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Prussian blue analogues as aqueous Zn-ion batteries
electrodes: Current challenges and future
perspectives
Giorgia Zampardi and Fabio La Mantia
Abstract
The urgency of integrating renewable energy sources in the
power grid has pushed the development of aqueous metal-ion
batteries because of their low cost, nontoxicity, high safety, and
environmentally friendliness. Among the variety of aqueous
metal-ion batteries that are currently under development,
aqueous Zn-ion batteries (A-ZIBs) have recently gained a
great attention because of their high specific energy and high
reversibility in aqueous solutions, together with the low cost
and high abundancy of the zinc. In this article, the authors
intend to present an overview of the Prussian blue
analogue materials, which are among the most promising
materials for positive electrodes in A-ZIBs because of their
easier synthesis route, reversible ion-insertion, high safety, and
low toxicity, highlighting their strength points and open
challenges.
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Introduction
To meet the energy needs that are nowadays required

by our society, technologies employing renewable
energy sources, such as wind and sun are under devel-
opment and optimization [1e6]. In the majority of the
cases, an accumulation step is required before letting
the harvested electrical energy into the power grid,
often through the employment of batteries [4,7e9]. For
this reason, batteries for large-scale stationary applica-
tions are under current development [7]. Such batte-
ries do not need stringent requirements in terms of

energy- and power-density; however, they need to
be environmentally friendly, safe, and cost-effective.
Therefore, battery systems operating in an aqueous
environment are to be preferred over the organic-based
ones. Researchers are currently developing aqueous
metal-ion batteries that are based on monovalent (Liþ,
Naþ, Kþ) and divalent (Zn2þ, Mg2þ, etc.) cations.
Among these, aqueous Zn-ion batteries (A-ZIBs) have
recently gained a great attention because of their high
specific power and high reversibility in aqueous solu-
tions, together with the low cost and high abundancy of

the zinc [10e12].

The negative electrode of an A-ZIB is usually consti-
tuted of metallic Zn as foil [13], as deposit on a sub-
strate [14], or as a Zn-powder containing composite
electrode [15e17]. At the negative electrode, Zn2þ ions
are electrodeposited and dissolved during the cycling of
the battery. The electrodeposition reaction may occur
not homogeneously, thus leading to the formation of
metallic zinc dendrites, which may grow through the
separator, short-circuiting the electrodes. Despite the

dendrite formation is a major issue that needs further
optimization when the Zn electrodeposition occurs in
alkaline media, it is almost negligible in neutral and
slightly acidic solutions [18]. Moreover, the use of high
surface area and nanostructured Zn-based electrodes
can help reducing the dendrite formation on Zn-
deposition [8,19,20]. The major limitation that needs
to be overcome on the Zn negative electrode side is the
hydrogen evolution reaction taking place at the poten-
tials where Zn is electrodeposited, leading to a lower
cycling efficiency, a reduced calendar life of the battery,

and higher safety hazard related to the overpressure
built inside the ZIB [15,17]. For this reason, electro-
lytes having acidic pH should be avoided, since they
promote the formation of H2 [21,22]. Recently, re-
searchers have been using additives in solution [15], as
well as solid-state additives within the electrode itself
[23], to slow down the hydrogen evolution at the
Zn-based electrodes.
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Despite the challenges related to the negative elec-
trode, what hinders the commercialization of A-ZIBs is
finding a suitable, cheap, and environmentally friendly
Zn2þ insertion material having high capacity and
stability during cycling [15,23]. Different classes of
materials are currently under investigation as potential
positive electrodes for A-ZIBs, such as manganese
oxides [24e27], vanadium oxides and vanadium

oxide derivatives [10,11,28e30], and Prussian blue
analogues (PBAs) [12,31e33]. A-ZIBs based on man-
ganese oxide were shown to reach a good cycle life [24e
26]. However, these electrodes suffer from an intrinsi-
cally low ionic and electronic conductivity, a relatively
low reversibility, and a sharp initial capacity fading in
aqueous solutions [24e27]. Vanadium-based electrodes
have been shown to reach promising capacities and cycle
life, especially at high current rates [10,11,28e30].
However, vanadium-based compounds have usually a
low operating potential [10,11,28e30], leading to low

energy density of the final battery and, in some cases,
they are supposed to insert Hþ together with Zn2þ in
their structure, lowering the Coulombic efficiency
[28,30]. Moreover, they may be toxic and environmen-
tally unfriendly, and they require nonstraightforward
synthesis procedures to obtain the desired stoichiom-
etry and crystallographic structure [10,11,28e30].

