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Prussian blue analogues (PBAs) with open frameworks have drawn much attention in energy storage
fields due to their tridimensional ionic diffusion path, easy preparation, and low cost. This review sum-
marizes the recent progress of using PBAs and their derivatives as energy storage materials in alkali ions,
multi-valent ions, and metal-air batteries. The key factors to improve the electrochemical performance of
PBAs as cathode materials in rechargeable batteries were firstly discussed. Several approaches for perfor-
mance enhancement such as controlling the amounts of vacancies and coordinated water, optimizing
morphologies, and depositing carbon coating are described in details. Then, we highlighted the signifi-
cance of their diverse architectures and morphologies in anode materials for lithium/sodium ion batter-
ies. Finally, the applications of Prussian blue derivatives as catalysts in metal-air batteries are also
reviewed, providing insights into the origin of favorable morphologies and structures of catalyst for
the optimal performance.

� 2017 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

It is of great importance to develop green and sustainable
energy storage technologies under the background of excessive
depletion of non-renewable fossil fuel and the increasing concerns
about global warming. Among various energy storage systems
rechargeable lithium-ion batteries (LIBs) that can store electric
energy from sustainable resources by electrochemical redox reac-
tions have been most studied, primarily for their high gravimetric
capacity and long cycle life [1–7]. After the successful commercial-
ization of LIBs composed of a high-cost LiCoO2 as a cathode mate-
rial and graphite as an anode material in portable devices in the
early 1990s, intensive research has been focused on rechargeable
battery technology in order to commercialize it in stationary
energy storage and high power density applications such as hybrid
electric vehicles (HEVs) and electric vehicles (EVs) [3–5]. However,
significant reduction in the cost of LIBs is still required even for
mid-sized applications such as HEVs. Thanks to much higher abun-
dance of Fe than Co, LiFePO4 cathode that can be synthesized with
cheap raw materials and easy processing procedures have been
well studied in recent years [8,9]. However, the poor ionic diffusion
caused by the one-dimensional tunnel in LiFePO4’s olivine struc-
ture and low electric conductivity make the lithiation/delithiation
Elsevier B.V. and Science China Pr
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process too slow to be practically used in EVs and HEVs [10].
Therefore, it is highly desirable to develop advanced lithium hosts
with three-dimensional structures for improved Li+ diffusion/stor-
age. On the other hand, sodium and potassium ion batteries are
emerging rechargeable battery forms which have attracted consid-
erable attention due to the low costs and easy accessibility of
sodium and potassium [11,12]. Considering their larger ionic size
compared with that of Li (e.g., Na (1.02 Å) vs. Li (0.76 Å)), it is even
more crucial to search for a host with open framework, high charge
storage, and affordable cost for them.

Prussian blue (PB) is an ancient dye invented in the 18th cen-
tury and can be categorized into soluble PB (generally denoted as
KFe[Fe(CN)6]) and insoluble PB (denoted as Fe4[Fe(CN)6]3). It is
insoluble PB with a chemical formula of AxFe[Fe(CN)6]yh1–y�mH2O
(A: alkali metal; h: Fe(CN)6 vacancy; 0 < x < 2; 0 < y < 1) that has
been used as electrode materials in both aqueous and organic elec-
trolytes [13–16]. With different amount of alkali element, AxFe[Fe
(CN)6]yh1–y�mH2O can be expressed as Prussian green, Prussian
blue, Prussian white, etc. in previous reports [17,18]. Meanwhile,
the iron element can be substituted by other transition metals such
as manganese [19,20], cobalt [21,22], nickel [23,24], copper
[25–27] and zinc [27] without breaking the crystal structure
[28,29]. Those varieties make a series of materials with
similar chemical compositions and crystal structures to AxFe[Fe
(CN)6]yh1–y�mH2O which are collectively called Prussian blue
analogue (PBA) in this paper. In addition, the content of Fe(CN)6
ess. All rights reserved.
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vacancy, which generally stem from a rapid precipitation process,
is relevant to the amount of coordinated water. Fig. 1 shows the
typical face-centered-cubic (fcc) crystal structures of a defect-
free PBA (denoted as A2M[Fe(CN)6], M refers to transition metal)
and a PBA with 25% Fe(CN)6 vacancies (denoted as A2M[Fe
(CN)6]0.75h0.25�mH2O) [30]. The high-spin M(II) is octahedrally
coordinated with nitrogen in –CN– group while the low-spin Fe
(II) is connected to carbon [30,31]. When the Fe(CN)6 vacancy
exists, M(II) near the vacancy is prone to coordinate with water
molecules, which may lead to lattice distortion and thereby
adversely influence the guest cation storage. PBAs with three-
dimensional framework are sometimes considered as a kind of
MOF (metal organic framework) [32–37], and have large spaces
to host cation especially for larger alkali ion such as Na+ and K+.
When applied in rechargeable batteries, the large channels and
interstices in their open framework make PBAs a class of excellent
cathode materials with long cycle life and fast charge transfer
kinetics. The guest cations (Li+, Na+, K+) are found to be distributed
in the nanosized voids of the framework and can diffuse across the
cross-sections formed by transition metal and CN ligands. Specifi-
cally, compared with another open framework cathode material
Na3V2(PO4)3, PBA has a theoretical capacity up to 170 mAh g�1 cor-
responding to two sodium storage, which is higher than that of
Na3V2(PO4)3 (117 mAh g�1) [38]. On the other hand, porous or
hierarchical materials fabricated using PBAs as templates have
been also successfully employed as viable electrode materials for
lithium-ion storage [39–42] and metal-air batteries [43–45].
Owing to their low cost, intrinsic open framework and tunable
composition, PBAs and their derivatives have great potential to
be applied in electrochemical energy storage fields. In this paper,
we aim to describe the recent progress of the design and applica-
tions of PBAs and its derivatives in energy-related areas.

