe(CN)6]0.954
[87] activated carbon 0.5 m Mg(ClO4)2 in acetonitrile 48.3 mAh g−1 at a 0.2 C, average voltage at 2.99 V (vs Mg/Mg2+)

Al-ion battery

Cathode Anode Electrolyte Electrode performance

K0.02Ni1.45[Fe(CN)6][88] Al 5 m Al(OTf)3 in H2O 45 mAh g−1 at a 20 mA mg−1 based on K0.02Ni1.45[Fe(CN)6]

Al0.2CuFe–PBA[40] activated carbon Al(NO3)3 electrolyte 37 mAh g −1 at 1C with average voltage of 0.5 V
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