In this article, the authors will focus on PBAs that are
currently under development as positive electrodes in
Figure 1

Structure and optimization strategies of Prussian blue analogues. (a) Schemat
to the Prussian blue analogues (PBAs); (b) schematic representation of the pa
PBAs.
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ZIBs, highlighting their strength points and open chal-
lenges (Figure 1).
Prussian blue analogues
The main reasons hindering the commercialization of
A-ZIBs are related to their low energy and power density
and, most importantly, short cycle life and costs still too
high for these storage systems to be competitive with
lithium-ion batteries for stationary applications. These
disadvantages are strongly related to the active material
at the positive electrode. Manganese oxideebased
A-ZIBs are characterized by low costs but short cycle life
and low power densities. On the other side, vanadium-

based A-ZIBs show long cycle life, high energy density
but high costs, low environmentally friendliness, and
difficulties in the industrial scale-up of the material’s
synthesis.

As we will discuss in this section, PBAs, despite not
standing out in terms of cycle life or energy density,
show an excellent compromise in terms of average cycle
life, extremely low costs, and excellent power density,
together with an intrinsic easy synthesis route that can
be easily scaled up at an industrial level. All these

characteristics make PBAs a realistic option as positive
electrode materials for commercializing A-ZIBs.

Hexacyanometallates, often referred to as PBAs,
are materials constituted by an open framework
ic representation of the crystal structure of the class of materials belonging
rameters to optimize to commercialize aqueous Zn-ion batteries based on



face-centered cubic lattice, having an fm3m space
group. The nominal formula of this class of materials
can be written as:

AxM½MðCNÞ6�1�ygy,wH2O

where, A is the alkaline cation, M and M0 the transition

metals coordinated octahedrally to the nitrogen atoms and

the carbon atoms of the cyanide group, respectively, and g

the hexacyanometallate complex vacancy (the primer

defect of such crystallographic structure) [34]. As sche-

matically represented in Figure 1a, each unit cell consists

of eight subunits (i.e. interstitial sites/subcells) that are

able to accommodate neutral species and/or cations.

PBA crystal structures are characterized by large intersti-

tial sites, often called ‘A sites’, and large channels in the

100 directions, which are responsible for the high solid

diffusion coefficient (10�9 to 10�8 cm2 s�1) and ionic

conductivity of this class of materials [34e38]. As a

consequence, different PBAs having different transition

metals in their lattice can reversibly (de-)insert a variety

of monovalent (e.g. Naþ, Liþ, Kþ, etc.), divalent (e.g.

Zn2þ, Mg2þ, Ca2þ, etc.), and trivalent cations (e.g. Al3þ)
[34,35,37e46]. PBAs can accommodate two types of water

molecules within their structure as well: (1) zeolitic water,

in the octahedral center of the subcells and (2) water

coordinated with the M transition metal [42,47]. In

particular, it has been suggested that zeolitic water may

facilitate the ion insertion process within PBAs through

shielding the charge of the inserted ion, thus reducing the

electrostatic forces between the inserted ion and the host

material [42,47].

In the last decade, PBAs have attracted a great attention
as promising electrode materials for metal-ion battery
applications because they offer the following advantages
[34e38,46,48e50]:

� Easy and inexpensive synthesis procedure
� High specific capacity for the reversible insertion of a
variety of metallic ions

� High ionic conduction within their crystal structure
� Electrochemical properties that can be tuned through
the variation of the material composition

� Minimal volume changes during the ion (de-)inser-
tion process

� High safety and nontoxicity
� Environmental friendliness
Different materials belonging to the PBA family are
promising candidates mainly as positive electrodes in a
variety of metal-ion battery applications: from organic-
based Na-, K-, and Zn-ion to aqueous Li-, Na-, K-, Zn-,
Mg-, Al-, Ca-ion batteries [34e38,44e46]. In the
following sections, the authors will focus their atten-
tion on PBAs that are most promising for A-ZIB
applications.
3

Iron Hexacyanoferrate—Prussian blue
Prussian blue (PB), i.e. iron(III) hexacyanoferrate (II)
(HCF), is the predecessor of the hexacyanometallates
family, being used since more than a century as a
pigment for paints and even as a remedy against a variety
of heavy metal poisoning [16,51]. Considering the
highly reversible insertion kinetics of Kþ ions from
aqueous-based solutions at room temperature, PB-based
electrodes are under development as insertion materials
for K-ion batteries [44,45]. Recently, PB has been pro-
posed as insertion material for the positive electrodes in