2. PBA as cathode materials for alkali ion batteries

2.1. Monovalent ion batteries

Lithium intercalation behavior of PB was first studied in an
aprotic media [46] and it shows a reversible potential associated
with the redox of iron at around 3 V (vs. Li/Li+). After that a valence
tautomeric PBA, i.e., AxMny[Fe(CN)6] (A = K, Rb), was investigated
for the correlations between the type of alkali element and Li+

insertion/deinsertion behaviors [47]. It was found that in AxMnII
y[-

FeIII(CN)6]�nH2O, K or Rb in A sites tended to stabilize the Fe-CN-
Mn framework via strong electron delocalization effect and a
stable lithium storage was thus obtained. Generally, the vacancy
Fig. 1. (Color online) Crystal structure illustrations of (a) a defect-free PBA (A2M[Fe(CN)6
reproduced with permission from Ref. [30] (Copyright 2016 American Chemistry Societ
and the associated H2O are unfavorable to the capacity of recharge-
able batteries due to the distorted structure and the hindered ion
transfer. As vacancies have great impact on the capacity of PBAs,
a vacancy-suppressed PBA framework, MnIII[MnIII(CN)6], was
obtained by electrochemical extraction of potassium in a defect-
free K2Mn[Mn(CN)6] precursor [48]. In the charge/discharge range
of 2.0–4.3 V, the obtained K1.72Mn[Mn(CN)6]0.93h0.07�0.65H2O (h
refers to [Mn(CN)6]4� vacancies) shows a high lithium storage
capacity of 197 mAh g�1, which corresponds to 1.91 lithium inser-
tion per PBA molecule and the energy density per cathode weight
is calculated to be 620 Wh kg�1. Unfortunately, the capacity
decreases more than 35% after only 10 cycles at a current density
of 30 mA g�1. This poor cycling performance is speculated to be
originated from the broken of bridging Mn-CN-Mn bonds during
the lattice expansion/shrinkage processes which gives rise to pos-
sible side reactions. It indicates that the crystal and electronic
structure of PBA, which can be adjusted by doping or substitution,
are closely related to the cycling capabilities of PBA cathodes. In
2013, trimetallic PBA (K0.1(Mn0.5Cu0.5)[Fe(CN)6]0.7�4H2O) nanopar-
ticles were applied as cathode materials for Li-ion batteries and
revealed a relatively high cycle life of up to 50 cycles with a capac-
ity retention of 75% [49]. The partial substitution of Cu with M sig-
nificantly suppresses the phase separation induced by over-
lithiation and shows better rate performance and stability than
bimetallic K0.1Cu[Fe(CN)6]0.7�3.6H2O. As the relatively low electric
conductivity is also an important factor that restrict the practical
usage of PBs/PBAs, conducting polymer has been employed to
improve the electric conductivity of PB via an in-situ polymeriza-
tion coating method [50]. In this system, Li3Fe(CN)6 acts as not only
the precursor of PB synthesis but also the initiator of pyrrole poly-
merization. The resulting LiFeIIIFeII(CN)6-Ppy-PSS (PSS = poly(-
sodium 4-styrenesulfonate)), which was added to act as both a
surfactant and a dopant during the synthesis) composite cathode
exhibits superior cycling stability relative to the bare PB in LIB
testing.

A cost-effective alternative for LIBs is sodium ion batteries
(SIBs) due to the abundance of sodium relative to lithium. Testing
in organic electrolyte, PBAs have the potential to store two Na+

