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Aqueous zinc-ion batteries (AZIBs), have been identified as one
of the most promising aqueous rechargeable metal-ion bat-
teries (ARMIBs) for grid scale electrochemical energy storage
application, and as such have received much attention by virtue
of their unique properties including the high abundance of
metallic zinc resources, their intrinsic safety, and cost effective-
ness. Among the cathode materials used in AZIBs, Prussian Blue
Analogues (PBAs) represent the most promising active materials

1. Introduction

Aqueous rechargeable metal-ion batteries (ARMIBs) are a
promising class of batteries for grid-scale electrochemical
energy storage due to their low-cost, high operational safety,
and sustainability. Among the different systems proposed,
sodium-ion, potassium-ion, magnesium-ion, calcium-ion, and
zinc-ion batteries have been intensively discussed, owing to the
abundancy and availability of the materials employed, high
safety and environmental benignity."™ Furthermore, aqueous
electrolytes provide high ionic conductivity over non-aqueous
systems, and the battery assembly process does not require
controlled atmosphere, which simplifies the manufacturing
process and lowers the associated costs.

Among the different ARMIBs, aqueous zinc-ion batteries
(AZIBs) have attracted large attention for grid energy storage
application, owing to the inherent advantages of Zn metal
electrode and aqueous electrolyte.**”! Figure 1(a) summarizes
theoretical gravimetric and volumetric capacity of different
ARMIBs and the cost of the associated metals, highlighting the
advantages of AZIBs compared to other systems. Historically, Zn
electrodes had been used in the Volta pile, the first non-
rechargeable battery, as early as in 1799. Later on, zinc has
been widely used as anode for primary Leclanche cells {Zn (s) |
ZnCl, (aq), NH,Cl(@ag)|MnO, (s) C(s)} and zinc chloride cells
{Zn(s) | ZnCl,(ag) | MnO,(s)C(s)}, as well as second zinc-manga-
nese dioxide cells {Zn(s) |[KOH(aq) | MnO, (s)C(s)} and zinc-nickel
oxide cells {Zn(s)|KOH(aq) | NiO(OH)(s)}, due to its low cost,
nontoxicity, high theoretical gravimetric (820 mAhg™) and
volumetric capacity (5855 mAhcm™), and low standard reduc-
tion potential (—0.76 V vs. SHE).*® In 1986, Shoji and coworkers
first introduced the Zn|ZnSO,(@q)|MnO, aqueous battery
system, replacing the alkaline electrolyte with a zinc sulfate-
based electrolyte, which overcame the drawbacks of alkaline
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in view of their improved cyclability and rate performance.
Here, we provide a comprehensive review on recent progress
on AZIBs obtained using PBAs cathodes with a particular focus
on the present understanding of the structure-property correla-
tion of different PBAs, which in turn guides further develop-
ments of improved cathode materials and optimization strat-
egies to ensure an extended cyclability and capacity retention.

batteries in terms of cycling stability, and paved way to the
study of aqueous neutral or weak acidic electrolytes for zinc-ion
batteries.”'”

To date, the development of cathode materials for AZIBs
mainly focused on manganese- and vanadium oxides, Prussian
Blue Analogues (PBAs), organic and polyanion compounds,!"'?
as well as conversion type halogens."*"” Manganese-based
materials, especially MnO,, which has been used in primary and
secondary batteries for years, are a very attracting class of
materials because of their low cost, environmental-friendliness,
and high theoretical capacity (~617 mAhg™' with Mn*"/Mn**
redox couple for 1mol Zn*" storage).*'® The basic local
structure of MnO, is an octahedral unit composed of six oxygen
atoms and one manganese atom. Depending on the number
and connection of MnOg4 units, MnO, exhibits different crystal
structures, including o-, -, y-, 8-, A~, and r-types.""” However, the
low conductivity and the high dissolution of MnO, in aqueous
electrolytes leads to significant capacity fading upon cycling,
and poor rate performance, as well as a significant structure
transformation affecting cell performance."*'® Different from
the typical MnOg units in MnO,, V-0 coordination can change
based on the V oxidation states, including tetrahedral, trigonal
bipyramid, square pyramid, and distorted/regular
octahedral.”®?" The theoretical capacity of V,0Os is 294 mAhg™'
based on V’**/V** redox couple for 1 mol Zn’* storage.”*”
However, vanadium-based compounds present similar chal-
lenges as Mn-based materials, exhibiting unsatisfactory cycling
performance. In addition, V-based electrode materials exhibit
relatively low working potential, which leads to lower energy
densities.?**!

Prussian blue analogues (PBAs), also known as metal
hexacyanometallates, have attracted wide attentions as promis-
ing cathode material for ARZIBs. Generally, PBAs present a face
center cubic structure, large ionic channels, and interstitial sites
in the lattice. The physical and chemical properties of PBAs
strongly depend on the different metals bonded to —CN- ligand.
When the two metals are electroactive sites, the theoretical
specific capacity of the PBAs can reach about 170 mAhg™'
(considering 1 mol Zn** participate in the reaction), approach-
ing values exhibited by well-known Li-ion battery cathode
material including LiMn,O, (148 mAhg™") and LiFePO,
(170 mAhg™"). Recently, PBAs have attracted large attention for
implementation in the next generation sustainable battery
chemistry such as sodium-ion batteries (SIBs).?**® Indeed, work
conducted by Contemporary Amperex Technology Co. Limited
(CATL) and Atris AB on the industrial development of SIBs have
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further demonstrated and confirmed the potential commercial
application of these materials.

In this work, we review the electrochemical performance of
different PBAs used as cathode materials in AZIBs. An overview
of the structural properties of these materials and their
modification following the reaction mechanisms in AZIBs is
discussed. In particular, not only insertion/release of the Zn**
ion has been proposed but also dramatic crystalline phase
changes and proton intercalation have been observed so far.
Furthermore, strategies to improve the electrochemical per-
formances of PBAs are discussed. Finally, a summary of the
challenges and outlook on the future research are given.

2. The structures of PB and PBAs

Prussian blue (PB), with the generic formula A,Fe[Fe(CN),] (with
A =alkali metal), has been known for more than 300 years since
its discovery in 1710 (Figure 2).