ZIBs as well [16,31,52]. In 2016 Zhen et al. demon-
strated that highly crystalline PB nanocubes (c.a.
150 nm) underwent a reversible Znþ2 (de-)insertion,
with a capacity of c.a. 120 mAh g�1 [31]. As solution the
authors employed a mixture of choline acetate ionic
liquid and water (70 : 30 %vol.), containing zinc acetate
as salt. Being choline acetate a biodegradable derivate of
vitamin B4, the electrolyte employed was nontoxic, and
it allowed a good Coulombic efficiency of the PB-based
electrode at 0.1C, in flooded half-cell tests [31]. Later,
the same authors built a prototype battery constituted

of PB nanocubes and metallic zinc, using the same
electrolytic solution [16]. With its nominal voltage of
1.6 V and a capacity of c.a. 54 mAh g�1, the battery was
able to power a digital clock (Figure 2). Despite the
proposed ionic liquid fulfils the requirement of
nontoxicity and allows a reversible Znþ2 (de-)insertion
within the PB, the system needs to be further optimized
to reduce the rapid capacity fading observed with
increasing current density, due to Znþ2 diffusion limi-
tations in the electrolyte [16,31].

Moreover, PB-based electrodes have been recently pro-
posed as a promising alternative for the positive elec-
trodes in hybrid aqueous Na-ion/A-ZIB [52]. Due to the
structural stability of the PB electrode, half-cell mea-
surements reported a good capacity of c.a. 75 mAh g�1,
and a good cycle life [52].

Zinc hexacyanoferrate
Zinc hexacyanoferrate (ZnHCF) can be employed as an
insertion material for Kþ, Naþ, and Zn2þ-based batte-
ries [53,54]. It has been shown that the discharge ca-
pacity and the electrochemical cycling of the material
in Zn-containing aqueous electrolytes are strongly

influenced by the particles’ morphology. Namely,
cuboctahedral particles show a higher discharge capac-
ity of c.a. 70 mAh g�1, compared to truncated octahe-
dral and octahedral ones [32]. It has been suggested
that in the case of the cuboctahedral particles there
may be a better diffusion of the Zn2þ ions probably
correlated to the shape and orientation of the surface of
the ZnHCF particles [32]. Different particle shapes
and morphologies can be obtained with the coprecipi-
tation method (Figure 3), through controlling some
synthesis parameters such as the dropping speed

[32,53] and the reactants concentration [32,53,55].



Figure 2

Prussian blue/zinc coin cell. (a), (b) Photographs of the freshly prepared Zn/PBA button cell and its application in a digital clock; (c) voltage profile
during discharging at a current density of 0.1 mA cm−2; (d) galvanostatic charge and discharge curves of the cell between +1.8 and + 0.5 V at a current
density of 0.1 mA cm−2; (e) Coulombic efficiency of the cell; and (f) self-discharge test by measuring the potential and specific capacity of the cell over 8
weeks. Reprinted from Ref. [16], copyright (2017), with permission from Springer.
Moreover, SEM analysis suggested that also the
removal of the coordinated water through thermal
treatment can lead to a modification of the material
structure from cubic to rhombohedral, causing a change
in the NeZneN bond angle [32]. In this case, the
electrochemical properties of the resulting rhombohe-
dral ZnHCF were less appealing than the ones of the
material having a cubic structure [32,53]. Recently, a
full cell was built having a positive electrode consti-
tuted of rhombohedral ZnHCF particles and a Zn-ion
4

insertion material based on molybdenum as a negative
electrode, delivering an overall discharge capacity of
c.a. 60 mAh g�1, and a full cell voltage of c.a. 1.4 V [56].
Even though it has to be considered that the ZnHCF
needs further optimization to reach higher energy
density and especially cycle life, and that an insertion
material based on molybdenum is not advised for A-
ZIBs due to its high cost, this proof-of-concept
demonstrated the feasibility of aqueous rocking-chair
ZIBs.