which corresponds to a capacity of 170 mAh g�1. However, many
PBAs only exhibit limited sodium storage and the capacities
degrade rapidly [51,52]. This limitation is believed to be associated
with Fe(CN)6 vacancies and coordinated water molecules induced
during the synthesis, leading to the collapse of cyano-bridged
framework and hindering the transportation of Na+ [30,53–55].
Thus, it is of great importance to eliminating the defects and con-
trolling the coordinated water content. You et al. [53] proposed a
] and (b) a PBA with 25% vacancies (A2M[Fe(CN)6]0.75h0.25�mH2O) [30]. Adapted and
y).
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high quality PB (Na0.61Fe[Fe(CN)6]0.94h0.06, denoted as HQ-NaFe)
with few amounts of vacancies in acid condition using Na4Fe
(CN)6 as the single iron-source precursor. With the assistance of
proton, Fe2+ was slowly released from [Fe(CN)6]4� polyanion and
subsequently oxidized to Fe3+ which reacted with the remaining
[Fe(CN)6]4� to form HQ-NaFe. This preparation method opens a
new way to synthesis PBAs. Vacancy and water content in the
resulting HQ-NaFe are 6% and 15.7 wt%, respectively, which are
much lower than that of low quality PB (Na0.13Fe[Fe
(CN)6]0.68h0.32, denoted as LQ-NaFe) prepared by a conventional
precipitation method (32% and 20.7 wt% respectively). This low-
defect and water-controlled PB exhibits a high specific capacity
of 170 mAh g�1 by realizing a two-electron reaction, which is as
high as the theoretical capacity of PB (Fig. 2a). With lower polariza-
tion between the charge and discharge voltage plateau, HQ-NaFe
with fewer vacancies exhibits superior rate capability to that of
LQ-NaFe (Fig. 2b). This excellent performance is attributed to the
lower charge transfer resistance and higher sodium diffusion coef-
ficient in HQ-NaFe. Coordinated water can be further eliminated by
electron exchange between graphene oxide and PB [55]. With the
decreasing of crystal water content in the graphene oxide modified
PB microcubes, the length of plateau in 3.4 V (vs. Li/Li+) associated
with the oxidation of N-ended Fe (II) in Fe-CN-Fe lattice framework
increases from 20 to 60 mAh g�1 (Fig. 2c). This observation indi-
cates that lower coordinated water content makes a higher oxida-
tive degree of N-ended Fe(II) in charging process and thus
obviously increases the capacity of PB. Low-defect PBA nanocrys-
tals can also be synthesized by a citrate-assisted precipitation
method [30]. It can be seen that both citrate-assisted and the blank
Fig. 2. (Color online) (a) Galvanostatic discharge/charge voltage profiles of HQ-NaFe [5
charge-discharge profiles of PB with different water contents between 2.0 and 4.0 V at 3
and defect-suppressed PBA (red line) [30]. Adapted and reproduced with permission fro
Royal Society of Chemistry), and Ref. [30] (Copyright 2016 American Chemistry Society)
Na2CoFe(CN)6 electrodes exhibit two distinguish discharge pla-
teaus at 3.8 and 3.2 V (Fig. 2d), corresponding to the redox reac-
tions of Fe(II) and Co(II) atoms, respectively. However, the
citrate-assisted PBA shows a higher capacity (60 mAh g�1) at
3.8 V plateau than that of the blank PBA (28 mAh g�1). This differ-
ence in discharge capacity is mainly due to the higher utilization of
Fe atoms in citrate-assisted Na2CoFe(CN)6 which is closely related
to reduced Fe(CN)6 vacancies in the PB lattice due to the enriched
Na in the case of citrate-assisted sample.

As a cathode material for sodium-ion battery, PBAs with a
higher sodium content is regarded to be close to practical use
[18,56–61]. As nickel(II) and cobalt(II) ions have a relatively higher
antioxidative stability than iron(II) in co-precipitation process, it
may be easier for nickel(II) or cobalt(II) hexacyanoferrate (HCF)
to form a sodium-rich PB according to the charge balance. Yu
et al. [61] studied the correlations between sodium contents and
substitution quantities of nickel in the sodium iron-nickel hexa-
cyanoferrate (FeNiHCF). The formula of the as-prepared PBAs were
determined as Na0.39Fe0.77Ni0.23[Fe(CN)6]0.79�3.45H2O, Na0.324Fe-
[Fe(CN)6]0.79�4.63H2O and Na1.014Ni[Fe(CN)6]0.818�3.53H2O, respec-
tively. It is obvious that the nickel-containing PBAs have higher
sodium content and, less defect and water contents than nickel-
free PB. When cycling between 2.0 and 4.0 V (vs. Na/Na+) at a cur-
rent density of 10 mA g�1 the nickel-incorporating PBA shows a
capacity retention of 96% after 100 cycles, which is higher than that
of nickel-free sample (FeHCF, below 94%). What’s more, a higher
capacity contribution (48 mAh g�1) of Fe2+/Fe3+ redox couple
(3.4 V) in NiFeHCF was achieved compared to that of FeHCF
(24 mAh g�1). Some antioxidative agents such as ascorbic acid
3]. (b) Rate capability of HQ-NaFe and LQ-NaFe [53]. (c) The second galvanostatic
0 mA g�1 [55]. (d) Comparison of charge/discharge profiles of blank PBA (black ling)
m Ref. [53] (Copyright 2014 Royal Society of Chemistry), Ref. [55] (Copyright 2016
.
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and citrate can be also used to prepare sodium-rich PBs. Liu and
coworkers [58] prepared a sodium-rich PB nanocubes by a facile
solution precipitation method at room temperature. FeCl2�4H2O,
Na4Fe(CN)6�10H2O and sodium citrate are employed as the starting
materials and the sodium content in PB can be adjusted by adding
different amount of sodium citrate during the synthesis. The
obtained Na-rich Na1.70Fe[Fe(CN)6] shows a capacity as high as
120.7 mAh g�1 at 200 mA g�1 and an initial coulombic efficiency
of 78.3%. When cycling at 1200 mA g�1, the Na-rich PB still main-
tains a capacity up to 73.6 mAh g�1. Similarly, sodium-rich sample
NaFe(1.63) with a chemical formula of Na1.63FeFe0.89(CN)6 was
synthesized with the assistance of reducing agent (ascorbic acid)
in an inert atmosphere (N2) [59]. With the scaling up of sodium
content, the coulombic efficiency of the first cycle increases grad-
ually. The obtained sodium-rich PB exhibits a discharge capacity
of 150 mAh g�1, an excellent cycling performance (90% capacity
retention after 200 cycles) and an impressive coulombic efficiency
(�100%) as a cathode material of SIB. Inspired by the experimental
implications of sodium-rich PBAs, a potassium-rich Prussian
White, with a formula of K2–xFe2(CN)6�yH2O, was synthesized in
comparison with a sodium-containing Prussian White (Na2–xFe2(-
CN)6�yH2O) [18]. It was found that the sodium insertion/deinser-
tion potential in K2–xFe2(CN)6�yH2O is 0.3 V higher than that in
Na2–xFe2(CN)6�yH2O. With a bigger radius, the potassium ion in
K2–xFe2(CN)6�yH2O stabilizes the framework structure and raises
the electrochemical potential of the molecule, resulting in a higher
energy density and a more stable cycling performance.