During the 18" and 19" centuries, PB was wildly used as
paint pigment and dye for coloring textiles.””?” The investiga-
tion of the structural properties of PB and the related
compounds has been reported by Keggin and Miles, using X-
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ray analysis in 1936. Their studies demonstrated that PB has a
cubic structure, with the ferrous and ferric iron atoms
alternatively arranged at the corner of a cubic lattice, with the
CN group lying on the edge. Alkali atoms are at the centers of
alternate small cubes. In addition, their study proposed that for
its reduced and oxidized form, i.e., the Prussian White (PW) and
Berlin Green (BG), the same iron-cyanide skeleton structure
remains, except for very slight changes in the Fe—Fe distances.
Based on the Keggin-Miles structure, Ludi and co-workers
presented the single crystal structure of PB in 1977.5" They
proposed a modified model that did not contain any uncoordi-
nated interstitial transition-metal ions. The results showed that
Fe,[Fe (CN)gl;-xH,O exhibited a cubic primitive elementary cell
(Pm3 m), which deviated from the well-known cubic (Fm3 m)
phase, due to the presence of partly occupied vacancies. The
distinction of the crystal structure of PB is related to the well-
known “soluble” and “insoluble” forms. The “soluble” forms
have a tendency to form colloidal solutions. Generally, the
“soluble” forms contain alkali metals in the crystal lattice and
present a typical face-centered cubic structure (F-43 m). The
structure of the “insoluble” form also features a rigid cubic
framework (Pm-3 m), without alkali metal, except that 1/4 of
the Fe(CN)¢*~ units are vacant, with the empty positions filled
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Figure 1. a) Theoretical gravimetric/volumetric capacity and anode metal market price of Li/Na/K/Mg/Zn metals (metal price were taken from “price.metal.com.
Shanghai Metals Market. 2020-02-03"). b) Number of scientific peer-reviewed publications on AZIBs, as well as PBAs and AZIBs (data collected in June 2023
from Clarivate web of science. Keywords used “Aqueous Zinc-ion Battery”, and “Aqueous Zinc-ion Battery” &” Hexacyanoferrate or Prussian blue analogues”).
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Figure 2. Timeline of study and application of PBAs.

out by water molecules in order to complete the coordination
shell of M’ sites (Figure 3a, b).”'"* As these water molecules are
structurally coordinated by the metal sites, they are usually
referred to as “structural” and affect the electrode performance
in batteries dramatically.B*3®

When Fe-sites in PB are substituted by other transition
metals, a class of hexacyanometallates, generally called Prussian
Blue Analogues (PBAs) can be derived with general formula
AMIM'(CN)gl,_,[0,-2H,0 (0<x<2, 0<y<1), where A is alkali-
metal ion, M and M’ are transition metal ions, [] represents the
M’'(CN)¢ vacancies, and the H,O includes both interstitial and
coordination water. Generally, the most studied PBAs are metal
hexacyanoferrates, with the Fe being coordinated by the carbon
side of the cyanide group. Since V. D. Neff® reported about the
electrochemical activity of PB in 1978, PB and PBAs have been
widely studied for their electrochromic properties,“**? in
electrocatalysis,®®* for potentiometric and amperometric
sensors,** and lately, as electrode materials in electrochemical
energy storage systems.”*™” Generally, in hexacyanoferrates,
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the involved transition metals (M) and Fe are octahedrally
coordinated with N atoms and C atoms of —CN- ligands within a
cubic unit cell, resulting in a well-defined high-spin (M™Ng) and
low spin state (Fe"*C,) because of the weak N-coordinated and
strong C-coordinated crystal fields. The diversity in chemical
composition and large interstitial sites (>3.5A) able to
accommodate a large number of A*2** jons, enable PBAs to
present different structures and associated electrochemical
properties.'25°"

3. PBAs as Cathode Materials for AZIBs
Application

Benefitting from their 3D opened framework and large ion
channels, PBAs are excellent intercalation materials for battery
applications, and as such have been widely used as electrode
material for both Li-ion batteries and post-Li-ion batteries.“6*2-"
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Figure 3. Unit cell of a) soluble and b) insoluble structure of AM[Fe(CN)¢l,_,[],-zH,0

The implementation of PBAs in AZIBs was first reported by Jia
et al.®® in 2015, demonstrating reversible insertion of Zn’>* ions
in copper hexacyanoferrate (CuHCF) nano-cubes when employ-
ing aqueous electrolyte. Following the initial studies, different
PBAs were studied as a cathode material for AZIBs, including
zinc hexacynoferrate (ZnHCF), nickel hexacynoferrate (NiHCF),
PB, manganese hexacynoferrate (MnHCF), cobalt hexacynofer-
rate (CoHCF), and vanadium hexacynoferrate (VHCF). Table 1
schematically summarizes the electrochemical performance of
different PBAs in AZIBs proposed so far, for which several
review papers are available.””®® Within this review further
elaborate on the most recent progress adopting a structural
perspective, in order to offer an account on the present
understanding of the structure-activity relationship of these
PBAs AZIBs systems, and the strategies for their optimization.

3.1. The study of PBAs reaction mechanism in AZIBs

It is widely accepted that the adopted reaction mechanism in
PBAs-based AZIBs is the (de—)insertion of ions, however
relevant structural changes occurring upon cycling and their
corresponding stability strongly affects their electrochemical
response.

The structure of PBAs in aqueous Zn-ion electrolytes is very
different when compared to Li-/Na-/K -ion organic-based
electrolytes, in which the basic hexacyanoferrate network of
PBAs is stable upon the ion (de-)insertion. On the contrary, in
aqueous Zn-ion electrolytes, the ion-insertion process seems to
not only occur at the interstitial sites during discharge, but also
happened at the lattice sites, especially at the N-connected
metal sites for some PBAs. This unconventional reactivity was
also observed for PB in cadmium containing electrolyte."®'"

Several different Zn?' storage mechanisms have been
proposed for the widely-used manganese-based oxide includ-
ing Zn** insertion/extraction, H™ and Zn®* co-insertion, and
chemical conversion.'®"®'9"""-""l Compared to this extensive
research, the application and the investigation of the reaction
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mechanism of PBAs in ARZIBs are quite limited (Figure 1b). In
the following sections, the reaction mechanism for relevant
PBAs, and their interplay with the electrochemical response in
AZIBs is presented.

