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Abstract 
Aqueous batteries have engendered increasing attention as promising solutions for stationary energy storage due to their 
potentially low cost and innate safety. In various aqueous battery systems, Prussian blue analogues (PBAs) represent a class of 
promising electrode materials with fascinating electrochemical performance, owing to their large open frameworks, abundant 
ion insertion sites, and facile preparation. To date, PBAs have shown substantial progress towards storage of alkali metal ions 
(Li+, Na+, and K+), H+, and NH4

+ in aqueous electrolytes, which, however, has yet not been specifically summarized. This 
review selects some representative research to introduce the progress of PBAs in these battery systems and aims to discuss 
the crucial role of ionic charge carrier in affecting the overall electrode performance. Besides, some critical knowledge gaps 
and challenges of PBA materials have been pointed out for future development.

Keywords  Prussian blue analogues · Aqueous batteries · Monovalent ion storage · 

1  Introduction

The storage of renewable energy demands the development 
of advanced battery technologies that are sustainable, cost-
effective, and safe [1]. Currently, the prevalent lithium-ion 
batteries have dominated the market of mobile devices and 
electric vehicles due to their overwhelmingly high energy 
density (200–250 Wh kg−1) [2]; however, the scarce reserve 
and the uneven distribution of Li will soon significantly 
restrict their further applications [3, 4]. Besides, the utili-
zation of flammable and toxic aprotic solvents also incurs 
safety concerns. In this scenario, aqueous batteries that 
employ alternative ionic charge carriers represent an attrac-
tive solution for stationary energy storage [5–7]. Of note, 
the energy density is not a top priority for storage-type bat-
teries. For example, lead-acid batteries afford a low energy 
density of only ~ 30 Wh kg−1 on the device scale [1], which, 
however, are still widely used in various applications. By 
contrast, the levelized energy cost, i.e., the cost per kWh 

delivered, over cycling [8], cell safety, and environmental 
friendliness are critical considerations in electrical grids. 
Aqueous batteries that operate on Earth-abundant elements 
and mild electrolytes do not necessarily replace lithium-ion 
batteries but are promising to outperform lead-acid batteries, 
given a higher energy density and a longer cycling life [5–7].

Dahn et al. pioneered the aqueous Li-ion battery research 
in 1994, where the battery comprises the LiMn2O4 cathode, 
the VO2 anode, and a 5.0 M (1 M = 1 mol L−1) LiNO3 aque-
ous electrolyte [9]. This full cell chemistry operates on the 
prominent rocking-chair mechanism, which associates with 
the reversible shuttling of Li+ ions between cathode and 
anode structures. Notably, this cell design yields a cell volt-
age of 1.5 V without causing significant water electrolysis. 
Inspired by this study, researchers have practiced the similar 
wisdom to diversify aqueous batteries, where the choice of 
charge carriers extends to monovalent cations of Na+ [10], 
K+ [11], and NH4

+ [12], divalent Mg2+ [13], Ca2+ [14], and 
Zn2+ [15], and trivalent Al3+ [16]. Furthermore, the develop-
ment of sophisticated electrolytes, such as concentrated or 
water-in-salt (WiS) electrolytes [17], has also brought the 
research of aqueous batteries to a new stage.

The development of competitive electrode materials is 
of the paramount importance for aqueous batteries, which 
entails the integration of excellent electrochemical perfor-
mance, low cost, and the supply sustainability of materials 
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[18]. To date, metal oxides [19, 20], phosphates [21, 22], and 
polymers [23] have been widely investigated as electrodes 
in aqueous batteries, albeit with limitations observed. For 
instance, metal oxides are usually subjected to the compact 
lattice structures, which only allow the usage of Li+ and 
Na+ ions as charge carriers [24]. Phosphates possess robust 
polyanionic crystal structures, thus offering stable cycling; 
however, the mass burden of heavy [PO4]3− frameworks 
constrains the specific capacity to 60–120 mAh g−1 [25]. 
Polymers are amenable to various ion storage due to their 
versatile functionality; however, the low tap density curbs 
their applications [26]. In comparison, Prussian blue ana-
logues (PBAs) stand out as a group of attractive electrode 
materials in various battery systems due to their appeal-
ing large open structures, reversible redox chemistry, and 
versatile ion-storage capability [27–29]. Moreover, PBAs 
can be prepared from inexpensive raw materials by facile 
aqueous precipitation methods, which holds great promise 
in large-scale applications. Compared to metal oxides and 
phosphates that necessitate complicated solid-state reac-
tions and a subsequent high-temperature annealing process 
[18–21], the preparation of PBAs at a mild temperature is 
more energy efficient, which lowers the cost.

PBAs are metal hexacyanoferrates with a nominal com-
position of AxM[Fe(CN)6]·mH2O, where A and M denote 
removable cations (Li+, Na+, K+, etc.) and transition metal 
ions (Fe, Co, Ni, and Cu, etc.), respectively [30, 31]. The 
number of zeolitic water (m) often depends on the ambient 
conditions such as moisture and temperature, whereas the 
content of extractable cations (x) depends on the valence 
states of transition metals [32]. The three primary stoichio-
metries of PBAs are MIII[FeIII(CN)6], AMIII[FeII(CN)6] (or 
AMII[FeIII(CN)6]), and A2MII[FeII(CN)6] are dubbed as 
Prussian yellow analogue (PYA), Prussian blue analogue 
(PBA), and Prussian white analogue (PWA), respectively 

[33]. For simplicity, these materials can be abbreviated as 
MFe-PYA, MFe-PBA, and MFe-PWA, respectively. Fig-
ure 1a illustrates the crystal structure of an intact unit cell 
of MIII[FeIII(CN)6]·2H2O. In this face-centred cubic (FCC) 
structure, Fe and M ions are octahedrally coordinated to car-
bon and nitrogen atoms of cyanide groups, respectively, and 
the alternating connection of the Fe–CN–M bonds further 
builds up a three-dimensional porous structure to host vari-
ous guest ions [34, 35]. However, during the conventional 
rapid precipitation process of preparation, PBA compounds 
are prone to the formation of Fe(CN)6 vacancies, which leads 
to a more general formula of AxM[Fe(CN)6]1−y·□y·mH2O 
(□ represents the vacancy) [29, 34]. For better visuali-
zation, Fig. 1b shows the crystal structure of a defective 
MIII[FeII(CN)6]3/4·□1/4·3.5H2O, which misses 1/4 of Fe(CN)6 
sites as vacancies that perfectly reside in each cubic centre 
[36]. Consequently, six ligand water molecules will be pre-
sent in the vacancy sites, which are coordinated to nearby 
M ions. However, we need to note that in samples of PBAs, 
these vacancies distribute randomly throughout the entire 
crystal structures.

PBAs exhibit multifaceted advantages as appealing elec-
trodes for aqueous batteries. Firstly, they can potentially 
undergo two-electron reactions based on FeIII/FeII and MIII/
MII redox couples, which gives rise to high theoretical 
capacities of 155–190 mAh g−1 for Li+, Na+, and K+ inser-
tion [37]. Such capacity values surpass phosphate materials 
(60–120 mAh g−1) and rival metal oxides and polymers. 
Secondly, the FeIII/FeII and MIII/MII redox couples usually 
provide high reaction potentials of 0.6–1.2 V vs. the stand-
ard hydrogen electrode (SHE) [38–40], which are benefi-
cial to increase the full cell output voltage. Thirdly, the 3D 
framework with open <100> channels (3.2 Å in diameter) 
and interstitial nanocavities (4.6 Å in diameter) not only 
endows fast insertion kinetics but also facilitates the storage 

Fig. 1   a The crystal structure of an intact MIII[FeIII(CN)6]·2H2O. b 
The crystal structure of a defective MIII[FeII(CN)6]3/4·□1/4·3.5H2O. 
The zeolitic water molecules that reside in the sub-cube centre are not 

shown for clarity. Reproduced with permission from Ref. [29]. Copy-
right 2016, American Chemical Society
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of a wide spectrum of cations such as H+, Li+, Na+, K+, and 
NH4

+ [41]. Table 1 shows the physicochemical properties 
of these monovalent ions [42, 43]. Fourthly, the open PBA 
structure minimizes the lattice expansion/shrinkage dur-
ing the ion (de)insertion, which is conducive to the cycling 
stability [34]. For instance, the volume change of NH4

+ 
insertion in FeFe-PBA is found lower than 1% [44], which 
pertains to a zero-strain insertion reaction and thus leads to 
superior cycling of 50000 cycles. Last but not least, PBA 
compounds are insoluble precipitates with extremely low 
solubility product constants (ksp), which effectively circum-
vents the troublesome material dissolution in water.