Although the PBAs have open frameworks, introducing extra
porosity into the framework of PBAs will further enhance their per-
formance by providing larger channels for facile Na+ transportation
and decreasing diffusion path length, thereby reducing the sluggish
solid-state diffusion. Several methods have been used to prepare
PBAs with mesoporous morphologies [62–65]. A macro/meso-
porous NiHCF was synthesized by a template-free solution method
in DMF/H2O mixed solvent [62]. The macro/mesopores are formed
by nanoparticle aggregations and subsequent transformation of
interconnected voids to stacked pores. When extending the reac-
tion time from 2 to 72 h, the pore size of NiHCF changes from
around 15 nm to more than 45 nm while the Brunauer-Emmett-
Teller (BET) surface area decreases from 299 to 93 m2 g�1. Fig. 3a
displays the TEM image of NiHCF obtained after 72 h reaction.
Although the capacity of these NiHCF samples are relatively low
(less than 70 mAh g�1), the obtained porous/hierarchical structure
appears to have positive effect on their rate capabilities. This impli-
cation is also confirmed by Zhang et al. [65], which provides a con-
trollable organic-addictive-free etching method to synthesize PBA
nanoframes. As shown in Fig. 3b, c, after soaking in acid, the PBA
cubes (Fig. 3b) transfers to PBA nanoframes (Fig. 3c) because of
the time-dependent preferential etching of proton which breaks
down coordination bonds between metal and ligands. With easier
access to electrolyte, PBA nanoframes exhibit superior rate capac-
ity and cycling stability to the solid PB cubes (Fig. 3d). Recently,
porous Fe4[Fe(CN)6]3 sub-micron cubes were reported as a cathode
material for SIB [63]. A precipitation method was first used to make
solid PB cubes and then the cubes were subject to a PVP-assisted
chemical corrosion reaction in acid aqueous solution to obtain por-
ous PB cubes. Fig. 3e illustrates the possible evolution process of
material preparation. The porosity is originated from the proton
etching of the pristine solid cubes and PVP plays an important role
in creating the porosity. In SIB testing, the rate capability of porous
PB cubes is much better than that of the solid ones. The capacity of
porous PB cubes has a similar capacity with solid ones at low cur-
rent density (50 mA g�1), while at higher current density
(400 mA g�1) the capacity of porous PB cubes is around
75 mAh g�1, which is much higher than that of solid counterparts
(c.a. 30 mAh g�1).
The insufficient cycling life is another remaining problem of PBs
as cathode materials for sodium-ion battery working in organic
electrolyte, especially in low temperature. Carbon nanomaterials
such as carbon textiles, carbon black, reduced grapheme oxide
(rGO), and carbon nanotube (CNT) with the advantage of low cost,
easy preparation, and high electronic conductivity may solve the
problems originated from the structural imperfection and low
conductivity of PBs by providing a high conductive scaffold and
preventing the undesirable exfoliation of active materials
[55,66–69]. Flexible Fe[Fe(CN)6]/carbon cloth composites are
synthesized by an in-situ precipitation strategy and utilized as a
binder free host for sodium ion insertion [66]. Fig. 4a displays
the SEM image of the Fe[Fe(CN)6]/carbon textiles. The carbon fibers
keep the ordered woven structure of the carbon cloth after the
crystal growth of Fe[Fe(CN)6], but exhibit a rougher surface as
compared to that of the pure carbon cloth. With the help of the
intimate connected carbon matrix, the flexible electrode displays
a long term cycling life with 81.2% capacity retention over 1000
cycles. PB/C composite was prepared by dispersing Ketjen black
in acidic solution of Na4Fe(CN)6�10H2O and a subsequent heating
treatment [68]. PB cubes decomposing from Na4Fe(CN)6 were
formed on Ketjen black particles. After working at a current density
of 2000 mA g�1 for 2000 charge/discharge cycles, the PB/C can still
maintain 90% of its original capacity (Fig. 4b). This excellent stabil-
ity should be attributed to the fact that small size and intimate
contact of the PB cubes with the carbon matrix assure both a short-
ened Na-ion diffusion length and fast electron transfer within the
electrode. First-principle calculations suggest that the PB/C with
low defect content has a higher electrochemical activity should
be due to the carbon-ended Fe(II) (the low spin Fe) and thus has
a higher capacity in contrast to the bare PB. In order to improve
the electrochemical performance of PB at low temperature, CNTs
were imposed to cross link with PB and a conductive network
was formed [69]. The addition of CNTs doesnot change the mor-
phology and chemical structure of cubic-shaped PB. In fact, they
embed into the PB cubes and linked monodisperse PB cubes
together (Fig. 4c). By this way the contact resistance between PB
particles is significantly alleviated and rate capacity as well as
the low temperature performance are greatly improved (Fig. 4d).
Even the working temperature is as low as �25 �C, the PB/CNT
cathode can deliver a discharge capacity of 142 mAh g�1, which
corresponds to an output specific energy density of 408 Wh kg�1