3.1.1. CuHCF

CuHCF with repeating —Cu—NC—Fe- units, exhibits a typical
face-center cubic structure (Figure 4a). Due to its ultra-low
strain open framework structure, an extremely long cycle life
(40,000 cycles) and high-rate capability (83 C) was reported by
Wessells et al.®¥ in aqueous (1 M KNO,/0.01 M HNO,) electro-
lyte. The application of CuHCF in AZIBs was first demonstrated
by Jia etal,® using a three-electrode cell setup in aqueous
ZnSO, (1 M) electrolyte. A maximum discharging capacity of
56 mAhg™' was obtained at a current density of 20 mAg™', and
77 % capacity retention was observed after 20 cycles. Another
zinc-ion cell including a CuHCF cathode and a Zinc foil anode
with a ZnSO, (20 mM) solution was reported by Trocoli et al. in
the same year.”"! The average operating voltage of the cell was
as high as 1.73V, and the cell could provide 90% of the
theoretical capacity with a capacity retention of 96.3% after
100 cycles when cycled at 1 C.

A series of studies on the use of CuUHCF in aqueous Zinc-ion
cells, including the investigation of the aging mechanism of
CuHCF in different electrolytes, and the structural phase trans-
formation upon cycling have been reported by La Mantia and
coworkers *#626311812 By combing post-mortem X-ray diffrac-
tion and electron microscopy analysis, it was found that a new
secondary phase based on Cu/Zn PB was formed during cycling
(Figure 4b). The suggested mechanism included the formation
of a cubic Zns[Fe (CN)¢]l, phase, due to the substitution of Cu
ions by Zn ions (Equation 1) followed by the formation of an
intermediate compound containing both Zn and Cu ions
(Equation 2) and a final substitution of Fe sites by Zn’>* and/or
Cu*" ions [Equation (3)].
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Figure 4. a) Structure model of CuHCF. b) XRD diffractograms of pristine CuHCF, ZnHCF, and CuHCF after 500 cycles in 20 and 100 mM Zn(CIO,), aqueous
solutions. Reproduced with permission from Ref. [118] Copyright (2016) Elsevier Ltd. All rights reserved. c) SEM images and chemical content of wire and cube
morphologies which form after 500 cycles in comparison to the initial CUHCF cathode surface. Reproduced with permission from Ref. [119] Copyright (2019)
Wiley-VCH Verlag GmbH & Co. KGaA. d) Zn>* swapping between the tunnel sites and Fe (CN), sites. Reproduced with permission from Ref. [64]. Copyright
(2017) The Authors. Published by Elsevier B.V. e) Schematic representation demonstrating that Zn?*/S0,*" ions from the electrolyte partially intercalate into
graphitic carbon domains and/or crystallize close to the surface regions. Reproduced with permission from Ref. [122]. Copyright (2021) The Authors. Published

by American Chemical Society.

2KCu[Fe(CN)g] +3Zn*" — Zn; [Fe(CN)g], +2Cu*" +2 K' (1)
Zn; [Fe(CN)g], +xCu®" — Cu,Zn,  [Fe(CN)e] + yZn** Q)

KCu[Fe(CN)] + xM** — KCu [M,Fe, ,(CN)] +

xFe”* (M = Zn/Cu) ©)

The morphological and compositional evolution of CuHCF is
reported in Figure 4(c). In their study, CUHCF cubes and wires
appeared after 500 cycles in comparison to the initial CuHCF
nanoparticles morphology, and the Zn content within the
cathode material was observed to increase upon cycling.""? A
detailed investigation of the Zn®" insertion in the CuHCF
structure was conducted by Renman and coworkers®® by using
operando synchrotron X-ray diffraction (XRD). They confirmed
that the Zn** occupies both Fe (CN), vacancy site (4a) and the
cavity (8c) inside CUHCF cubic unit-cell, and a swapping of Zn**
between the tunnels and the vacant Fe (CN), sites was observed
(Figure 4d). Even though the presence of a Zn-based new phase
was not detected in the short term, it was proposed that the
vacancies and their interaction with Zn** play a crucial role in
the electrochemical performance of CuHCF/Zn system.

It is widely accepted Fe is the only active site in CuHCF,
however some studies reported on the activity of both Cu and
Fe in aqueous and organic electrolytes.®®'"*'%-1%1  Gorlin
et al." presented an in-depth study of CuHCF cathode in AZIB
cells by employing various X-ray spectroscopic techniques

Batteries & Supercaps 2023, €202300340 (8 of 17)

(Figure 4e). It is suggested that the new phase formed during
early charge/discharge cycles, can be attributed to the partial
intercalation of ZnSO, into graphitic carbon. Combining XPS
and XAS results, the electroactivity of Cu-site was confirmed. It
is further concluded that Cu is the unstable species during
aging, and the dissolution of Cu triggers Zn*" ions to enter the
Cu vacancies, instead of Fe vacancies, as well as the activation
of Fe**/Fe?" redox couple. On the intercalation mechanism of
Zn®>" in CuHCF, the consensus is that a new second phase
containing Zn ion is formed upon cycling. The composition,
crystal structure, and the formation mechanism of the new
second phase are still not fully elucidated, suggesting further
research will be needed for a comprehensive understanding.