Due to these conspicuous advantages, PBAs have 
attracted increasing attention as universal electrodes for vari-
ous ion storage, such as monovalent metal ions (H+, Li+, 
Na+, K+, NH4

+, Rb+, and Cs+) [45], alkaline earth metal 
ions (Mg2+, Ca2+, Sr2+, and Ba2+) [46], trivalent ions (Al3+) 
[47], and transition metal ions (Fe2+ and Zn2+) [48, 49]. 
Particularly, the redox chemistry of PBAs in aqueous mono-
valent metal ion batteries has been extensively studied [50, 
51], which translates to promising electrode performance 
in terms of capacity, rate capability, and cycling stability. 
Furthermore, from the perspective of designing full cells, 
aqueous monovalent metal ion batteries seem to be closer 
to practical applications than divalent and trivalent ion bat-
teries [6]. In this minireview, we highlight some of the most 
representative studies to provide a sketch picture of PBA 
materials in aqueous monovalent ion batteries, where the 
scope covers Li+, Na+, K+, H+, and NH4

+. We also com-
pare and discuss the performance disparity of PBAs in stor-
ing different ions, which pinpoints the critical role of the 
ion-electrode interplays for electrochemical properties of 
rechargeable batteries.

2 � PBA Electrodes for Monovalent ion 
Storage

In 1978, Neff et al. reported the first electrochemical syn-
thesis of FeFe-PBA in an aqueous K-containing mixture 
solution of K3Fe(CN)6 and FeCl3 [52]. This electrode 
exhibits one pair of oxidization/reduction (ox/re) peaks at 
0.46/0.44 V versus standard hydrogen electrode (SHE), 
which is attributed to the reversible K+ insertion into the 

PBA lattice. Later, extensive efforts have focused on PBA 
thin-film electrodes in various applications of electrocata-
lysts, electroanalysis, and electrochromism, etc. [36, 53–56]. 
It has been well documented that the large open PBA struc-
ture exhibits a high preference towards bulky cations such as 
K+, NH4

+, Rb+, and Cs+, whereas smaller ions such as Li+ 
and Na+ block the redox reversibility [53–56]. For instance, 
Itaya et al. reported that FeFe-PBA supports highly revers-
ible NH4

+ and Rb+ insertion for 1000 cycles in cyclic vol-
tammetry (CV) tests, which greatly exceeds the short 2–10 
cycles for Li+ and Na+ ions [54]. Scholz et al. revealed the 
effect of transition metal ions of the framework on the redox 
potentials of PBAs, where a higher charge/radius ratio of 
Mn+ ions generally elevates the ion (de)insertion poten-
tials [57]. These early studies on PBA thin-film electrodes 
in 1980–2000 have paved the way for the subsequent PBA 
applications in aqueous batteries. However, it was until 2011 
when Cui et al. pioneered the study of bulk PBA electrodes 
in aqueous K+ batteries [11], which revived the interests of 
PBAs in various battery systems. Here, we will introduce 
the progress of PBA materials in the order of aqueous Li+, 
Na+, K+, NH4

+, and H+ ion batteries.

2.1 � Aqueous Lithium‑Ion Batteries

Among various aqueous batteries, aqueous Li-ion batter-
ies have made the most significant progress in terms of 
electrode materials, electrolytes, and full cells [58, 59]. 
Nevertheless, PBAs have been rarely reported for Li+ stor-
age in aqueous electrolytes, which likely results from the 
size mismatch between the PBA’s ionic channels (3.2 Å) 
[41] and hydrated Li+ ions (3.82 Å) [42]. Due to the strong 
electrostatic interactions between Li+ ions of high charge 
density and the solvation sheath of water, the in-coming 
Li+ ions cannot be fully dehydrated upon the insertion into 
PBA frameworks, which causes severe structure degradation 
and even dissolution of the PBA electrode in aqueous Li+ 
electrolytes.

In 2011, Cui et al. pioneered the comparative study of 
two kinds of NiFe and CuFe-PBAs for the insertion of Li+, 
Na+, K+, and NH4

+ [45]. In these two materials, only the 
carbon-coordinated FeIII/FeII (abbreviated as C- FeIII/FeII) 
couples are redox-active, whereas the Ni and Cu ions are 
inert and can stabilize the structures. Interestingly, the ion 
insertion potential increases with the increment of cation 
radii (NH4

+ > K+ > Na+ > Li+), where Li+ insertion shows 
the lowest potential of 0.6 V vs. SHE, 0.4 V lower than that 
of NH4

+ insertion. In addition, Li+ insertion demonstrates 
multiple pairs of broad redox peaks, which contrasts with the 
well-resolved single pair of Na+, K+, and NH4

+ insertion. It 
is likely that partially hydrated Li+ ions may occupy differ-
ent crystal sites in PBA structures such as the zeolitic and 

Table 1   The physicochemical properties of various monovalent ions

H+ Li+ Na+ K+ NH4
+

Molar mass (g mol−1) 1.0 6.94 23.0 39.1 18.0
Naked ion radius (Å) 0.89 × 10−5 0.76 1.02 1.38 1.48
Hydrated ion radius (Å) 1.0 ± 0.1 3.82 3.58 3.31 3.31
Ionic mobility 36.23 4.01 5.19 7.62 7.62



	 Electrochemical Energy Reviews

1 3

Fe(CN)6 vacancy sites, which results in the multiple redox 
CV peaks [45].

Another drawback of Li+ insertion in PBAs is the poor 
cycling performance. Figure 2a, b shows the CV curves of 
the FeFe(CN)6 electrode for Na+ and Li+ storage, respec-
tively [60]. Evidently, the Na+ storage is featured with high 
reversibility, whereas the Li+ insertion suffers fast capacity 
fading with the presence of complicating CV peaks. Besides, 
this electrode shows lower redox activity (smaller CV areas) 
at higher potentials, which suggests the suppression effect 
of Li+ ions on the C-FeIII/FeII couple. To understand the 
structural evolution, Li et al. compared the XRD patterns of 
the pristine, discharged, and charged FeFe(CN)6 materials 
[60]. Interestingly, Na+ insertion expands the lattice param-
eter from 10.18 to 10.64 Å (Fig. 2c), while there is no peak 
shift for Li+ insertion (Fig. 2d). The authors proposed that 
partially hydrated Li+ ions may either accumulate near the 
surface of small grains or reside in the large open sites such 
as Fe(CN)6 vacancies [60]. They also discovered that after 
repeated Li+ insertion, the morphology of PBAs is trans-
formed from the pristine nano-cubes to some petaloid-like 
structures, which indicates the structure degradation.

2.2 � Aqueous Sodium‑Ion Batteries

Compared to Li counterparts, aqueous Na-ion batteries hold 
more promise for large-scale energy storage, due to greater 
abundance and wider availability of Na sources on the Earth 
[21, 55]. More importantly, the comparatively larger Na+ 

ions can better fit into the PBAs’ voids, which facilitate the 
PBA performance [61]. To date, a number of PBA com-
pounds, particularly NiFe [62, 63], CuFe [64, 65], FeFe [66], 
CoFe [67], and MnFe [68], have been widely investigated 
for aqueous Na+ storage, which have demonstrated excellent 
electrode performance. Among them, NiFe and CuFe-PBAs 
usually experience the one-electron transfer reaction based 
on the FeIII/FeII redox couple [62–65], whereas FeFe, MnFe, 
and CoFe-PBAs are amenable to the two-electron reaction 
via both FeIII/FeII and MIII/MII couples [66–68].

In 2011, Cui et al. first conducted the study of PBAs in 
aqueous Na-ion batteries [62]. They reported that a NiFe-
PBA of K0.5Ni[Fe(CN)6]0.83·3.0H2O delivers a reversible 
capacity of ~ 58 mAh g−1 at 0.83 C, which still retains ~ 40 
mAh g−1 at a high rate of 41.7 C (Fig. 3a). Note that the 
mass loading of this electrode is between 7 and 12 mg cm−2, 
which is higher than most other PBA reports. This electrode 
also offers excellent cycling stability with negligible capac-
ity fading over 5000 cycles [62]. Ex situ XRD patterns reveal 
that NiFe-PBA maintains well its cubic structure without 
a phase transition, and the reversible Na+ insertion merely 
results in a trivial lattice change of 0.18% [62]. The S-shaped 
charge/discharge curves in Fig. 3a imply the solid solution 
reactions during (de)insertion of Na+ ions. However, this 
material occurs in its oxidized form with predominant Fe3+ 
ions, which necessitates chemical or electrochemical pre-
reduction for the full cells unless the anode contains extract-
able Na+ ions. To address this issue, Yang et al. prepared a 
Na-rich NiFe-PWA of Na1.88Ni[Fe(CN)6]0.97·4.7H2O, which 

Fig. 2   a CV curves of 
FeFe(CN)6 for Na+ (de)inser-
tion. b CV curves of FeFe(CN)6 
for Li+ (de)insertion. c Ex situ 
XRD patterns for Na+ insertion. 
d Ex situ XRD patterns after 
Li+ (de)insertion. Reproduced 
with permission from Ref. [60]. 
Copyright 2018, Elsevier
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affords the initial charge process (Fig. 3b) [63]. When paired 
with the NaTi2(PO4)3 anode, the aqueous Na-ion full cell 
realizes a cell voltage of ~ 1.27 V and an energy density of 
42.5 Wh kg−1 based on the mass of two electrodes.