and a 86% capacity retention after 1000 cycles at 2.4 C.
When switching organic electrolytes to aqueous ones, the

capacity of a SIB would typically decrease due to the relatively nar-
row electrochemical window of aqueous solution. However, aque-
ous SIBs have the advantages of low cost and inherent safety, and
thus are particularly suitable for large-scale energy-storage appli-
cations. Therefore, it is also beneficial to choose PBAs with open
framework as sodium hosts in aqueous sodium-ion battery. Early
works on sodium intercalation in PBAs are usually based on thin
electrodeposited films with thicknesses of approximately 100 nm,
which is too thin for practical use. Cui and coworkers [70,71]
reported a series of nanoparticulate materials with the PB structure
(such as CuHCF, NiHCF and Cu0.56Ni0.44HCF) and studied their elec-
trochemical performance in aqueous electrolyte. In 1 mol L�1

NaNO3 aqueous electrolyte the average discharge potential of the
PBAs changes from 0.75 V (vs. saturated calomel electrode, SCE)
of NiHCF to 0.92 V of CuHCF [71] (Fig. 5a) which should be ascribed
to the higher redox potential of Cu(II)/Cu(III) than Ni(II)/Ni(III). In
spite of their relatively low capacity (around 56 mAh g�1), NiHCF
and Cu0.56Ni0.44HCF have good cycling stability and show no capac-
ity degradation after 2000 cycles at 500 mA g�1 (Fig. 5b). In order
to break the capacity limitation of previously studied PBAs in aque-
ous electrolyte (about 60 mAh g�1), vanadium HCF was proposed
as a novel cathode material for aqueous rechargeable battery



Fig. 3. (Color online) (a) TEM image of porous NiHCF obtained after 72 h reaction [62]. (b) TEM of NiFe(II) PBA cubes [65]. (c) TEM of NiFe(II) PBA nanoframes [65]. (d) Rate
performance of PBA cube and PBA nanoframe as cathodes for SIBs [65]. (e) Schematic illustration of the synthesis process of porous PB submicron cubes and the role of PVP
[63]. Adapted and reproduced with permission from Ref. [62] (Copyright 2014 Wiley-VCH), Ref. [65] (Copyright 2016 Wiley-VCH), and Ref. [63] (Copyright 2016 American
Chemistry Society).
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[72]. The V/Fe PBAs were synthesized by a co-precipitation method
in acid environment with VCl2 and Na4Fe(CN)6�10H2O as starting
materials. The V/Fe PBAs delivered a high discharge capacity of c.
a. 90 mAh g�1 (Fig. 5c) in the range of 0.4–1.2 V (vs. Ag/AgCl) under
a current density of 55 mA g�1 (around 1.2 C) and exhibited high
recycling efficiency, which was greatly enhanced compared to that
of Cu/Fe and Ni/Fe PBAs. Such great improvement may be attribu-
ted to 3D network of hydrogen bonding and the larger lattice
parameter resulted from the introduction of vanadium, which
leads to a faster diffusion kinetics and lower activation energy
for charge transfer process. Recently, vacancy-free Na2CoFe(CN)6
nanocubes was synthesized by a controlled crystallization reaction
with the assistance of a structure-directing agent (sodium citrate)
[73]. The synergistic effect of Fe2+/Fe3+ (0.9 V) and Co2+/Co3+ (0.4 V)
redox couples brings about a remarkable high reversible capacity
of 130 mAh g�1 (Fig. 5d) in the potential range of 0–1.1 V (vs. Ag/
AgCl). This result implies that in aqueous electrolyte the
Co2+/Co3+ couple may be favorable to capacity enhancement
among the transition metal redox couples of PBAs.

