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Grid energy storage technologies are indispensable for the 
efficient integration of intermittent renewable energies 
into the grid1. Among various energy storage technologies, 

electrochemical energy storage employing rechargeable batteries 
is one of the most effective approaches2. Owing to their inherent 
safety and non-toxicity, aqueous rechargeable batteries based on 
alkali-ion intercalation are promising technologies3, among which 
the K+-based system possesses overall advantages due to its higher 
abundance compared with that of its Li counterpart and because of 
its lower standard redox potential (−2.93 V versus standard hydro-
gen electrode) compared with that of its Na counterpart (−2.71 V 
versus standard hydrogen electrode)4,5. Moreover, K+-based elec-
trolytes exhibit much higher ionic conductivity due to the smaller 
Stokes radius of solvated K ions, which enables an ultrahigh-rate 
capability of K+ intercalation electrodes6. However, to the best of our 
knowledge, no full aqueous K-ion battery (AKIB) system has been 
reported yet due to the limited electrodes and electrolytes.

Among cathode candidates, Prussian blue analogues (PBAs) are 
promising due to their high stability against water and facile tailoring 
of physicochemical and electrochemical properties7. Various PBA 
cathodes have been reported in AKIBs, but none of them yet exhibits 
fully satisfactory properties. For example, K0.6Ni1.2Fe(CN)6·3.6H2O 
and K0.71Cu[Fe(CN)6]0.72·3.7H2O electrodes with a long lifespan 
(5,000–40,000 cycles) have been reported8,9, but they exhibited a low 
capacity of about 60 mAh g−1. K2FeFe(CN)6·2H2O can offer a higher 
capacity of 120 mAh g−1, but its lifespan is only about 500 cycles10. 
Among anode options, no promising material has been proposed so 
far due to the lack of candidates with appropriate redox potential4–6. 
Regarding electrolytes, water-in-salt (WIS) electrolytes, in which 
dissolved salts outnumber water by both mass and volume, result-
ing in extremely high-concentration solutions, possess wide voltage 
windows and appear as suitable candidates for high-voltage aqueous 
batteries11. The previously reported potassium acetate-based WIS 

electrolyte can display a wide voltage window12, but the alkaline 
nature of the electrolyte (pH = 9) is incompatible with many elec-
trodes such as PBA materials13. Therefore, exploration of a novel 
K+-based WIS electrolyte with high electrode compatibility is of 
paramount importance.

In this work, we propose a full AKIB fabricated with an 
Fe-substituted Mn-rich PBA KxFeyMn1 − y[Fe(CN)6]w·zH2O cathode, 
organic 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) anode 
and 22 M KCF3SO3 WIS electrolyte. The AKIB exhibits a high 
energy density of 80 Wh kg−1 and superior capacity retention of 85% 
at 20 C as well as good cycling stability with 73% capacity retention 
over 2,000 cycles at 4 C. Moreover, the assembled 11 mAh pouch cell 
also demonstrates superior performance at low rates (0.1 C/0.5 C) 
and a wide range of temperatures (−20 to 60 oC). The impressive 
performances achieved are attributed to the synergistic contribu-
tions from the proposed electrodes and electrolyte, whose structure, 
physicochemical properties, electrochemical behaviour and storage 
mechanism are systematically studied by many advanced tech-
niques together with first-principles calculations.

Structure and performance of designed cathodes
X-ray diffraction (XRD) patterns and the refined results for the as-
prepared KxFeyMn1 − y[Fe(CN)6]w·zH2O samples (y = 0, 0.2, 0.35 and 
0.5 represent KMnHCF, KFeMnHCF-28, KFeMnHCF-3565 and 
KFeMnHCF-55, respectively) show a monoclinic phase with a space 
group of P21/n (Fig. 1a, Supplementary Fig. 1a,b and Supplementary 
Tables  1 and 2), whose crystal structure is displayed in Fig.  1b,  
showing a typical open framework structure with N-coordinated 
Mn or Fe cations and C-coordinated Fe cations. The scanning elec-
tron microscopy and transmission electron microscopy images 
of KMnHCF and KFeMnHCF-3565 samples (inset of Fig.  1a and 
Supplementary Fig. 2a–c) indicate that both samples possess a cubic  
morphology with edge length of 200–800 nm. The molecular formulae  
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of as-prepared KMnHCF and KFeMnHCF-3565 are determined to be 
K1.99Mn[Fe(CN)6]0.94·0.57H2O and K1.85Fe0.33Mn0.67[Fe(CN)6]0.98·0.77H2O,  
respectively (Supplementary Tables  3 and 4 and Supplementary 
Fig. 3), with a lower Fe(CN)6 defect in the latter.