3.1.2. ZnHCF

Generally, hexacyanometallates present the typical PBAs struc-
ture with the involved transition metals being octahedrally
coordinated with —CN- group, within a cubic unit cell (Fm-3 m).
However, some ZnHCFs have been reported with an hexagonal
configuration (R-3c), where the Zn®>* is tetrahedrally coordi-
nated to the N atom of the —NC- ligand, as shown in
Figure 5(a)."**"*% As reported by Rodriguez-Hernandez et al.'*
the hexagonal (R-3c) cell, where both metal centers have
saturated coordination with atoms from the framework, present
a particularly high rigidity, leading to a more dense and robust

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 5. a, b) Coordination environments of ZnHCF in rhombohedral phase and cubic phase. c) Cycle life test of shape-controlled RZnHCFs at 300 mAg~".
Red, green, and blue circles represent C-RZnHCF, T-RZnHCF and O-RZnHCF, respectively. Reproduced with permission from Ref. [127]. Copyright (2015) The
Author(s). d) Rhombic-Cubic ZnHCF phase transition in an aqueous environment. Reproduced with permission from Ref. [132]. Copyright (2016) Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim.

structure. In a cubic structure, the coordination environment for
the Zn atoms is normally formed by 4 N atoms from —NC-
ligands and 2 H,0 molecules (Figure 5b). A structural trans-
formation occurs when the coordinated water is removed by
heating treatment. For example, a structure transformation
from cubic phase to rhombohedral phase was observed during
the dehydration process."”'® While Ng et al."* Ding et al."*"
and Oliver-Tolentini et al."*" found a monoclinic phase formed
after heat treatment of a cubic (fcc) ZnHCF phase when heating
between 75-220°C.

The first ZIB cell, using ZnHCF in its rhombohedral phase as
cathode material, and Zinc powder as the anode, was reported
by Zhang et al.””? The ZnHCF cathode exhibited an average
operation voltage of 1.7V in 1 M ZnSO,, close to the discharge
voltage of CuHCF. Because of its relatively high operation
voltage, and a discharge capacity of 654mAhg™ (1Q) a
specific energy density of 100 Whkg™' based on the total mass
of the active electrode materials was achieved. The influence of
morphology on the electrochemical performance of ZnHCF in
3 M ZnSO, electrolyte was also investigated. Polyhedral ZnHCF
particles with cubooctahedral (C—RZnHCF), truncated octahe-
dral (T-RZnHCF) and octahedral shape (O—RZnHCF), were
synthesized. A structural transformation from cubic phase (as-
prepared ZnHCF samples) to rhombohedral phase was ob-
served by further dehydration at 70°C. The study of the
influence of shape and facets on the electrochemical perform-
ance showed that the ZnHCF sample with cubooctahedral
morphology exhibited the best rate capability and cyclic
stability, demonstrating a reversible Zn-ion intercalation mech-
anism, as shown in Figure 5(c). Thus, it has been concluded that
the diffusion of zinc-ions and dissolution of active material is

Batteries & Supercaps 2023, €202300340 (9 of 17)

closely correlated with the structure of surface orientation.?”

ZnHCF undergoes rapid dissolution in Na,SO, and K,SO,
aqueous electrolyte,®” while it exhibits better structural stability
in agqueous ZnSO, electrolytes. The observation has also been
confirmed and reported by Ni etal™? They found that the
capacity decay of ZIB cells in aqueous electrolytes is attributable
to the loss of active materials (dissolution), which can be
correlated with the structural changes observed upon cycling. A
continuous change between rhombic (less soluble) and cubic
(more soluble) structures takes place, accompanying the
electrochemical redox reaction, as shown in Figure 5(d). By
incorporating the Zn?" ions in the electrolyte, the dissolution of
cubic ZnHCF can be largely suppressed, and the capacity
retention can be enhanced.

3.1.3. MnHCF

MnHCF has attracted much attention as promising cathode
material for both Li-ion and post-Li ion batteries,"* because of
the abundancy and non-toxicity of the constituent elements,
the large specific capacity derived from the two active redox
couples, Fe**/Fe’* and Mn’*/Mn’**, and the relatively high
discharge voltage. Based on the different content of alkali
metal, H,O, and vacancies inside the structure, generally,
AMNHCF (A: alkali metal ions) materials display three different
structures, i.e., cubic, monoclinic, and rhombohedral (Figure 6a).
For the monoclinic and the rhombohedral phase, the extrac-
tion/insertion of the cations in organic electrolytes is normally
accompanied by the phase transformation from monoclinic/

rhombohedral to cubic or tetrahedral 2413413

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 6. a) Cubic, Monoclinic and Rhombohedral phase structure of MnHCF. b) Schematic diagram of the insertion/extraction of Zn?* in the KMHCF
framework during the electrochemical process. Reproduced with permission from Ref. [93]. Copyright (2021) American Chemical Society. c) The schematic
diagram of the phase transformation for KMnHCF electrode in 30 M KFSI+1 M Zn (CF;SOs), electrolyte. Reproduced with permission from Ref. [95]. Copyright
(1999-2022) John Wiley & Sons, Inc. All rights reserved. d) The evolution of MnHCF in Zn?* electrolyte. Reproduced with permission from Ref. [97]. Copyright

(20022) The Royal Society of Chemistry.

On the other hand, the electrochemical performance of
MnHCF in aqueous Zn-ion cells has displayed very different
behavior. Indeed, while in organic electrolytes MnHCF is not
soluble, in aqueous Zn-ion electrolyte, MnHCF suffers from
severe dissolution, and a new phase containing Zn is formed
upon cycling.”***” A high crystalline KMnHCF material, synthe-
sized by Cao et al® in the monoclinic phase, combined with
metallic zinc anode, exhibited an excellent electrochemical
performance providing a specific capacity of 140 mAhg™' for

the initial cycle at a current density of 100 mAg™ (1 Q) in 1M

Batteries & Supercaps 2023, €202300340 (10 of 17)

ZnSO, and 0.1 M MnSO, electrolyte. Interestingly, a phase
transition of KMnHCF occurred during the first two cycles, and a
new stable KZnMnHCF phase was formed, which presented the
same crystal structure as K,Zn;(Fe(CN)y), (Figure 6b). Similar
results were also reported by Deng etal® (see Figure 6c),
introducing a high voltage aqueous KMnHCF/Zn hybrid-ion cell
using a 30 M KFSI/1 M Zn(CF;S0;), electrolyte. The hybrid ZIB
cell exhibited a maximum capacity of 138 mAhg™' in the initial
cycle, and the capacity stabilized at ~100 mAhg™' over
400 cycles at a current density of 0.2 Ag™". Combining ab initio