Another issue of NiFe-PBAs is their moderate operation 
potential of +0.5 V vs. Ag/AgCl, which limits the full cell 
voltage. To elevate the insertion potential, a feasible strat-
egy is to dope Cu that shows a stronger inducing effect on 
the FeIII/FeII couple [57, 64]. Cui et al. prepared a series 
of CuxNi(1−x)Fe-PBAs with different stoichiometries, which 
retain the typical cubic crystal structure without phase sepa-
ration [69]. Consequently, the reaction potentials of these 
PBAs readily vary with the Cu/Ni atomic ratios, where a 
greater Cu content leads to a higher potential (Fig. 3c). 
Additionally, due to the stabilization effect of Ni ions, 
CuxNi(1−x)Fe-PBAs also achieves excellent cycling perfor-
mance of ~ 100% capacity retention over 2000 cycles, which 
surpasses CuFe-PBAs (Fig. 3d) that suffers from 25% capac-
ity loss. This doping strategy offers leeway to prepare PBA 
compounds with tunable crystal structures and better elec-
trode performance [70, 71]. Later, Yang et al. prepared the 
Na-rich CuFe-PWA materials [65], which deliver a similar 
capacity of ~ 60 mAh g−1 and a comparable reaction poten-
tial of +0.65 V vs. Ag/AgCl. It also exhibits a remarkable 
rate capability of 100 C and cycling stability of 1000 cycles 
in full cells, where the electrolyte is a near-neutral Na2SO4 
solution.

Albeit the stable cycling of NiFe and CuFe-PBAs, their 
one-electron reaction mechanism has markedly restricted 

the specific capacity to ~ 60 mAh g−1. In pursuit of a higher 
capacity, it is imperative to investigate two-electron mate-
rials such as FeFe, CoFe, and MnFe-PBAs [66–68]. Par-
ticularly, FeFe-PBA stands out due to its prominence in the 
research history and the usage of inexpensive Fe elements. 
Unfortunately, early studies have suggested that Na+ ions 
would act as blocking ions that degrade the FeFe-PBA’s 
redox chemistry [54, 55]. Indeed, there was no report of 
reversible two-Na+ reactions in the FeFe-PBA structure.

Recent studies have revealed that PBA structural proper-
ties have a large impact on its Na-insertion performance, 
and it is the structural vacancies that result in the poor Na-
insertion reversibility [72, 73]. We need to note that con-
ventional PBAs always contain a large number of Fe(CN)6 
vacancies (20%–30%) in their structures (Fig. 1b) due to 
the fast precipitation and crystallization process during 
preparation [74]. These structural vacancies render PBAs’ 
structures brittle and fragile, which are susceptible to col-
lapsing during the two-electron reactions associated with 
the lattice changes [30]. By contrast, one-electron-transfer 
electrodes, e.g., NiFe or CuFe-PBAs, are less sensitive to 
these vacancies, due to the inertness of nitrogen-coordinated 
MII ions that can stabilize the structure. Thus, it is critical to 
understand the vacancy formation mechanism and eliminate 
these defects when necessary. From the perspective of coor-
dination chemistry, it is thermodynamically favourable for 
Mn+ ions to coordinate with N ligands of [Fe(CN)]n− groups 
in a 1:1 ratio, which is the driving force for the formation 
of a three-dimensional framework of –Fe–CN–M– bonds 

Fig. 3   a The rate perfor-
mance of NiFe-PBAs in 1 M 
NaNO3 electrolytes (acidified 
to pH = 2). Reproduced with 
permission from Ref. [62]. 
Copyright 2011, American 
Chemical Society. b The charge/
discharge curves of Na-rich 
NiFe-PWAs. Reproduced with 
permission from Ref. [63]. 
Copyright 2013, Elsevier. c The 
comparison of charge/discharge 
curves for CuxNi(1−x)Fe-PBAs. 
d The cycling comparison of 
CuxNi(1−x)Fe-PBAs in 1 M 
NaNO3 electrolytes (pH = 2). 
Reproduced with permission 
from Ref. [69]. Copyright 2011, 
American Chemical Society
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[75, 76]. However, water molecules also act as competitive 
ligands to Mn+ ions. During the rapid crystallization pro-
cess, some Mn+(H2O)m ions do not have sufficient time to 
be fully dehydrated. Thus, both Mn+ and Mn+(H2O)m par-
ticipate in the coordination with [Fe(CN)]n− anions, which 
renders the presence of both Fe–CN–M and Fe–CN–M H2O 
concurrently. These water molecules are strongly bound to 
transition metal ions (Fig. 1b), which is the root cause for 
the Fe(CN)6 vacancy formation. In other words, the coor-
dination between Mn+ cations and [Fe(CN)]n− anions is 
thermodynamically favoured but kinetically challenged, 
which entails a slow crystallization process to fabricate low-
vacancy PBAs [72–76].

Yang et al. have conducted intensive research to prepare 
low-defect PBAs for reversible two-Na+ storage [72, 73]. 
Figure 4a shows the slow precipitation process of Ber-
lin green (BG), which is a green solid with a mixed state 
of Fe3+/2+–CN–Fe3+ between PY (Fe3+–CN–Fe3+) and 
PB (Fe2+–CN–Fe3+) [72]. The initial mixing of Fe3+ and 
[Fe(CN)]3− does not generate immediate precipitation but a 
dark brown solution, which corresponds to the formation of 
soluble Fe3+···[Fe(CN)6]3− complexes [77, 78]. Upon heating 
to 60 °C, the very oxidizing Fe3+···[Fe(CN)6]3− complexes 
gradually get reduced by chloride from the precursor or water 

molecules [79], resulting in some Fe3+···[Fe(CN)6]4− spe-
cies. It is known that the “insoluble” Prussian blue (IPB) of 
Fe[Fe(CN)6]3/4 exhibits an extremely low solubility product 
constant, ksp, which would serve as the nuclei for the subse-
quent crystal growth [80]. Due to the separated nucleation 
and growth processes, BG would grow into uniform nano-
cubes with significantly reduced vacancies (13% compared 
to 25% in IPB).

Yang et al. compared the charge/discharge performance 
of IPB and BG electrodes, respectively [72]. Due to the pres-
ence of Fe(CN)6 vacancies and challenged structure integ-
rity, the IPB electrode suffers from severe capacity fading 
with lower capacity utilization (Fig. 4c). On the contrary, 
the BG electrode demonstrates a highly reversible two-Na 
insertion reaction with an appreciable capacity of ~ 125 
mAh g−1 (Fig. 4d), which also retains 83% of its capac-
ity after 500 cycles at a 10 C rate [67]. This study reveals 
the correlation between the PBA’s structural defects and the 
two Na+ insertion performance, where a low-defect PBA 
structure is indispensable [72]. Later, Guo et al. reported a 
single iron-source method to prepare Na-rich FeFe-PWAs, 
which demonstrated an even higher capacity of ~ 150 mAh 
g−1 for Na-storage [81]. Note that in the FeFe-PBA struc-
ture, the higher and lower reaction slopes stem from the 

Fig. 4   a The synthetic mechanism of Berlin green nano-cubes. 
Reproduced with permission from Ref. [72]. Copyright 2015, Else-
vier. b The controlled crystallization synthesis of Na-rich CoFe-PWA. 
Reproduced with permission from Ref. [67]. Copyright 2015, Wiley–
VCH. c The charge/discharge profiles of conventional IPB electrodes. 