2.2. Multivalent ion batteries

Multivalent ion (such as Mg, Ca, Al) battery is considered to
potentially surpass LIB and can be employed as the next generation



Fig. 4. (Color online) (a) Cycling performance of PB/C at a current density of 2000 mA g�1 (20 C) [68]. (b) SEM images of the Fe[Fe(CN)6]/carbon textiles [66]. (c, d) SEM images
of the PB/CNT with different magnification [69]. (e) Rate capabilities of the PB/CNT working at different temperatures [69]. Adapted and reproduced with permission from Ref.
[66] (Copyright 2015 Royal Society of Chemistry), Ref. [69] (Copyright 2016 Wiley-VCH), and Ref. [59] (Copyright 2016 Wiley-VCH).
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energy storage system. However, the insertion/deinsertion of mul-
tivalent ions in host frameworks has proved to be difficult because
of the increased electrostatic interaction between multivalent pos-
itive ions and negative atoms. The increased charge concentration
would lead to sluggish kinetics of charge transfer and poor cycla-
bility. Thanks to large tunnels and open frameworks for ion trans-
port, PBAs have the priority to serve as cathode materials for those
multivalent ion batteries and have been intensively studied in
recent years [25,74–83]. The insertion behaviors of alkali earth
metal cations (Mg2+, Ca2+, Sr2+, Ba2+) in a nanoscale NiHCF elec-
trode in aqueous solution have been systematically investigated
by Wang et al. [74]. Their study implies that the NiHCF can indeed
react with divalent ions reversibly to perform considerable cycling
numbers. Later the same group reported the reversible insertion of
several trivalent ions such as Y3+, Nd3+, Ce3+, La3+, Sm3+ into nano-
sized CuHCF [75]. This study demonstrates that unlike previous
studies of sodium storage behavior [53–55] in PB, the Fe(CN)6
defects and coordinated water have positive effects on the inser-
tion/deinsertion kinetics of multivalent ions to some extent. The
defect provides the cation diffusion path and the coordinated
water is able to reduce the electrostatic repulsion which in turn
decreases the activation energy of interfacial charge transfer in
charge/discharge cycles. Zinc ion secondary battery with a metallic
zinc as anode and a nanostructured PBA as cathode was studied by
Liu et al. [76]. The cell exhibits a well-defined discharge voltage
plateau of around 1.1 V with a specific capacity of about
120 mAh g�1 at a current of 10 mA g�1. Recently, a sodium contain-
ing PB (Na0.69Fe2(CN)6) was synthesized as a high-voltage cathode
material for magnesium batteries with 1 mol L�1 Mg(TFSI)2/AN as
electrolyte [77]. It is found that the Na0.69Fe2(CN)6 shows reversi-
ble intercalation/deintercalation of Mg2+ while Mg2+ cannot be
intercalated in Na-free Fe2(CN)6, indicating Na+ in Na0.69Fe2(CN)6
plays a crucial role in stabilizing Mg2+. In Mg ion battery testing,
Na0.69Fe2(CN)6 delivers reversible capacity of approximately



Fig. 5. (Color online) (a) Potential profiles of CuHCF, NiHCF, and CuNiHCF during galvanostatic cycling in 1 mol L�1 NaNO3 [71]. (b) Cycling data of CuHCF, NiHCF, and
CuNiHCF at 500 mA g�1 [71]. (c) Potential profiles of the cathodes synthesized by co-precipitation (with HCl), evolving over 250 cycles (potential range: 0.45–1.15 V vs Ag/
AgCl, charge/discharge current density: 110 mA g�1) [72]. (d) Charge/discharge profiles of Na2CoFe(CN)6 in aqueous media at a current density of 130 mA g�1 [73]. Adapted
and reproduced with permission from Ref. [71] (Copyright 2012 American Chemistry Society), Ref. [72] (Copyright 2016 Wiley-VCH), and Ref. [73] (Copyright 2015 Wiley-
VCH).
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70 mAh g�1 at 3.0 V (vs Mg/Mg2+) and shows stable cycle perfor-
mance over 35 cycles. Besides, Tohru Shiga’s group [78] observed
the first electrochemical insertion of Ca2+ into PBA, MnFe(CN)6, in
nonaqueous solutions of Ca(CF3SO3)2 and various solvents includ-
ing ionic liquid at 60 �C. The cell delivers an initial discharge capac-
ity of about 70 mAh g�1 while it decreases rapidly within 20 cycles.
Despite those reports on PBAs as multivalent ion hosts, their
obtained capacity is still limited (no more than 100 mAh g�1) until
now and further improvement in the cycling stability is required.
For the latter one, electing a suitable electrolyte may be a key fac-
tor. Overall, the applications of PBA in multivalent ion batteries
with nonaqueous electrolyte is a promising area but still requires
further research.

In order to better understand the progress of using PBAs in
energy storage area, a table summarizing the performance of PBAs
as cathode materials for secondary ion batteries in recent publica-
tions is presented in Table 1.
3. PBA and PBA derivatives as anode materials for
lithium/sodium ion batteries

PBAs with open frameworks and rich active sites can be also
employed as anode materials for lithium/sodium ion batteries.
Several works have been done to explore the lithium storage
behaviors of PB as an anode material in LIBs [42,84,85]. Co3[Co
(CN)6]2 and Mn3[Co(CN)6]2 were synthesized by a surfactant-
assisted precipitation method and directly used as anode materials
for LIBs [42]. The reversible capacities of Co3[Co(CN)6]2�nH2O at
20 mA g�1 are measured to be 294.2 mAh g�1 and the average
working potential is about 1.5 V (vs. Li/Li+). Similar results were
obtained by a potassium-containing PB which has a reversible
capacity up to 450 mAh g�1 at 8.75 mA g�1 [84].