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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calculations and detailed characterizations, they underlined that
the Zn?" ion insertion not only induces an intense Jahn-Teller
effect on the Mn**, but also replaces the framework Mn-sites
and form a new KZnHCF phase. To trace and confirm where
exactly Zn’* resides within the structure during cycling, our
group employed ex-situ XAS technique to record Mn, Fe and Zn
k-edge spectra at different charge and discharge states. It was
found that a —Zn—NC—Fe- structure was formed in all the cycled
electrodes, which confirmed the partial replacement of Mn by
Zn upon cycling, explaining the capacity decrease of MnHCF
upon cycling due to the electrochemical inactivity of Zn.” To
further understand the severe dissolution and the Zn displace-
ment mechanism, Ni et al.”” studied the effect of different Zn
salts on the electrochemical performance of KMnHCF in 3 M
ZnSO, and 3 M Zn(OTf), electrolytes. It was observed that the
electrochemical performance of the KMnHCF cathode was
improved by changing the electrolyte from ZnSO, to Zn (OTf),.
It was proposed that the Zn(OTf), anion strongly absorbs on the
electrode surface, thus preventing water oxidation and the
decomposition of KMnHCF. The reported Zn ion intercalation
mechanism included the KMnHCF transformation into the zinc
hexacyanoferrate (Zns;[Fe (CN)ql,) during the first charge proc-
ess, coupled with the Mn ions’ dissolution and re-deposition on
the electrode as manganese oxides (Figure 6d) in the following
discharge process. Even though the electrochemical test were
conducted in different aqueous electrolytes, e.g., 1 M ZnSO,+
0.1 M MnSO, ¥ 30 M KFSI +1 M Zn(CF,50,),” and 3 M ZnSO,
or 3 M Zn(CF,S0,),,°” the phase transformation from MnHCF to
Zns[Fe(CNg),] rhombohedral phase were observed in all the
reactions. The triggering mechanism and the evolution of this
transformation in relation to the Fe-sites and Mn-sites are still
not clearly understood and reported.

3.1.4. CoHCF/VHCF

Like Fe**?* and Mn?™”* ions, cobalt ions also exhibit two
possible oxidation states, i.e.,, Co>™ and Co®*" in the discharged
and charged states respectively, and a facile electrochemical
activity within the electrochemical stability window of the
aqueous electrolyte. Ma et al"® proposed an aqueous re-
chargeable Zn-ion cell employing a cobalt hexacyanoferrate
(CoHCF) cathode with a Zn anode providing a high capacity of
1734 mAhg™" at current density of 03Ag™" and a high
operational voltage of 1.75V (vs. metallic Zn) in 4 M Zinc
Trifluoromethanesulfonate (Zn (OTf),) hydrogel electrolyte. The
structural evolution studies showed that the CoHCF framework
and the overall morphology are well preserved during the Zn**
insertion/extraction process, as shown in Figure 7(a), enabling a
cycling stability for over 2200 cycles without any capacity decay
with a coulombic efficiency approaching 100%. An all-solid-
state Zn-ion battery cell was constructed by combing CoHCF
cathode, metal Zn anode, and a solid polymer electrolyte of a
poly (vinylidene fluoridehexafluoropropylene) film filled with
poly (ethylene oxide)/ionic-liquid-based Zn salt. The all-solid-
state Zn-ion cells showed excellent cycling performance of
30,000 cycles at 2 Ag™" at room temperature, withstanding high
temperature up to 70°C, and low temperature to —20°C.["%
Vanadium is another investigated transition metal, that
exhibits several oxidation states, i.e., VZ*/\V**/V**/\V°*. Vana-
dium based oxides, vanadate and vanadium phosphates have
attracted widespread interest as promising electrode materials
for AZIBs.*#2>136138 VHCF nanoparticles used as cathode materi-
al for an AZIBs, have been reported by Zhang etal.'® The
results showed that when cycled in 4 M Zn (CF;S0O;), electrolyte,
VHCF exhibits two electrochemical redox active sites, V and Fe,
responsible of three redox reactions at 0.71/0.51V, 1.12/0.92V
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Figure 7. a) Schematic illustration of reversible Zn**

intercalation/deintercalation in CoFe(CN), frameworks during electrochemical process. Reproduced with

permission from Ref. [102]. Copyright (2019) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Schematic illustration of the structural evolution of the VHCF

during charge-discharge process, as well as the CV curve of VHCF electrode at 0.2 mV s~

'. Cycling performance and the corresponding Coulombic efficiency at

a current density of 2 Ag™". Reproduced with permission from Ref. [105]. Copyright (2020) Elsevier B.V. All rights reserved. c) Schematic illustration of the
structural evolution of the VO-PBAs during charge-discharge process, as well as the electrochemical study of the VO-PBAs cathode in situ X-Ray diffraction.
Reproduced with permission from Ref. [107]. Copyright (2021) Elsevier B.V. All rights reserved.
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and 1.85/1.71V (vs Zn**/Zn), with a capacity of 187 mAhg™"' at
current density of 0.5 Ag™'. During the first charging process,
the cubic structure of VHCF changes to a rhombohedral phase,
which further favors reversible Zn** ions insertion in subse-
quent cycles, as shown in Figure 7(b). Tian et al."®” proposed a
Zn/VO-PBAs aqueous system, by employing a “water-in-salt”
electrolyte (21 M LiTFSI+1M ZnOTF). The as-fabricated cell
achieved a high capacity of 209.6 mAhg™" at 0.1 Ag™', which is
so far the highest capacity achieved for PBAs in AZIBs. It was
reported that the VO-PBAs nanoparticles-based cathode con-
verts to 2D nanosheets during the first several cycles, which
promotes the fast electrolyte ions transport in the electrode
materials (Figure 7c). Meanwhile, the co-insertion/extraction of
the Zn?*/H* during the electrochemical reaction contributes to
the excellent electrochemical performance of the Zn/VO-PBA
batteries. Based on the above results, we found CoHCF and
VHCF electrodes exhibit much higher specific capacity than
other PBAs electrodes. Although phase transformation was
detected for CoHCF (cubic to monoclinic phase) and VHCF
(cubic to rhombohedral phase), the framework substitution by
Zn was not observed as instead reported forCuHCF and MnHCF
electrodes.