Reproduced with permission from Ref. [72]. Copyright 2015, Else-
vier. d The charge/discharge profiles of low-defect BG electrodes. 
Reproduced with permission from Ref. [72]. Copyright 2015, Else-
vier. e The charge/discharge profiles of Na-rich CoFe-PWA. Repro-
duced with permission from Ref. [67]. Copyright 2015, Wiley–VCH
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redox reactions of C-FeIII/FeII and N-coordinated FeIII/FeII 
(abbreviated as N-FeIII/FeII) couples, respectively [72]. The 
A+ insertion reaction is thus expressed as:

To further expand the applicability of low-defect PBAs, 
Hu et al. [82], Huang et al. [83], and Yang et al. [67] pro-
posed to use complexing agents (such as citrate) to slow 
down the crystallization. As shown in Fig.  4b, citrate 
anion is a strong Lewis base towards Co2+ ions, where 
the equilibrium constant (log K1) is as high as 12.5 for 
Co2+·citrate3− [67]. Such coordination effectively decreases 
the concentration of free Co2+ ions in the solution and thus 
slows down the initial nucleation process. The dissocia-
tion of citrate ions may also retard the crystal growth rate 
due to the possible steric hindrance effect. Consequently, 
the as-obtained CoFe-PWAs exhibit a desirable formula of 
Na1.85Co[Fe(CN)6]0.99·□0.01·2.5H2O, which contains a mini-
mal vacancy content of 1% and exhibits much larger crys-
tal size of 300–600 nm [67]. Therefore, it realizes a highly 
reversible two-Na insertion reaction, with a high capacity 
of ~ 130 mAh g−1 and two conspicuous plateaus at 1.1 and 
0.6 V vs. SHE (Fig. 4e). The higher and lower reaction pla-
teaus are attributed to the redox of C-FeIII/FeII and N-CoIII/
CoII couples, respectively [67]. When cycled at 5 C, it dem-
onstrates 90% capacity retention over 800 cycles [67]. In 
comparison, the CoFe-PWAs synthesized without citrate 
exhibit lower capacity values and shorter cycling longev-
ity. Due to the high capacity and high potential, the low-
defect CoFe-PWA was paired with the mainstream anode of 
NaTi2(PO4)3, which gives rise to an energy density of ~ 67 
Wh kg−1 based on the active mass of both electrodes [67]. 
To further improve the cycling stability, Li et al. recently 
added a small amount of Co2+ ions (1% CoSO4) into the 1 M 
Na2SO4 electrolyte, which further stabilizes the CoFe-PWA 
structure and suppresses the material dissolution [84]. Con-
sequently, the electrode shows a prolonged cycling of 2000 
cycles at a 10 C rate. However, we note that the presence 
of Co2+ ions will limit the cut-off potentials on the anode 
side, due to the high Co2+/Co0 redox potentials (− 0.28 V vs. 
SHE) [84]. This will prelude the use of low-potential anode 
materials such as NaTi2(PO4)3, whose Na-insertion reaction 
takes place at − 0.6 V vs. SHE [67].

Due to the effectiveness of reducing structural defects, the 
controlled crystallization method has been widely utilized to 
synthesize other PBA materials with significantly improved 
performance [85–87]. An interesting work from Han et al. 
demonstrates that by using [P2O7]4− as the chelating agent, a 
highly crystalline CuFe-PBA with few vacancies was attain-
able [88]. As a result, this electrode would accommodate 
1.5 Na+ insertion based on the C-FeIII/FeII and N-CuII/CuI 
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couples, which leads to a high capacity of ~ 120 mAh g−1 
in non-aqueous electrolytes [88]. By contrast, the control 
sample is subject to 1 Na+ insertion with a compromised 
capacity of ~ 80 mAh g−1. It would be interesting to examine 
its Na-insertion performance in aqueous electrolytes, which 
may rival the capacity of widely studied FeFe-PBAs and 
CoFe-PBAs [67, 72].

Regardless of the high capacity and high voltage of 
CoFe-PBAs, the expensive cobalt element will considerably 
increase the material cost. In comparison, MnFe-PBAs hold 
a great promise for aqueous Na-ion batteries, due to their 
high reaction potentials, rich elemental Fe/Mn abundance, 
and potentially low cost [88]. However, they are prone to 
material dissolution in aqueous electrolytes, which may 
arise from the relatively weak coordination of Mn2+ ions 
to N ligands [89]. Besides, the Jahn–Teller distortion effect 
of Mn3+ ions also imposes instability issues on the entire 
PBA framework [90]. Thus, even the low-defect MnFe-PWA 
cannot support a reversible two-Na reaction in conventional 
diluted aqueous electrolytes.

To tackle this challenge, Okada et al. first employed 
17 m (1 m = mol kg−1) NaClO4 WiS electrolyte to inhibit 
the material dissolution [68, 91]. As shown in Fig. 5a, the 
MnFe-PWA electrode exhibits two pairs of ox/re peaks at 
0.8 and 1.2 V vs. SHE, which is attributed to the redox 
couples of FeIII/FeII and MnIII/MnII, respectively. Such 
potentials exceed those of FeFe and CoFe-PBA materials 
[67, 72], which is advantageous to provide a higher energy 
density in full cells. Besides, it also offers a high specific 
capacity of ~ 110 mAh g−1 (Fig. 5b), which is on par with 
FeFe and CoFe-PBAs [62, 67]. However, even in such 
concentrated electrolytes, this material still encounters 
appreciable capacity fading, where it loses 26% capac-
ity over 100 cycles at 0.86 C. The potential explosion of 
the perchlorate salt under heat or collision also questions 
the applicability of such salts. Recently, Passerini et al. 
proposed to use the acetate-based WiS electrolytes to sup-
press the material dissolution [92]. However, acetate ani-
ons will be oxidized at higher potentials, which limits the 
MnFe-PWA electrode to the one-electron reaction (~ 75 
mAh g−1). Besides, the alkaline conditions of acetates 
may precipitate the transition metal ions in PBA frame-
works, which restricts the cycling to 100 cycles. Most 
recently, Hu et al. demonstrated an ultra-high concentra-
tion electrolyte of 9 m sodium triflate (NaOTF) mixed 
with 22 m tetraethylammonium triflate (TEAOTF), which 
could efficaciously inhibit the MnFe-PWA material dis-
solution [93]. This cathode delivers a high capacity of 140 
mAh g−1 and stable cycling of 800 cycles in full cells at a 
1 C rate. They coupled this cathode with the NaTiOPO4 
anode into a full cell, which delivers an average voltage 
of 1.74 V and a high energy density of 71 Wh kg−1 based 
on the active mass of two electrodes. The practical energy 
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density would approach ~ 36 Wh kg−1 on the device level, 
if we assume a mass burden of 50 wt% for inactive cell 
components such as conducting carbon, binders, electro-
lytes, and current collectors [94]. This value is better than 
lead-acid batteries (30 Wh kg−1). However, we also note 
that the imperative use of large quantities of fluorinated 
salts will compromise the cell cost.

In addition to the aforementioned PBAs, ZnFe and 
VFe-PBAs have also received certain interests as Na-
storage cathode materials [95–97]. However, they gen-
erally suffer from fast capacity fading in conventional 
electrolytes, which highlight the use of concentrated or 
highly acidic electrolytes. Qian et al. found that ZnFe-
PWA shows severe material dissolution in 1 m NaClO4 
electrolytes, which translates to low capacity retention of 
30% over 50 cycles [96]. When switched to 17 m NaClO4 
WiS electrolytes, the ZnFe-PWA demonstrates signifi-
cantly improved cycling stability with negligible capac-
ity fading [89]. Notably, this cathode shows a moderate 
capacity of 60 mAh g−1 but a very high potential of 1.1 V 
vs. SHE, due to the inducing effect of Zn2+ ions on the 
FeIII/FeII couple. Chung et al. investigated the VFe-PBA 
of Na0.133(VO)[Fe(CN)6]2/3·4H2O in a mixed electrolyte 
of 0.5 M Na2SO4 and 5.0 M H2SO4 [98]. By utilizing 
the VIII/VII and FeIII/FeII redox, this material delivers a 
reasonable capacity of 91 mAh g−1. Notably, due to their 
high charge density, VIII ions are readily coordinated to 
water molecules or oxygen atoms, which explains the 
form of VO in the formula. This also accounts for their 

propensity to material dissolution, which leads to limited 
cycling of 250 cycles at 1.2 C.

2.3 � Aqueous Potassium‑Ion Batteries

The K+ ion has a large ionic radius of 1.38 Å, which exceeds 
those of Li+ (0.76 Å) and Na+ (1.02 Å) [64]. This has mark-
edly restricted the electrode choices for aqueous K-ion bat-
teries, where a structure with large openings is a prerequi-
site. To date, among a handful of K-storage electrodes [99, 
100], PBAs represent the most promising cathode materi-
als due to their excellent structural compatibility towards 
K+ ions. Accordingly, K+ insertion not only exhibits a high 
potential but also renders excellent cycling stability [45].