Figure 3

Different ZnHCF morphologies. SEM images of (a,d) cuboctahedron ZnHCF, (b,e) truncated octahedron ZnHCF, and (c,f) octahedron ZnHCF obtained
at room temperature, and their size distribution histograms (g) for cuboctahedron ZnHCF, (h) for truncated octahedron ZnHCF, and (i) for octahedron
ZnHCF, respectively) plotted by counting 50 random particles. Reprinted from Ref. [32].
Copper hexacyanoferrate
Copper hexacyanoferrate (CuHCF) has been for the
first time proposed as a positive electrode for A-ZIBs

contemporaneously by Jia et al. and by Trocoli et al., in
2015. In their proof-of-concept work, Jia et al. showed
the reversible Zn2þ (de-)insertion in the first 20 cycles
of a paste electrode based on CuHCF nanoparticles in
an aqueous solution containing 1 M ZnSO4 [57]. At the
same time, Trocoli et al. reported in their seminal work
the reversible Zn2þ (de-)insertion in CuHCF during the
first 100 cycles performed at a current rate of 1C in a
20 mM ZnSO4 aqueous solution [12]. The capacity
retention of CuHCF was reported to be 77% after 20
cycles in 1 M ZnSO4 [57], and 96.3% after 100 cycles in

20 mM ZnSO4 [12], respectively. Moreover, the overall
voltage of a full cell constituted of CuHCF/Zn0 was
reported to be 1.73 V, a value that remains one of the
highest reached for A-ZIBs based not only on
PBAs but also on vanadium and manganese compounds
[10e12,28e30].

From that moment on, CuHCF attracted a great atten-
tion as positive electrode material for A-ZIBs, thanks to
5

its relatively high operating potential, leading to a

competitive energy density of the overall Zn-ion cell
[12], its excellent performance at different charging
speeds [12], making CuHCF ideal for stationary grid
applications, its easy and inexpensive synthesis route,
and its nontoxicity. Despite CuHCF is one of the
most promising materials within the PBA family for
ZIB applications, its relatively fast aging presently
limits its use in real-life systems. For this reason,
most of the research efforts is currently directed
toward investigating the aging mechanism of CuHCF,
which has been proven not trivial to be assessed, and

therefore not yet fully understood.

Detailed electrochemical studies performed by Kasiri
et al. clearly showed a variation in the Zn2þ (de-)
insertion mechanism, which changes from an initial
single-phase one to a two-phase one, leading to a severe
capacity fading of the material [58]. ICP-MS analysis
demonstrated that no Cu atoms were found in the
electrolyte; therefore, such transition in the insertion
mechanism does not provoke any CuHCF dissolution,
but rather the material changes its structure and/or its



composition on cycling [58]. It has been shown that the
moment when such (de-)insertion mechanism change
occurs in the CuHCF depends not only on the nature of
the anion but also on the concentration of Zn2þ in the
aqueous electrolyte and on the current C-rate [58]
(Figure 4aed). Namely, it occurred at a later stage in
SO4

2� and ClO4
- -based solutions (compared to F� and

NO3
- -based ones), and at an earlier stage with increasing

concentration of Zn2þ, and decreasing the C-rate [58].
The authors suggested that such change in the Zn
(de)-insertion mechanism may occur once the CuHCF
reaches a determined state of charge, or it may have a
prevalent chemical nature [58].

To explain the capacity fading of the material, the
authors proposed that on continuous Zn insertion, the
CuHCF crystal structure is distorted because of an
Figure 4

Effect of the electrolyte on the aging of CuHCF. (a–d) Potential profile of
ZnSO4, Zn(ClO4)2, ZnF2, and Zn(NO3)2 aqueous solutions, respectively. Repri
Top-view elevation map displaying peak shifts of a CuHCF/Zn cell during the in
profile (continuous line) of the first two cycles with the refined lattice parameter
(dE/dt) and the cell parameter (da/dt). Reprinted from Ref. [59], copyright (20
electrode before cycling (black) and after 1000 cycles (blue) at 1C rate in 20 mM
after (blue) 1000 cycles in 20 mM ZnSO4. Reprinted from Ref. [33], copyright
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exchange of Zn ions in thematerial’s lattice, thus leading
to the formation of a new phase. Since only a negligible
amount of Cu2þ was found in solution after the CuHCF
was cycled, the authors argued that instead of
substituting the Cu atoms in the CuHCF lattice, the Zn
ions are incorporated within the lattice’s vacancies [58].
Later operando synchrotron X-ray diffraction studies
performed by Renman et al. also confirmed that Zn2þ
may be allocated within the vacancies of the CuHCF
crystal structure, since a nonlinear expansion/contrac-
tion of the unit cell parameter was observed during the
initial Zn2þ insertion/deinsertion [59] (Figure 4e).