3.2. Strategies to optimize the PBAs electrochemical
performance in AZIBs

To improve the electrochemical stability and performance of
PBAs cathode in aqueous Zn?>" electrolyte and mitigate or even
suppress the dissolution of electrode material and reduce
capacity fading, various optimization strategies for electrolytes,
electrode materials and their interaction were proposed and
adopted.

3.2.1. Electrolyte optimization

Although rechargeable aqueous batteries are attracting increas-
ing attentions due to their low cost, high safety, environ-
mentally friendly nature, and improved rate performance, the
“free water” (the term “free water” indicates water molecules
interacting solely with other water molecules)™ molecules in
aqueous electrolytes strongly limit the electrochemical stability
window of the electrolyte and trigger multiple side reactions,
thus affecting cell performance upon cycling. In order to
suppress the activity of “free water” molecules and expand the
electrochemical stability window, novel electrolytes and compo-
nents have been proposed, including high concentrated
electrolytes or “water-in-salt/gel” electrolytes,8%87:9597105107.140]
hybrld electroIyteS’[65,66,74,75,77,78,8‘I—83,85,87,95,107,141,142] Solid polymer
electrolyte,"® and additives,®***®®) to improve the electro-
chemical performances of AZIBs.

D. Kim et al." reported that the cycling performance of
ZnHCF in concentrated electrolyte (3 M Zn(NO;),) was superior
to that observed in the diluted system (1 M Zn(NO;),), as a
consequence of the decrease in the hydration number and
radius of the zinc ions in the concentrated electrolyte. NiHCF

Batteries & Supercaps 2023, 202300340 (12 of 17)

exhibits severe dissolution in diluted aqueous electrolyte (1 M
ZnSO, or 1 M Zn(TFSI),), while a well-preserved NiHCF open
framework was obtained in concentrated electrolyte (1 M
Zn(TFSI),+21 M LIiTFSI) or organic electrolyte (0.5 M Zn(ClO,), in
acetonitrile), where the H,O activity is highly suppressed by
extensive coordination,”® with similar results also reported by
Deng et al.” (KMnHCF, 30 M KFSI +1 M Zn(CF;S0,),), and Tian
et al"® (VO-PBAs, 21 M LiTFSI+1 M ZnOTF). Novel “water-in-
gel” electrolytes were reported by Yang et al.®? (FeHCF, 21 M
LiTFSI+1 M Zn(TFSI),-polyacrylamide gel electrolyte (HCZLE-
PAM)), Pan et al.®® (CuHCF-CNT, NaCl/ZnSO,/Sodium alginate
electrolyte) and Zhang et al.*” (ZnHCF, ZnSO,- carboxymethyl
cellulose sodium (CMC)). A Zn|FeHCF cell with HCZLE-PAM
(highly concentrated zinc and lithium trifluoromethanesulfony-
limide electrolytes in the polyacrylamide) gel -electrolyte
exhibited 98% capacity retention with a Coulombic efficiency
of ~100% after 100 cycles at 1 Ag™" when cycling at —15°C,
highlighting the excellent anti-freezing function and the cycling
stability of the cell.®@ Another report on a Zn|CuHCF-CNT cell,
with NaCl/ZnSO,/sodium alginate electrolyte, showed a high
discharge voltage plateau of 2.1V, large discharge specific
capacity of 260 mAhg ', and a high capacity retention of 96.8%
after 450 cycles.®™™ The flexible coaxial-fiber aqueous ZnHCF
rechargeable zinc-ion batteries (CARZIBs) fabricated by adopt-
ing Zn nanosheet arrays on carbon nanotube fiber as the core
electrode and ZnHCF composite on aligned CNT sheets as outer
electrode, with ZnSO,/CMC gel electrolyte, delivered outstand-
ing flexibility with a capacity retention of 93.2% after bending
3000 times.®”

To further inhibit the activity of free water in aqueous
electrolyte and extend the electrochemical window of aqueous
electrolyte, Liu et al.®* added 2 vol % vinylene carbonate (VC) to
a 7 M NaCF;505/0.1 M Zn(CF;SO;), aqueous electrolyte. It was
observed that VC not only plays an important role in extending
the electrochemical stability window, but also prevents the
dissolution of the cathode material. Indeed, the aqueous
FeHCF/Zn cell exhibited a good cycling stability with 60%
capacity retention after 4000 cycles when cycled at 10 C. Xu
et al.® proposed a hybrid aqueous electrolyte with mixed
solvent of water and acetonitrile (ACN). Since ACN can form
strong hydrogen-bonding interaction with water, an extension
of the electrochemical windows was observed, as well as a
decrease in side-reactions of the aqueous electrolyte. The
aqueous FeHCF/Zn cell displayed extremely long cycle life with
51.4% capacity retention after 19000 cycles at 10C in 1M
NaCF;SO; (NaOTf) and 0.1 M Zn (CF;SO;), H,O/ACN electrolyte.
A binary solvents system was also reported by Ni et al,*® using
triethyl phosphate (TEP) as co-solvent, in aqueous K/Zn electro-
lyte (0.5M Zn(CF;SO;),+ 1.5 M KCF;SO,). The addition of TEP
suppressed the water decomposition and increased the
Coulombic efficiency. Hou etal® developed an aqueous
rechargeable hybrid battery by adding sodium dodecyl sulfate
(SDS) in the Na,SO, (1 M) and ZnSO, (1 M) electrolyte to
increase the performance of Na,MnFe(CN), in aqueous Zn
electrolyte and widen the electrochemical stability window. The
SDS molecules can efficiently suppress the evolution of hydro-
gen and oxygen. The proposed Na,MnFe (CN)¢/Zn cell delivered
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a specific capacity of 137 mAhg™' with an operating voltage of
about 2.0 V. Except using organic additives, generally, ZnHCF
undergoes rapid dissolution in Na,SO, and K,SO, based electro-
lyte, while it is reported to be stable in aqueous ZnSO,
electrolytes. Ni et al."*? reported that the incorporation of Zn**
ions in the electrolyte can largely suppress the dissolution of
ZnHCF. Similarly, the KMnHCF material exhibits excellent
electrochemical performance in 1M ZnSO, and 0.1 M MnSO,
electrolyte.*