Limited by the relatively low capacity of PB, transition metal
oxides derived from different structured PBs as the self-template
were intensively studied [34–36,39–41,86–94]. Co3O4 nanocages
were synthesized by simply annealing as-synthesized Co3[Co
(CN)6]2 in air at 400–600 �C [86,87]. Kirkendall effect in the calci-
nation leads to the porous and hierarchical structure of the
obtained Co3O4. Similar approach has also been used to synthesize
porous Fe2O3 nanocubes [35], ZnCo2O4 microsphere [93], porous
ZnO/ZnFe2O4 composite [94] and other bimetallic oxides
[36,39,89]. Zhang and coworkers [40] produced hierarchical
Fe2O3 microboxes by controlling the sintering temperature of PB.
When the annealing temperature was 650 �C, hierarchical micro-
boxes constructed of Fe2O3 nanoplatelets were produced. Surface
treatments of PB precursors by hetero-atoms before calcination
in air can lead to a hollow or hierarchical multi-component metal
oxides [34,41,88,92] because of the enhanced Kirkendall effect. A
general and simple approach for large-scale synthesis of porous
hollow spinel AFe2O4 (A = Zn, Ni, Co) nanoarchitectures via PB
self-sacrificial template strategy is proposed by Yu et al. [34]. Dur-
ing the calcination process the absorbed hetero cations such as
Zn2+, Ni2+, Co2+ react with oxygen to form a shell of AFe2O4 while
Fe atoms in the inner PB diffuse outward by the concentration gra-
dient which eventually leads to a hollow AFe2O4. The hollow



Table 1
Representative performance of secondary ion batteries using PBAs as cathodes.

Samples Rate capacity Capacity retention Ion Refs.

K0.1(Mn0.5Cu0.5)[Fe(CN)6]0.7h0.3 nanoparticles 94 mAh g�1 at 30 mA g�1

38 mAh g�1 at 1000 mA g�1
74.5% after 50 cycles (30 mA g�1) Li+ [49]

LiFeFe(CN)6-Ppy-PSS hybrid 120 mAh g�1 at 20 mA g�1

50 mAh g�1 at 373.6 mA g�1
>80% after 200 cycles (20 mA g�1) Li+ [50]

Na2CoFe(CN)6 nanocrystals 148 mAh g�1 at 20 mA g�1

60 mAh g�1 at 500 mA g�1
90% after 200 cycles (100 mA g�1) Na+ [31]

Na0.61Fe[Fe(CN)6]0.94 cubes 170 mAh g�1 at 25 mA g�1

70 mAh g�1 at 600 mA g�1
98% after 150 cycles (25 mA g�1) Na+ [53]

FeFe(CN)6/carbon cloth 80 mAh g�1 at 24 mA g�1

58 mAh g�1 at 1200 mA g�1
75% after 200 cycles (60 mA g�1)
81.2% after 1000 cycles (120 mA g�1)

Na+ [66]

Na0.647Fe[Fe(CN)6]0.93 2.6H2O@C 130 mAh g�1 at 50 mA g�1

77.5 mAh g�1 at 9000 mA g�1
90% after 2000 cycles (2000 mA g�1) Na+ [68]

Prussian blue/CNT 167 mAh g�1 at 0.1 C
125 mAh g�1 at 6 C

86% after 1000 cycles (2.4 C) Na+ [69]

K0.220Fe[Fe(CN)6]0.805h0.195�4.01H2O nanoparticles 65 mAh g�1 at 100 mA g�1

50 mAh g�1 at 400 mA g�1
86.5% after 150 cycles (200 mA g�1) K+ [12]

K0.03Cu[Fe(CN)6]0.65�2.6H2O nanoparticles 65 mAh g�1 at 0.2 C
55 mAh g�1 at 10 C

80% after 2000 cycles (5 C) Pb2+ [75]

Fig. 6. (Color online) (a) FESEM image of the porous NiFe2O4 hollow cubes [34]. (b) TEM images of the porous NiFe2O4 hollow cubes [34]. (c) TEM image of the nano-hollow g-
Fe2O3@graphene [90]. (d) Magnification of the selected region in (c) (scale bar = 10 nm) [90]. Adapted and reproduced with permission from Ref. [34] (Copyright 2015
American Chemistry Society), and Ref. [90] (Copyright 2015 Royal Society of Chemistry).
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morphology of NiFe2O4 is shown in Fig. 6a and b. The hollow NiFe2-
O4 exhibited high specific capacities of 841 and 447 mAh g�1 after
100 cycles when it was tested at current densities of 1.0 and
5.0 A g�1, respectively.