In 2011, Cui et al. first investigated the K+ insertion in 
NiFe and CuFe-PBAs, which impressively deliver 5000 and 
40000 cycles, respectively [62, 64]. The K+-storage reac-
tion potential is 0.1–0.2 V higher than that of Na insertion, 
which benefits the full cell voltage. However, Fe ions in 
these structures exist in the +3 valance state, which can-
not directly pair with K-deficient anodes in full cells. To 
address this issue, Zhao et al. prepared the K-rich NiFe-PWA 
of K2NiFe(CN)6·1.2H2O [101], which delivers a capacity 
of ~ 75 mAh g−1 at 5 C and 40 mAh g−1 at 500 C (Fig. 6a). 
When cycled at 30 C, it exhibits 98.6% capacity retention 
after 5000 cycles. Ex situ XRD patterns demonstrate that 
the lattice parameter slightly shrinks from 10.33 to 10.08 Å 
during K insertion [101], which accounts for the outstand-
ing cycling. Interestingly, this electrode shows a plateau at 
0.85 V vs. SHE (~ 0.6 V vs. SCE), which implies a two-phase 

Fig. 5   a The CV curves of the Na2MnFe(CN)6 cathode and the 
KMnCr(CN)6 anode in a 17 m (1 m = mol kg−1) NaClO4 WiS electro-
lyte. b The charge/discharge profiles of the Na2MnFe(CN)6 cathode 

and the KMnCr(CN)6 anode. Reproduced with permission from Ref. 
[91]. Copyright 2018, Wiley–VCH
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reaction. However, the K-deficient NiFe-PBA in Cui et al.’s 
report demonstrates a smooth S-shaped slope (Fig. 6b), 
which corresponds to a solid-solution insertion process 
[62]. We deem that the high K content in K2NiFe(CN)6 may 
induce the phase transition from cubic to a monoclinic struc-
ture [102], which results in the two-phase reaction with flat 
plateaus. Recently, Anouti et al. also reported the perfor-
mance of K2CuFe(CN)6 for K+ storage [103], which shows 
a moderate capacity of ~ 55 mAh g−1 (Fig. 6c) and stable 
cycling of 50 cycles (97% capacity retention).

Similarly, the one-electron reaction of NiFe and CuFe-
PBAs limits the K-storage capacity, which highlights the 
need of two-electron-transfer PBAs. In this regard, Wang 

et al. synthesized well-defined K2FeFe(CN)6·2H2O nano-
cubes by a single iron source method, where K4Fe(CN)6 
was used as a precursor in the presence of hydrochlo-
ric acid (HCl) [104]. Under the solvothermal conditions, 
a portion of [Fe(CN)6]4− anions will react with acids to 
form Fe2+ and HCN. The resultant Fe2+ ions further coor-
dinate with the residual [Fe(CN)6]4− anions to grow into 
K2FeFe(CN)6·2H2O crystals. This reaction has been reported 
in the Na-ion battery research by Guo et al., where the 
crystal growth is facilitated by the suppression of Fe(CN)6 
vacancies [81]. However, this method generates highly 
toxic HCN, which can be replaced by the aforementioned 
citrate-assisted controlled crystallization method [67]. The 

Fig. 6   a The charge/discharge profiles of K2NiFe(CN)6 electrodes. 
Reproduced with permission from Ref. [101]. Copyright 2018, 
Wiley–VCH. b The rate performance of KNiFe(CN)6 electrodes. 
Reproduced with permission from Ref. [62]. Copyright 2011, 
American Chemical Society. c The charge/discharge profiles of 
K2CuFe(CN)6. Reproduced with permission from Ref. [103]. Copy-
right 2019, Elsevier. d The rate performance of K2FeFe(CN)6 elec-
trodes. Reproduced with permission from Ref. [104]. Copyright 

2016, Wiley–VCH. e The phase transition between monoclinic 
K2FeFe(CN)6 and cubic FeFe(CN)6. Reproduced with permission 
from Ref. [105]. Copyright 2017, American Chemical Society. f The 
working mechanism of an aqueous hybrid Na+/K+ ion battery. g The 
charge/discharge profiles of the cathode, the anode, and the full cell. 
Reproduced with permission from Ref. [97]. Copyright 2014, Wiley–
VCH
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stoichiometric formula of this compound also needs to be 
accurately verified. This K2FeFe(CN)6 electrode shows a 
high capacity of ~ 120 mAh g−1 with two distinguishable 
plateaus at 1.0 and 0.5 V vs. SHE (Fig. 6d). In addition, it 
also exhibits excellent cycling of 500 cycles with nearly no 
capacity fading at both low (500 mA g−1) and high current 
rates (3000 mA g−1). Notably, compared to the S-shaped 
Na+ insertion in FeFe-PBA frameworks (Fig. 4d), the stor-
age of bulky K+ ions exerts larger structural stress and thus 
distorts the cubic FeFe(CN)6 structure into a monoclinic 
K2FeFe(CN)6 one (Fig. 6e) [105], which results in the phase 
transition and reaction plateaus.

MnFe-PWA also operates on a two-electron reaction 
that corresponds to a high capacity. However, as discussed 
in the Na-ion section, MnFe-PWAs are vulnerable to the 
active material dissolution, which restricts their applica-
tions. To tackle this challenge, Hu et al. integrated the uti-
lization of the 22 m potassium trifluoromethanesulfonate 
(KCF3SO3) WiS electrolyte and the Fe elemental doping, 
which mitigates the dissolution and stabilizes the structure 
synergistically [106]. Impressively, the MnFe-PWA exhibits 
a high capacity of ~ 130 mAh g−1 without Fe/Mn dissolu-
tion, which significantly surpasses the performance in the 
dilute 1 m KCF3SO3 electrolyte. They further revealed that 
the undoped MnFe-PWA experiences a complicated phase 
transition of monoclinic PWA ↔ cubic PBA ↔ tetragonal 
PYA, whereas the Fe-doped one is subject to monoclinic 
PWA ↔ monoclinic/cubic PBA ↔ cubic PYA [106]. The 
introduction of Fe ions decreases the concentration of Mn3+ 
ions in the structure, which minimizes the Jahn–Teller dis-
tortion effect and circumvents the cubic/tetragonal transition. 
Consequently, the doped MnFe-PWA shows a superior lifes-
pan of 10000 cycles at a 100 C rate. This electrode can also 
work in a wide temperature range from − 20 to 60 °C [106]. 
The authors further paired the MnFe-PWA cathode with an 
organic anode of 3,4,9,10-perylenetetracarboxylic diimide 
(PTCDI), which gives rise to an aqueous K-ion full cell with 
an average voltage of 1.27 V and an energy density of 80 
Wh kg−1 based on the active mass of two electrodes [106]. 
Such energy density would be the highest among reported 
aqueous K-ion batteries, which may still reach 40 Wh kg−1 
if we assume a 50 wt% dead mass burden [94]. However, the 
use of expensive and hazardous fluorinated salts may bring 
about cost and safety concerns.

To our knowledge, the K-insertion in CoFe-PWA has 
not been reported in aqueous electrolytes. Our recent work 
reveals that this compound shows a low capacity of ~ 60 
mAh g−1 in non-aqueous electrolytes [100], which corre-
sponds to a one-electron reaction. Previous studies suggest 
that the CoIII/CoII redox couple is sensitive to local environ-
ments in PBAs [107–109], where the absence of Fe(CN)6 
vacancies and the employment of small cations such as Na+ 
are indispensable for two-electron reactions [101, 102]. 

Besides, the charge/discharge profiles demonstrate multiple 
reaction plateaus, which implies intricate phase transitions. 
More research efforts are warranted to uncover the underly-
ing mechanism.

Albeit the attractive K-insertion performance in PBA 
structures, the bulky K+ size has dramatically limited the 
development of suitable K-storage anode materials. As a 
compromise, PBAs have also been used as feasible cath-
odes in hybrid ion battery systems [110]. Figure 6f illus-
trates the working mechanism of a hybrid Na+/K+ ion 
battery, where the cathode, the anode, and the electrolyte 
are K0.08Ni0.75Zn0.70[Fe(CN)6], NaTi2(PO4)3, and a mixed 
solution of 0.4 M K2SO4 + 0.1 M Na2SO4, respectively 
[97]. Upon charge/discharge, the cathode will preferentially 
accommodate K+ over Na+ ions due to the higher K-inser-
tion potential by 0.1–0.2 V, whereas the anode will exclu-
sively host Na+ ions due to the moderate interstitial sites 
in the phosphate frameworks [97]. The ionic selectivity is 
central to such a hybrid ion battery configuration, which 
effectively addresses the issue of lacking K-storage anode 
materials. Additionally, compared to the sole Na+ insertion, 
the hybrid ion design enjoys an extra voltage increase due 
to the higher K+ insertion potentials. For example, the full 
cell thus delivers an improved voltage of ~ 1.45 V and 53 Wh 
kg−1 based on the active mass of two electrodes (Fig. 6g). 
This hybrid ion battery concept is also applicable to other 
battery systems, such as Li+/Na+ [111], Li+/K+ [97], Na+/
NH4

+ [44], and Li+/Fe2+ [49]. However, we need to point 
it out that the electrolyte is also a part of active materials 
for hybrid battery systems, which needs to be taken into 
account when calculating the device energy density. This 
issue resembles the case of dual-ion batteries to some extent, 
where a concentrated electrolyte would alleviate the electro-
lyte mass burden [112].