3.2.2. Modification of electrode material

Synthesizing high-quality PBAs with low vacancy content and
low crystal water content, especially coordinated water, is an
efficient way to improve the electrochemical performances
response of these compounds. As defined for PB, the low
vacancy content means a transition from the “insoluble”
structure of PBAs to “soluble” structure. Considering the
structural design, particle size is another important influencing
factor for realizing an excellent rate performance. Thus, multiple
high-quality nanosized PBAs with particle size lower than
100 nm have been Wldely r.eported‘[SB,m,62,64766,76779,90,100,105,106]

Partial ion-substitution of PBAs, such as the reported Zn-
substituted CuHCF,*® Mn-substituted ZnHCF"® and Co/Cu-
substituted MnHCF,®**>%® js a promising way to suppress the
dissolution and structure distortion of PBAs electrodes, and to
increase the stability of PBAs cathodes for AZIBs. The CuzZnHCF
material reported by Kasiri et al.,*” especially the sample with a
Cu:Zn ratio of 93:7, exhibited an excellent cycle life up to
1000 cycles, with improved capacity retention with respect to
the pure CuHCF counterpart. The Mn-substituted ZnHCF
material introduced by Ni et al.,”™ revealed that the coexistence
of Mn and Zn in the PBAs shows a synergistic effect on the
electrochemical stability, resulting in superior cycle perform-
ance when compared to the PBAs with a single N-bonded metal
(Mn or Zn). The sample with 7% Mn content exhibited the best
cycle performance with 94% of the initial discharge capacity
retained after 500 cycles at 250 mAg™' (Figure 8a). In order to
suppress the Jahn-teller distortion of Mn®** and increase the
specific capacity and cycling stability of MnHCF, Zeng et al.”?
synthesized Co-substituted Mn-rich PBA hollow sphere (CoMnP-
BA HSs) as cathode material for AZIBs (see Figure 8c). The
hollow structure not only provides a large surface area and
sufficient active sites, but also accommodates the large volume
change upon cycling. The as-prepared CoMnPBAs HSs electrode
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Figure 8. a) Galvanostatic charge/discharge of ZnHCF and MZHCF. Reproduced with permission from Ref. [73]. Copyright (2021) American Chemical Society. b)
Schematic illustration of the synthetic process of NiIHCF/RGO. Reproduced with permission from Ref. [79]. Copyright (2021) Elsevier Inc. All rights reserved. c)
The synthetic process of CoMn-PBA HSs. Reproduced with permission from Ref. [92]. Copyright (2021) Wiley-VCH GmbH. d) Graphical illustration of the
ZnHCF@MnO, electrode for Zn?* storage. Reproduced with permission from Ref. [68]. Copyright (2017) The Royal Society of Chemistry. e) Schematic showing
the in situ formed MnHCF-PPy composite interfacial layer that directs efficient H* and Zn?* reversible (de)insertion into MnO, cathode. Reproduced with

permission from Ref. [100]. Copyright (2022) The Royal Society of Chemistry.
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exhibited high reversible capacity of 128.6 mAhg™' at
0.05 Ag™', good rate capability of 50 mAhg™' at 2 Ag™", as well
as very promising cycling performance (76.4% capacity reten-
tion over 1000 cycles). Cu-substituted MnPBA double shelled
nanoboxes (CuMnPBA DSNBs) were prepared by Zeng et al.,®
highlighting that the partial Cu substitution and induced Mn
vacancies inhibited the Jahn-Teller distortion, leading to
superior cycling performance with a capacity retention of
96.8 % after 2000 cycles.

To further extend the performance of PBAs, surface
modification or coating with different carbon material (CNT,
rGO),"*'*¥ conductive polymers (polyaniline (PANI), polypyrrole
(ppy)?*°" or other electroactive materials (MnQ,)!®8**1% haye
been proposed to enable high conductivity, large capacity, and
excellent cyclic stability. The NiHCF/RGO hybrid cathode
material reported by Xue et al.”® show that a strong synergy
between NiHCF and highly conductive RGO effectively increases
the specific surface area, accelerates the electron and ion
transport, and inhibits the structural collapse of the NiHCF/RGO
electrode during the Zn’* insertion/extraction process (Fig-
ure 8b). A polyaniline (PANI) coating inhibits the dissolution of
ZnHCF, enabling capacities as high as 150 mAhg™', and a
capacity retention of 75% after 350 cycles.”” A PPy coating
increased the specific capacity and cycling stability of MnHCF in
hybrid electrolyte of Li-Zn and K-Zn solution."™ A MnO,
wrapped zinc hexacyanoferrate (ZnHCF@MnO,), combining the
capacitive properties of MnO, and the interaction properties of
ZnHCF, as shown in figure 8d, delivered a high capacity
(118 mAhg™' at 100 mAg™"), good long-term stability and rate

capability.®® A bi-functional manganese hexacyanoferrate-poly-
pyrrole (MnHCF—PPy) coating layer for MnO, was reported by
Shang et al."® combining the benefits of both PPy and MnHCF,
where PPy films promoted the faster transformation of MnO,
into MnOOH with the insertion of H*, while MnHCF served as
cation reservoirs to mediate continuous Zn ion transport, to
keep lower the cation intercalation energy barrier, and to boost
the Zn (de)insertion kinetics (Figure 8e). The MnO,@MnHCF—PPy
ZIB cell delivered a high discharge capacity (263 mAhg™' at
0.5 C), remarkable rate capability (179 mAhg™" at 5 C) and long
lifespan in ZnSO, electrolyte.