In order to improve the low electrical conductivity of metal oxi-
des, nitrogen-doped carbon coated hollow Fe3O4 nanocages were
synthesized using polydopamine as carbon and nitrogen source
[91]. The N-doped carbon coated Fe3O4 nanocages reveal much
improved cycling stability compared to that of pristine sample.
RGO is also used to increase the conductivity of PBAs [90]. Core@-
shell hollow Fe2O3@graphene hybrid was produced through a Kirk-
endall process and the in-situ generated graphene is closely coated
on the surface of Fe2O3 with a thickness of ca. 3 nm (Fig. 6c and d).
It demonstrates a high reversible capacity of 1095, 833, and
551 mAh g�1 at the current rates of 0.1, 1, and 2 C after 100 cycles,
respectively. The excellent capacity should be ascribed to numer-
ous active sites originated from PB and closely contacted graphene
layers.
4. Prussian blue derivatives as catalysts for metal-air battery

Thanks to its high energy density and efficiency, metal-air bat-
teries especially lithium-air [43,95–98] and zinc-air [28,44,45,99]
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batteries have been considered as alternative promising energy
storage devices. PBAs with a controlled structure have been used
as a self-template to synthesize porous metal oxides [35,39] as cat-
alysts of metal-air batteries. Mn3[Co(CN)6]2�9H2O nanoboxes were
etched by NaOH solution to form hollow Mn3O4 nanoboxes which
were further oxidized to d-MnO2 [43]. The obtained hollow d-MnO2

nanoboxes with hierarchical surface (Fig. 7a) and high surface area
of 249.3 m2 g�1 was demonstrated as cathode catalyst for Li-O2

battery. The high intrinsic catalytic activity induced by the unique
morphology of d-MnO2 nanoboxes gives rise to high capacity and
reduced overpotential in Li-O2 battery testing compared to that
of pure carbon (Fig. 7b). A MnxCo3�xO4/N-Ketjenblack composite
composed of a porous manganese cobalt oxide and a nitrogen-
doped carbon was prepared by low temperature (400 �C) thermal
decomposition of Mn3[Co(CN)6]2�nH2O and gelatin-coated Ketjen-
black and shows a high catalytic activity (comparable to Pt/C) for
oxygen reduction reaction (ORR) in alkaline media [44]. The pyri-
dinic and pyrrolic N species in N-doped Ketjenblack are derived
from the thermal decomposition of PBAs and behave as the active
sites in ORR process [100–102]. The porous spinel oxides derived
from PBAs and N species have a synergistic effect on ORR catalysis
and show higher ORR activity than physical mixture of bare Mnx-
Co3�xO4 and Ketjenblack, which are commonly observed in
nanocomposites of metal nanoparticles and N-doped grapheme
[103,104]. When used in a zinc-air single cell, MnxCo3�xO4/N-
Ketjenblack cell has lower polarization at high current density
Fig. 7. (Color online) (a) TEM image of hierarchical porous d-MnO2 nanoboxes [43]. (b) F
nanoboxes and bare VX-72 carbon electrodes at 0.08 mA cm�2 [43]. (c) Current density-v
electrodes and that of a bare air electrode in Zn-air batteries [44]. (d) Discharge profiles
circuit voltage (OCV), 25, 100, 200, and 300 mA cm�2, and recovery to OCV) [44]. Adapte
Chemistry) and Ref. [44] (Copyright 2016 Wiley-VCH).
(>200 mA cm�2) than the cell catalyzed by Pt/C. The power density
of MnxCo3�xO4/N-Ketjenblack cell at 0.8 V is 16% higher than that
of Pt/C (Fig. 7c and d).

5. Conclusion and perspective

This review highlights the recent progress in the applications of
PBAs as electrodes for mono/multivalent ion batteries and metal-
air batteries. The low cost, easy preparation, unique open frame-
work, and tunable composition/structure make PBAs suitable as
cation hosts especially for large cations like sodium and potassium.
In order to take PBAs into practical use, further improvements of
PBAs’ rate capability and cycling life are essential and it requires
substantial enhancement of both ionic and electronic conductivity
of PBAs. As for ionic diffusion, lithium intercalation is relatively
easy in PBAs while for sodium or potassium it is more sluggish
because of generally existed defects and coordinated water which
hinder the sodium/potassium diffusion. By well-controlled crystal-
lization processes, the vacancies and water contents in PBAs can be
substantially decreased and thereby improving the capacity and
cyclability of LIB and SIB. For multivalent cations, not only the
increased size but also the increased electrostatic interaction that
adversely impact on cation diffusion. In this case, increasing the
amount of vacancies and coordinated water could alleviate the
electrostatic force and benefit cation transport and storage. On
the other hand, a meso/macroporous morphology can also provide
irst discharge-charge curves of Li-O2 batteries with the hierarchical porous d-MnO2

oltage (J-V) profiles of the Pt/C and porous MnxCo3�xO4/N-Ketjenblack catalyzed air
of the Zn-air batteries from low current densities to high current densities (open-
d and reproduced with permission from Ref. [43] (Copyright 2015 Royal Society of
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an easy access to electrolyte and accelerate the diffusion of cations.
The low electric conductivity of PBA which drags down its electro-
chemical performance can be significantly improved by mixing or
coating conductive carbons such as graphene, carbon nanotube,
and carbon black. Moreover, the facile preparation process and
composition diversity of PBAs (almost all of the first row transition
metal can be incorporated into the open framework of PBA) can be
fully utilized by those who want to design a multi-component
metal oxide as catalysts for metal-air batteries. With all these
points in mind, it is believed that the fundamental studies on
PBA materials will enable the development of the practical PBA
electrode materials that are highly efficient for electrochemical
energy storages.
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