2.4 � Aqueous Ammonium‑Ion Batteries

Compared to metal ions of Li+, Na+, and K+, non-metal ions 
of NH4

+ have received less attention as alternative charge 
carriers, possibly due to the very large ionic radius of 1.48 Å 
[45]. However, such an ion size would perfectly match with 
the interstitial sites in PBAs, which results in high reaction 
potential and stable cycling. Moreover, NH4

+ ions dissociate 
a small amount of protons in water, which provides a rela-
tively acidic condition to further benefit the PBA cycling. 
Note that in previous studies, researchers have added extra 
acids (pH = 2) to stabilize the PBA cycling for Na+ and K+ 
insertion [62, 64].

Cui et al. pioneered the NH4
+ insertion in NiFe and CuFe-

PBAs, which exhibit high potentials and stable cycling of 
500 cycles [45]. However, these two PBAs have no remova-
ble NH4

+ ions in the pristine structure, which challenges the 
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full cell implementation. Besides, the potentially appealing 
NH4

+ insertion chemistry warrants further investigation. Of 
note, Li+, Na+, and K+ are monoatomic ions with a spheri-
cal configuration, whereas NH4

+ is a polyatomic ion with 
a tetrahedral configuration, which may result in distinctive 
topochemistry or an ion diffusion mechanism [12].

To further test NH4
+ as a charge carrier for energy stor-

age, our group presented a rocking-chair NH4
+-ion full cell, 

which works on the NH4
+ shuttling between the NiFe-PWA 

cathode and an organic anode of 3,4,9,10-perylenetetracar-
boxylic diimide (PTCDI) [113]. This NH4

+-rich PWA was 
prepared by an aqueous ion-exchange method, where its Na-
containing PWA version is mixed in a (NH4)2SO4 solution 
under stirring for several hours. Due to the higher structure 
affinity to large ions, all the Na+ ions in the lattice are readily 
replaced by NH4

+ ions. More interestingly, it was found that 
the NiFe-PWA framework crystallizes in a cubic structure 
when NH4

+ ions are present, whereas it adopts a distorted 
monoclinic one when hosting Na+ ions (Fig. 7a) [113]. The 
disparity of phases implies the better structural compatibility 
of PBAs with NH4

+ ions. Ex situ XRD patterns also uncover 
that the NiFe-PWA maintains a cubic structure without any 
phase transition for NH4

+ (de)insertion. This electrode 
shows a specific capacity of ~ 60 mAh g−1 (Fig. 7b) and sta-
ble cycling of 2000 cycles. Besides, it offers a higher poten-
tial by ~ 0.2 V than Na+ insertion, which benefits the full cell 

voltage. The ammonium full cell based on the NiFe-PWA 
cathode and the PTCDI anode offers a reasonable energy 
density of 43 Wh kg−1 (based on the active mass of two 
electrodes) and stable cycling of 1000 cycles.

Later, Wu et al. investigated the NH4
+ insertion in the 

CuFe-PBA, which shows a similar capacity of ~ 60 mAh g−1 
and good cycling of 1000 cycles [114]. When paired with 
the Zn metal anode, this hybrid full cell affords a high volt-
age of ~ 1.8 V, which results from the 0.2 V higher NH4

+ 
insertion potential than Zn2+ ions. The hybrid cell thus deliv-
ers a high energy density of 114 Wh kg−1 based on the two 
electrodes’ active mass. However, the electrolyte also needs 
to be considered as an active mass in hybrid cells, which will 
dramatically decrease the practical energy density due to the 
diluted concentration [114].

It is appealing to explore whether NH4
+ ions would exert 

a two-electron reaction in PBA frameworks. In this respect, 
our group investigated NH4

+ insertion in BG with a com-
parison to Na+ and K+ ions [44]. As shown in Fig. 7c, BG 
exhibits only one pair of CV peaks for NH4

+, which con-
trasts with the well-defined two pairs of Na+ and K+ inser-
tion. Even scanned to a very high potential of 1.7 V vs. SHE, 
the redox activity of the C-FeIII/FeII couple is still not trig-
gered. This one-electron reaction limits the capacity to ~ 90 
mAh g−1. However, due to the remarkable match of NH4

+ 
with the open PBA cavities, the BG electrode experiences 

Fig. 7   a The scheme of the ion-exchange method to pre-
pare NH4

+-rich PWAs. b The charge/discharge profiles of the 
Na2NiFe(CN)6 and (NH4)2NiFe(CN)6 electrodes. Reproduced with 
permission from Ref. [113]. Copyright 2017, Wiley–VCH. c The CV 
curves comparison of the FeFe(CN)6 for Na+, K+, and NH4

+ inser-

tion. d The ex situ XRD patterns for Na+, K+, and NH4
+ insertion. 

e The cycling comparison for Na+, K+, and NH4
+ insertion. Repro-

duced with permission from Ref. [44]. Copyright 2018, American 
Chemical Society
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a zero-strain NH4
+ insertion process with negligible lattice 

change (Fig. 7d), which results in the exceptionally stable 
cycling of 50000 cycles with 78% retention [44]. By con-
trast, Na+ insertion would significantly expand the BG lat-
tice due to the H2O co-insertion, whereas K+ insertion will 
induce a phase transition from cubic to a monoclinic one 
(Fig. 7d) [44]. Consequently, BG shows much poorer cycling 
for Na+ and K+ insertion (Fig. 7e).

To date, CoFe and MnFe-PBAs have yet to be reported 
in NH4

+ ion batteries. It would be interesting to learn if they 
can operate on two-electron NH4

+-insertion reactions.

2.5 � Aqueous Proton‑Ion Batteries

A proton represents an intriguing charge carrier due to its 
salient advantages of being minimal in size (~ 0.89 femtom-
eter) and light in mass (+ 1.0 g mol−1) [115, 116]. These 
features may facilitate high specific capacities and fast 
kinetic properties. Moreover, it has been widely reported 
that the addition of some acids (protons) can lead to better 
cycling for PBAs [62, 64]. However, from the perspective 
of PBA insertion chemistry, protons would not be the first 
choice, considering the trend of ion preference in the order 
of NH4

+ > K+ > Na+ > Li+ [55]. Besides, previous studies 
had suggested the small proton as a blocking ion for PBA 

thin-film electrodes [117]. Indeed, even the low-defect BG 
cannot support reversible H+ insertion. As shown in Fig. 8a, 
the BG electrode not only suffers from appreciable capacity 
fading within several cycles, but also exhibits tapered redox 
current for the C-FeIII/FeII couple. These challenges may 
account for the few studies of PBAs for proton insertion.

However, proton insertion in PBAs still shows advan-
tages in aspects of reaction potentials and rate performance. 
Cui et al. reported that NiFe-PBA shows a pair of ox/re 
peaks at 0.6 V vs. SHE in acidic solutions (pH = 3, Fig. 8b), 
which exceeds the Li+ storage potential (1.0 M, pH = 2) and 
approaches that of Na+ ions [118]. If tested in the same con-
centration (1.0 M), the proton-storage potential would be 
further increased by 0.059 × 3 = 0.177 (V) according to the 
Nernst equation [119]. It is likely that hydrated protons such 
as hydronium (H3O+) [120] serve as viable charge carriers 
to match the PBA nanocavities. Alternatively, naked protons 
can bind with lattice water to form interstitial hydroniums. 
Note that hydronium (H3O+) shows a moderate ionic radius 
of (1.0 ± 0.1) Å, which is akin to Na+ ions (1.02 Å) [111]. 
This may explain the comparable H+ and Na+ insertion 
potentials.