3.2.3. Hybrid batteries

PBAs hybrid batteries, such as Li—Zn, Na—Zn, K—Zn, NH,*
_Zn,[65,66,72,75,77,81,83,85,87,95,107,144,145] were proposed tO combine the
respective advantages of the two different chemistries to
provide unique benefits (Figure 9). For instance, the Li"—Zn?*,
Na*—Zn?*, K*—Zn** and NH,"—Zn hybrid batteries can not only
achieve high energy densities, but also support fast charging
capabilities. As reported by Chunyang Li et al.* the NH,*—Zn
hybrid cell fabricated with CuHCF cathode, metallic Zinc anode,
and mixed electrolyte (1 M (NH,),SO,+0.1 M ZnSO,, pH~5.4)
exhibited high working voltage (1.8 V), low self-discharge, and
excellent rate capability. The Na—Zn CuHCF hybrid cell reported
by Pan et al.® by using a novel “water-in-gel” electrolyte (NaCl/
ZnSO,/Sodium alginate electrolyte) achieved a high discharge
voltage plateau of 2.1V, and large discharge specific capacity of

(b)

Zn2+

NH,* insertion

NH,;* extraction

N
Zinc Na-FeHCF

Figure 9. a) Schematic illustration of the FeHCF crystalline structure evolution under the (de—)insertion of Zn and Li ions. Reproduced with permission from
Ref. [82]. Copyright (2019) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Schematic illustration of the redox reactions for NaFe—PB | Zn aqueous hybrid-
ion cells. Reproduced with permission from Ref. [81]. Copyright (2017) Elsevier B.V. All rights reserved. c) Discharge scheme for the aqueous rechargeable
FeHCF/K*, Zn**/Zn hybrid cell. Reproduced with permission from Ref. [871. Copyright (2021) Wiley-VCH GmbH. d) Schematic diagram of NaFeHCF | Zn
NH,*—Zn hybrid battery cell. Reproduced with permission from Ref. [83]. Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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260 mAhg™" with a superior energy density of 440 Whkg™'. The
ZnHCF hybrid K—Zn system, proposed by Huang etal,”
exhibited a high discharge voltage of 1.937 V, and the cathode
ZnHCF material displayed a capacity of 78.7 mAhg™', with 60%
capacity retention at an extraordinarily high rate of 300 C. The
Berlin Green (BG) K—Zn hybrid cell reported by Ni et al.®” in
3mM Zn(OTf), and 3 mM KOTf electrolyte, delivered high
specific capacity of 169.2 mAhg™" at 100 mAg™", excellent rate
performance with 45.7 mAhg™' at 6 Ag™', and good long-term
cyclability with a capacity retention of 57 % over 1000 cycles at
1 Ag™". It is proposed that the main intercalation cations in the
hybrid battery is Na*/K*, due to their weak solvation effect and
smaller electrostatic interaction, promoting the feasible surface
reaction and rapid cation transportation, with Zn*>* ions staying
at the surface rather than penetrating the bulk phase. With the
right design and cathode material, hybrid cells can reach high
energy density, long cycle life and improved charge-discharge
rates. Combing the advantages of cost-effectiveness, safety and
environmental friendliness, these hybrid batteries are particu-
larly beneficial for applications where quick energy replenish-
ment is required, such as high-power applications.

4. Summary and Outlook

In this review, we presented a comprehensive review of the
structural modification and the reaction mechanisms occurring
in several PBA materials for AZIBs with a particular focus on the
Zn’" intercalation mechanism and optimization strategies. As
promising material for AZIBs, PBAs have gained significant
attention. Indeed, AZIBs with PBAs as electrode material are
generally considered safe and environmentally friendly. PBAs
offer the potential for high energy density AZIBs, as well as the
potential for large-scale production and implementation.
However, the application of PBAs in aqueous Zn-ion electro-
lytes still faces several challenges to be tackled. For instance,
most PBAs suffer from severe dissolution and degradation upon
cycling in aqueous Zn?" electrolytes. To address these chal-
lenges, a comprehensive understanding of the Zn’" intercala-
tion mechanism in PBAs is crucial. In terms of redox activity, it is
seen that both metal sites of PBAs are generally electroactive,
even if to a different extent, and several electrochemical
couples, such as Fe**?* and Mn?™”7, or Fe*™?" and Cu®>™'"
have been reported. The studies on the Zn?' intercalation
process for CUHCF and MnHCF cathode materials have shown
that a new Zn-based PBA or ZnHCF phase is formed during
initial cycles, accompanied by the dissolution of Cu or Mn.
However, the formation mechanism of the new ZnHCF phases
in different Zn** electrolytes and its detailed composition,
crystal structure, as well as the Cu or Mn dissolution mechanism
and their existing states are still rather unexplored and
discussed. So far, according to the studies reported, even
though the electrochemical performance of CUHCF and MnHCF
can be improved by optimizing the cathode material or
electrolytes, the phase transformation cannot be fully sup-
pressed. For this reason, more research efforts should be
devoted to a comprehensive understanding of the underlying
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mechanism of these compounds during cell operation (for
instance by operando studies), particularly, focusing not only on
the identification of the composition and phase (crystal
structure) formed upon cycling, but also on the assessment of
the metal electroactivity, for different PBAs in different aqueous
Zn>* electrolytes. For PB, the zinc insertion process is rarely
reported. While the PB AZIBs can function not only as battery,
but also as electrochromic devices. Thus, the study and
development of PB AZIBs can extend the application of this
bifunctional energy storable devices. For ZnHCF, CoHCF and
VHCFA cathode material, although the pristine phases change
from cubic to rhombohedral, or from cubic to monoclinic, the
chemical composition of the framework is stable, with no Zn-
substitution observed, especially for COHCF and VHCF. Thus, the
reason for the different intercalation process, as well as the
factors that trigger the Zn substitution need further studies.
Although the development and application of PBAs in AZIBs is
still at an early stage, it is believed that a deep understanding
of the mechanism of Zn’*' intercalation/release during the
charge/discharge process can guide further developments of
improved cathode materials and optimization strategies to
mitigate or eliminate degradation, therefore ensuring extended
cyclability and capacity retention.
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Prussian blue-based cathodes: We
provide a comprehensive review on
recent progress on AZIBs obtained
using PBAs cathodes with a particular
focus on the present understanding
of the structure-property correlation
of different PBAs, which in turn guides
further developments of improved
cathode materials and optimization
strategies to ensure an extended cy-
clability and capacity retention.
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