A recent postmortem study of the morphology of
CuHCF based on electron microscopy techniques
performed by Lim et al. suggested that the Zn
irreversibly inserted within the CuHCF lattice on long-
CuHCF (solid line) and Zn foil (dashed line) at 1C current rate in 20 mM
nted from Ref. [58] copyright (2016), with permission from Elsevier; (e) (a)
operando XRD experiment, (b) time evolution of the corresponding voltage
(circles) superimposed. (c) A plot of the time-derivative of both the voltage
17), with permission from Elsevier; (f) XRD patterns of CuZnHCF (93:7)
ZnSO4; (g) SEM images of CuZnHCF (93:7) electrode before (black) and
(2019), with permission from Elsevier.



term cycling may be found not only within the lattice
vacancies but also within the crystal structure itself,
taking the place of the Cu atoms, and leading to the
formation of Cu(CN)2 and CuZn(CN)4 [60]. Contain-
ing such morphologies no Fe2þ/Fe3þ, the authors
suggested them to be electrochemically inactive, thus
contributing to the capacity fading of the material.

Attempts to identify the exact structure of the newly
formed phase during the CuHCFaging have been made
through XRD studies. However, since it was not possible
to clearly identify the newly formed phase, the authors
suggested that this was a distorted one, probably a
mixture of CuHCF and ZnHCF [61].

Therefore, Kasiri et al. synthesized a variety of mixed
zincecopper hexacyanoferrates (CuZnHCF) with
different Zn:Cu ratios, to have a better control of the
content of Znwithin the lattice, both substituting theCu

atoms and within the vacancies. Among the different
CuZnHCFs, the one with Zn:Cu of 7:93 showed a better
capacity retention compared to the pure CuHCF:
namely, 85.5% against 74% after 1000 cycles in 20 mM
ZnSO4 for CuZnHCF and CuHCf, respectively [33]. By
performing a thorough electrochemical and morpholog-
ical postmortem analysis, the authors ascribed such
better performance of the CuZnHCF mixture to the
formation of more crystalline morphologies during the
material aging. In this case, the different morphologies
observed through postmortem analysis were both cubic

and noncubic, having at least two compositions, mostly
Zn-rich and Fe-rich [33] (Figure 4f and g). Since the
CuZnHCF mixture delivered an encouraging 11% more
charge capacity and 11% more energy compared to the
pure CuHCF, the authors pointed out that an optimiza-
tion of the crystal structure of the CuHCF-based mate-
rial may effectively postpone its degradation mechanism.
Conclusions and perspectives
The intrinsic nontoxicity, high reversibility, and envi-
ronmentally friendliness characterizing the family of
PBAs make them ideal candidates as active materials for
the positive electrodes of A-ZIBs. Moreover, their easy
synthesis procedure is extremely appealing for their
possible scaled-up production, in view of a commer-
cialization of aqueous Zn-ion cells.

What currently hinders the commercialization of
aqueous zinc-ion batteries is related to their short cycle
life and high costs, making other alternatives that are
already available within the market (such as Li-ion
batteries in terms of cycle life, and leadeacid batteries
in terms of low costs) more appealing. In view of their
low costs, low toxicity, and good power density, PBAs
may realistically promote the commercialization of A-
ZIBs for stationary storage applications, provided that an
improvement of their cycle life is achieved.
7

Among the great variety of PBAs, the most promising
one for this application currently appears to be the
CuHCF and its mixtures. However, also in this case the
main limitation to the commercialization of A-ZIBs
based on CuHCF remains their short cycle life. For this
reason, research efforts should be directed toward the
understanding of the PBAs’ aging mechanism, in
particular focusing on a possible correlation between the

defects of the crystal structure and the cycle life.

Other aspects requiring a more thorough investigation
are related to the effect of the experimental conditions
(such as electrolyte composition, additives and tem-
perature), together with the effect of the change of the
substituting transition metal atoms in the crystallo-
graphic lattice on the materials’ aging.

We believe that a deeper understanding of the mecha-
nism of the Zn (de-)insertion reaction and of the aging

processes occurring within PBA-based electrodes will
lead to their optimization, which can be achieved through
a careful control of the synthesis parameters and of the
experimental conditions, thus promoting the commer-
cialization of cheap and green aqueous zinc-ion batteries.
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