Protons also render an extremely high-rate capability in 
hydrous PBA electrodes. The most conspicuous attribute of 
protons is their superior ionic conductivity in aqueous elec-
trolytes, which essentially stems from the unique Grotthuss 

Fig. 8   a The CV curves of FeFe(CN)6 in 0.1 M H2SO4 electrolytes. 
b The CV curve comparison of NiFe-PBA for Li+ and H+ insertion. 
Reproduced with permission from Ref. [118]. Copyright 2014, The 
Royal Society of Chemistry. c The scheme of the Grotthuss mecha-
nism. d The scheme of a defective TBA structure. e The rate capa-

bility of CuFe-TBA electrode. Reproduced with the permission from 
Ref. [123]. Copyright 2019, Springer Nature. f The low-temperature 
performance of the NiFe-TBA electrode. Reproduced with the per-
mission from Ref. [124]. Copyright 2020, American Chemical Soci-
ety
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mechanism [121, 122]. A hydrogen-bounded water chain 
conducts protons by the cooperative bond re-arrangement 
of O–H covalent bonds and O···H hydrogen bonds, which 
results in the structural diffusion of protons (Fig. 8c) [123]. 
To utilize such a mechanism, our group recently designed 
a highly defective Turnbull’s blue analogue (TBA) of 
Cu[Fe(CN)6]0.63·□0.37·3.4H2O, where ligand and zeolitic 
water molecules are concertedly connected to yield a con-
tiguous hydrogen-bonding network (Fig. 8d) [123]. Based on 
the redox reactions of C-FeIII/FeII and N-CuII/CuI couples, 
this electrode delivers a reasonable capacity of ~ 95 mAh 
g−1, which corresponds to the storage of 0.91 mol protons 
per unit formula. Surprisingly, it delivers an unprecedented 
rate capability up to 4000 C with low-potential hysteresis 
(Fig. 8e) and record-long cycling stability of 0.73 million 
cycles, which surpasses the performance of storing any 
metal ions in PBA structures [123]. More importantly, the 
Grotthuss mechanism endows fascinating low-temperature 
performance in TBA electrodes. Figure 8f shows the charge/
discharge profiles of NiFe-TBA in 1.0 M H2SO4 electrolytes 
at − 40 °C, where a high rate capability of 50 C is still attain-
able [124]. Recently, our group further disclosed that CuFe-
TBA would deliver ~ 40% capacity utilization at a tempera-
ture of − 78 °C in a 9.5 m H3PO4 electrolyte [125]. These 
studies showcase the power of the Grotthuss mechanism in 
revolutionizing fast insertion kinetics, which also extends 
the applicability of proton batteries in subzero temperature 
conditions.

However, there are some drawbacks for PBAs in aqueous 
proton batteries. Compared to the Na+, K+, and NH4

+ PWA 
versions, it is challenging to directly prepare the proton-
containing PWAs to assemble full cells, due to the insta-
bility of H4Fe(CN)6 precursors. To address this issue, our 
group has demonstrated the effectiveness of using hydra-
zine to chemically reduce the proton-deficient PBAs [123, 
125]. For instance, we assembled a proton full cell based on 
the proton-bearing CuFe-PWA cathode and a MoO3 anode, 
which demonstrates an energy density of 40 Wh kg−1 (based 
on the active mass of two electrodes) and cycling retention 
of 85% after 1000 cycles [125]. Alternatively, it is viable 
to fabricate hybrid full cells based on the proton-deficient 
PBAs and metal anodes. Recently, Zhi et al. reported that 
copper metal could exhibit a stable plating/stripping reaction 
in the hybrid electrolyte of CuSO4 and H2SO4 [126]. When 
paired with the CuFe-PBA cathode, this H+/Cu2+ hybrid full 
cell delivers an average voltage of ~ 0.7 V and outstanding 
cycling of 5000 cycles at a 20 C rate.

3 � Discussions and Perspectives

From the description above, it is evident that the choice of 
ionic charge carriers greatly impacts the performance of 
PBA electrodes, including thermodynamics (capacity and 
potential), kinetics (the rate), and reversibility (structural 
compatibility and cycling) [45, 118]. For better visualiza-
tion, we summarized the representative PBA performance 
for H+, Li+, Na+, K+, and NH4

+ storage in Table 2. We also 
draw a radar plot in Fig. 9a to compare the performance of 
monovalent ions in PBA electrodes.

Due to the intrinsic structural incompatibility between 
hydrated Li+ ions and PBA voids, PBAs are likely unsuitable 
for aqueous Li-ion batteries, which suffer from the serious 
capacity fading and low voltages [45, 60]. However, from 
the scientific research point of view, it would be interesting 
to investigate whether PBAs can show improved Li-inser-
tion reversibility in WiS electrolytes, owing to their distinct 
hydration/solvation structures [47]. This aspect has remained 
unexplored to date. In comparison, PBAs demonstrate very 
promising performance in aqueous Na and K-ion batteries 
due to their overall reasonable capacity, voltage, rate, and 
cycling performance. Particularly, FeFe and MnFe-PBAs 
represent the leading materials in Na and K-ion batteries, 
considering the low toxicity and high abundance of Fe/Mn 
elements.

We also underline that PBAs promise the development 
of innovative non-metal ion batteries of H+ and NH4

+. 
Although some PBAs may dissolve in acidic electrolytes, 
the strategies of doping [69], material coating [31, 127], or 
utilizing WiS electrolytes [68, 128] will likely enhance the 
cycling stability. More importantly, the superior high-rate 
performance will be extremely appealing for fast-charging 
applications in grid-scale energy storage. On the other 
hand, NH4

+ insertion stands out by the overwhelmingly 
high potential and stable cycling, which compensate for the 
capacity drawbacks.

However, there are still some critical knowledge gaps and 
challenges for the applications of PBAs in aqueous batteries. 
Albeit the increasing reports of PBAs in rechargeable bat-
teries, in-depth fundamental understanding about the com-
parative storage mechanism of different ions is still lacking. 
It has been widely suggested that FeFe, MnFe, and CoFe-
PBAs are amenable to two-electron reactions for various 
ions [67, 102, 106]; however, it seems that only the ions that 
optimally match the PBA voids (Na+ and K+) can realize 
the highest capacity utilization (Fig. 9b). For instance, the 
FeFe(CN)6 electrode delivers a specific capacity of ~ 100, 
105, 120, 120, and 90 mAh g−1 for H+, Li+, Na+, K+, and 
NH4

+ insertion, respectively, which suggests an inhibition 
effect of both small (H+ and Li+) and bulky (NH4

+) ions on 
the C-FeIII/FeII redox couple (Fig. 9c). More interestingly, 



	 Electrochemical Energy Reviews

1 3

the Na+ ion insertion in Na2CoFe(CN)6 operates on a two-
electron reaction, whereas the K+ ions restrict the redox 
activity of both C-FeIII/FeII and N-CoIII/CoII redox couples 
(Fig. 9d). To unravel the correlation between ion charge 

carrier species and resulted capacity, a series of characteri-
zation on PBAs is indispensable to systematically learn the 
properties such as the crystal structures, electronic states, 
and the coordination environments [129–131].

Table 2   Electrode performance of PBA electrodes for various monovalent ions

Host Material Ion Capacity 
(mAh 
g−1)

Potential (V vs. SHE) C Rate/utilization Cycle rate, cycle num-
ber and retention

Cycling 
time 
(day)

NiFe Ni[Fe(CN)6]0.60·4.5H2O [125] H+ ~ 65 ~ 0.65 6000 C, 50% 10 C, 1000, 73% 6.1
K0.5Ni[Fe(CN)6]0.83·3H2O
[45]

Li+ ~ 60 ~ 0.50 41.7 C, 58% 8.3 C, 500, 40% 2.0

K0.5Ni[Fe(CN)6]0.83·3H2O
[62]

Na+ (pH = 2) ~ 60 ~ 0.60 41.7 C, 66% 8.3 C, 5000, 100% 50

K0.5Ni[Fe(CN)6]0.83·3H2O
[62]

K+ (pH = 2) ~ 60 ~ 0.70 41.7 C, 66% 8.3 C, 5000, 98% 49

K2NiFe(CN)6·1.2H2O
[101]

K+ ~ 75 ~ 0.80 500 C, 55% 30 C, 5000, 98.6% 13.9

K0.5Ni[Fe(CN)6]0.83·3H2O
[45]

NH4
+ ~ 60 ~ 0.75 41.7 C, 39% 8.3 C, 500, 88% 4.4

(NH4)1.47Ni[Fe(CN)6]0.88
[113]

NH4
+ ~ 60 ~ 0.85 20 C, 50% 5.0 C, 2000, 74% 25

CuFe Cu[Fe(CN)6]0.63·3.4H2O
[123]

H+ ~ 95 ~ 0.85 4000 C, 50% 500 C, 730000, 60% 45

K0.7Cu[Fe(CN)6]0.77 [45] Li+ ~ 60 ~ 0.80 41.7 C, 65% 8.3 C, 500, 35% 1.75
K0.7Cu[Fe(CN)6]0.77 [45] Na+ ~ 60 ~ 0.90 41.7 C, 34% 8.3 C, 500, 77% 3.85
K0.7Cu[Fe(CN)6]0.77 [45] K+ ~ 60 ~ 1.0 41.7 C, 84% 8.3 C, 500, 99% 5.0
K0.71Cu[Fe(CN)6]0.72 

·3.7H2O [63]
K+ (pH = 2) ~ 60 ~ 1.0 83 C, 67% 17 C, 40000, 83% 154

K0.7Cu[Fe(CN)6]0.77 [45] NH4
+ ~ 60 ~ 1.05 41.7 C, 75% 8.3 C, 500, 91% 4.6

K0.72Cu[Fe(CN)6]0.78·3.7H2O 
[114]

NH4
+ ~ 60 ~ 1.0 40 C, 83% 30 C, 1000, 78% 2.5

FeFe Fe[Fe(CN)6]0.94·1.6H2O
[123]

H+ ~ 102 0.3 and 1.0 200 C, 48% N/A N/A

Fe[Fe(CN)6]0.88·2.8H2O Li+ ~ 95 0.2 and 0.9 N/A 0.5 C, 15, 69% 1.75
Fe[Fe(CN)6]0.88·2.8H2O
[44]

Na+ ~ 130 0.3 and 1.1 770 C, 50% 7.7 C, 1000, 72% 9.2

Fe[Fe(CN)6]0.88·2.8H2O
[44]

K+ ~ 130 0.4 and 1.1 770 C, 50% 7.7 C, 1000, 48% 8.11

K2FeFe(CN)6·2H2O
[104]

K+ ~ 120 0.4 and 1.1 25 C, 73% 4.2 C, 500, 96% 9.7

Fe[Fe(CN)6]0.88·2.8H2O
[44]

NH4
+ ~ 90 0.45 1100 C, 45% 11 C, 4000, 88%

(55 C, 50000, 78%)
28.8
(59)

MnFe Mn[Fe(CN)6]0.67·nH2O
[123]

H+ ~ 60 0.65 N/A N/A N/A

Na1.24Mn[Fe(CN)6]0.81
·1.28H2O [68]

Na+ (WiS) ~ 116 0.8 and 1.3 N/A 0.22 C, 100, 43% (0.86 
C, 100, 74%)

26.5
(8.43)

K1.85Fe0.33Mn0.67[Fe(CN)6]0.98
·0.77H2O [106]

K+ (WiS) ~ 130 1.0 and 1.2 120 C, 65% 100 C, 10000, 90% 7.92

CoFe Co[Fe(CN)6]0.67·nH2O
[123]

H+ ~ 60 0.7 N/A N/A N/A

Na1.85Co[Fe(CN)6]0.99 
·2.5H2O [67]

Na+ ~ 128 0.6 and 1.1 20 C, 50% 5 C, 800, 91% 12.6

K2CoFe(CN)6·nH2O K+ ~ 47 0.6 and 0.95 N/A 2.2 C, 150, 61% 4.4
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PBAs generally exhibit an outstanding rate capability of 
40–4000 C (Table 2), which is an attractive merit for stor-
age batteries. Such superb ion insertion kinetics primarily 
stems from the favourable 3D open channels of PBAs and 
the remarkably high ionic conductivity of aqueous electro-
lytes (~ 102 S cm−1) [5, 6]. Particularly, the interfacial under-
standing of PBA electrodes and aqueous electrolytes repre-
sents a crucial but intricate topic. In light of electrochemical 
quartz crystal microbalance (EQCM) studies on PBA thin 
films [132–134], smaller ions of Li+ and Na+ are perceived 
partially hydrated upon the entry into PBA voids, whereas 
larger ions of K+ and NH4

+ are inserted into the lattice in 
their naked forms with complete dehydration. This may be 
related to the fitness of naked or hydrated ions (Table 1) in 
PBA interstitial sites (Fig. 1). The dynamic ion migration 
across the electrode interface is associated with nuances. For 
instance, Bandarenka et al. have proposed a three-stage ion 
insertion mechanism for PBAs in aqueous Li+, Na+, and K+ 
systems [135, 136]. Due to the relatively fast electronic con-
duction but slower ionic conduction, transition metal ions 
in PBAs will get oxidized in the first place during charging 
(Fig. 9e, 1), whereas the jammed cation migration will lead 
to the presence of extra positive charges at the electrode sur-
face (Fig. 9e, 2) [135]. As a result, the electrode will absorb 
some anions from electrolytes to temporarily compensate 

for the charge, which results in additional interfacial charge 
transfer (Fig. 9e, 3) [135]. Eventually, the monovalent ions 
will be extracted from the electrode, which progressively 
dismisses the accumulated anions at the interface (Fig. 9e, 
4) [135]. Deep understanding of such dynamic processes 
will establish the correlation between the ion (cations, water 
molecules, and anions) migration manner and PBA reaction 
kinetics.

On the other hand, the excellent rate performance is also 
at the expense of sub-optimal electrode composition and 
active mass loading. Due to the moderate electronic con-
ductivity of PBAs (~ 10−3 S cm−1) [83], most studies have 
used massive amounts of carbon additives (10–20 wt%) 
and relatively low active mass loading (1.5–10 mg cm−2), 
which appreciably compromises the electrode capacity 
and area capacity. To have a better picture, we select some 
representative studies and list the electrode composition, 
active mass loading, and area capacity in Table 3, where 
most of them exhibit a low area capacity < 1 mAh cm−2. 
In a stark contrast, commercial lithium-ion batteries have 
adopted a low content of carbon (e.g., 2 wt%) and binder 
(e.g., 2 wt%) at high active mass loading, e.g., 20 mg cm−2, 
which results in a high area capacity of 4.0 mAh cm−2 for 
the LiNi0.8Mn0.1Co0.1O2 and LiNi0.6Mn0.2Co0.2O2 cathodes 
[137]. We call for that future PBA studies may consider 

Fig. 9   a The radar plot of PBA electrodes for monovalent ion stor-
age in aqueous electrolytes. b The influence of various ions on the 
reaction capacity of FeFe, MnFe, and Co-Fe PBAs. c The charge/dis-
charge curve comparison of the BG electrode for different ions. d The 
charge/discharge curve comparison of the low-defect A2CoFe(CN)6 

framework for Na+ and K+ insertion. e The scheme of the three-stage 
cation (de)insertion mechanism at the interface between PBA elec-
trodes and aqueous electrolytes. The transition metal and alkali metal 
ions are abbreviated by TMm+ and AM+, respectively. Reproduced 
with the permission from Ref. [135]. Copyright 2016, Wiley–VCH
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the optimization of electrode composition or PBA/carbon 
microstructure configuration, such as in situ hybridization 
with conducting carbon or polymers [138], which helps to 
increase the electronic conductivity and mass loading [139].

Another hurdle for PBAs is their often-short cycling life. 
We note that the cycling life of electrodes in aqueous bat-
teries should be characterized by both the number of cycles 
(n) and cycling time (hours, days, etc.) [140]. Apparently, 
the one-electron reaction of NiFe and CuFe-PBAs renders 
larger cycling numbers of 2000–730000, whereas the two-
electron reaction of FeFe and MnFe-PBAs shows fewer 
numbers of 500–1000 cycles (Table 2). However, NiFe and 
CuFe-PBAs comprise relatively more expensive Ni and Cu 
elements, which may not be affordable for large-scale uti-
lization. Besides, their moderate capacity of ~ 60 mAh g−1 
will restrict the energy density, which underlines the impor-
tance of high-capacity FeFe and MnFe-PBA electrodes. 
However, the cycling of 500–1000 cycles is insufficient for 
practical applications of stationary storage. On the other 
hand, the cycling time of PBAs is also unsatisfactory. Due to 
the lack of a stable solid-electrolyte interphase (SEI), aque-
ous electrolytes are subject to severer side reactions such 
as water electrolysis or local pH changes [17]. To combat 
this shortcoming, a common tactic is to use high current 
rates to “mask” side reactions or material dissolution [141], 
which generally renders larger cycling numbers. However, 
if we consider the cycling time, most PBA electrodes show 
a short calendar life of < 30 days (Table 2). Although adding 
some acids can facilitate the cycling stability, it significantly 
increases the corrosion to current collectors and restricts the 
choice of anode materials. The use of concentrated electro-
lytes is also conducive to increase the calendar life; however, 
it brings about other issues such as the increased electro-
lyte viscosity, difficult wetting, and higher cell cost [142]. 
Based on these considerations, we advocate scrutinizing the 

capacity fading mechanism of PBA materials in aqueous 
electrolytes, which are essentially insoluble precipitates with 
stable crystal structures.

In summary, we introduced the research progress of PBA 
materials in aqueous monovalent ion batteries and shared 
some insights on the knowledge gaps of these materials. 
Due to their fascinating redox chemistry, simple synthesis, 
and potentially low cost, PBAs represent a class of coordina-
tion compounds that hold a great promise for aqueous H+, 
Na+, K+, and NH4

+ batteries. However, the reported per-
formance is still insufficient for practical applications, and 
the underlying reaction mechanisms, such as correlations of 
ion-electrode capacity and the capacity fading as a function 
of ion charge carriers, remain inconclusive. To facilitate the 
applications of PBAs in practical aqueous batteries, future 
studies may focus on the fundamental understanding of the 
ion storage mechanisms and the demonstration of high-
capacity and long-life FeFe and MnFe-PBA materials in 
more practical conditions.
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