Figure 1c–f displays the electrochemical behaviour of KMnHCF 
and KFeMnHCF-3565 electrodes in the 1 M KCF3SO3 dilute elec-
trolyte and 22 M KCF3SO3 concentrated electrolyte. The KMnHCF 
electrode undergoes a rapid decay with only 23% capacity reten-
tion at 10 C after 40 cycles in the 1 M KCF3SO3 electrolyte, while 
the KFeMnHCF-3565 electrode can retain 60% capacity under the 
same test conditions. When the electrolyte concentration increases 

from 1 M to 22 M, the KMnHCF electrode exhibits improved 
cycling stability but still suffers from capacity and voltage decay. 
By contrast, the KFeMnHCF-3565 electrode does not exhibit any 
capacity or voltage decay within the initial 40 cycles. The elemen-
tal analysis results of the electrolytes after 40 cycles shown in the 
insets confirm that the KMnHCF electrode experiences a severe 
dissolution of Fe and Mn during cycling in dilute electrolyte and 
undergoes a decreased dissolution in the concentrated electrolyte. 
In comparison, the KFeMnHCF-3565 electrode displays much 
less dissolution in dilute electrolyte and does not show any disso-
lution in concentrated electrolyte, indicating that it is important 
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Fig. 1 | The structure and performance optimization of the designed PBA cathodes. a, XRD Rietveld refinement pattern for the KFeMnHCF-3565 sample. 
The inset is a typical scanning electron microscopy image of the KFeMnHCF-3565 sample. b, The typical structure of the KxFeyMn1 − y[Fe(CN)6]w·zH2O in 
the P21/n space group. c–f, Charge–discharge curves of the 1st, 10th and 40th cycles at 10 C from 0 V to 1.3 V (versus Ag/AgCl) for the KMnHCF electrode 
in the 1 M KCF3SO3 electrolyte (c), the KMnHCF electrode in the 22 M KCF3SO3 electrolyte (d), the KFeMnHCF-3565 electrode in the 1 M KCF3SO3 
electrolyte (e) and the KFeMnHCF-3565 electrode in the 22 M KCF3SO3 electrolyte (f). All tests were performed in three-electrode cells with 4 ml  
aqueous electrolyte. The insets show the dissolved amounts (ppm, mg l−1) of the transition metal ions (Fe and Mn) after 40 cycles in 4 ml of the 
corresponding electrolyte.
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to adopt both Fe substitution and highly concentrated electrolyte. 
The cycle performance of as-prepared KxFeyMn1y[Fe(CN)6]w·zH2O 
(y = 0, 0.2, 0.35. 0.5) electrodes is evaluated in the 22 M KCF3SO3 
electrolyte (Supplementary Fig.  4a,b), which clearly demonstrates 
that Fe substitution slightly decreases the capacity and average volt-
age, but remarkably improves the cycling stability. Among different 
Fe-substituted electrodes, the KFeMnHCF-3565 electrode shows 
the optimum overall performance in terms of both capacity and 
cycling stability, and is chosen for further investigations.

Figure 2a presents the first, second and fifth charge–discharge 
curves of the KFeMnHCF-3565 electrode at 0.5 C from 0 V to 1.2 V 
(versus Ag/AgCl) in the 22 M KCF3SO3 electrolyte, exhibiting a 
high capacity of 135 mAh g−1. Meanwhile, the KFeMnHCF-3565 
electrode exhibits a high capacity retention of 95% at 20 C and 
superior cycling stability when the current rate is set back to 
0.5 C, as shown in Fig. 2b. Moreover, it displays outstanding high-
rate (10–120 C) capability (Fig.  2c), which is clearly superior 
to that of the KMnHCF electrode (Supplementary Fig.  5a,b). In 
particular, the KFeMnHCF-3565 electrode shows a capacity of 
130 mAh g−1 at 10 C from 0 V to 1.3 V (versus Ag/AgCl) and still 
retains 85 mAh g−1 capacity at 120 C, while the KMnHCF electrode 
delivers 135 mAh g−1 at 10 C but only retains 41 mAh g−1 capacity 
at 120 C. Furthermore, the KFeMnHCF-3565 electrode exhibits 
a lower overpotential than the KMnHCF electrode (0.2 V versus 
0.4 V) from 10 C to 120 C, also demonstrating its superior per-
formance. It is worth noting that the KFeMnHCF-3565 cathode 
exhibits the highest capacity at rates of 0.5–120 C among all of the 
reported PBA materials in the aqueous K+/Na+/H+-ion batteries, 
as illustrated in Fig.  2d (corresponding detailed parameters are 
listed in Supplementary Table 5)8–10,14–20, demonstrating its excel-
lent rate capability.
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Fig. 2 | Electrochemical performance of the optimal KFeMnHCF-3565 cathode. a, The 1st, 2nd and 5th charge–discharge curves of the KFeMnHCF-3565 
electrode at 0.5 C from 0 V to 1.2 V (versus Ag/AgCl) in 22 M KCF3SO3 electrolyte. b, Rate capability at various current rates and the corresponding 
Coulombic efficiency of the KFeMnHCF-3565 electrode from 0 V to 1.2 V (versus Ag/AgCl) in the 22 M KCF3SO3 electrolyte. c, Typical charge–discharge 
curves of the KMnHCF-3565 electrode at different current rates (10–120 C). The discharge overpotential from 10 C to 120 C is marked with red dashed 
lines. d, Capacity versus current rate for PBA cathodes reported in aqueous K+/Na+/H+-ion batteries. e, Rate capability and long-term cycling performance 
of the KFeMnHCF-3565 electrode from 0 V to 1.3 V (versus Ag/AgCl) in the 22 M KCF3SO3 electrolyte. The mass loading of the KFeMnHCF-3565 cathode 
is 5.8 mg cm−2, 1 C = 0.13 A g−1.
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Fig. 3 | The structural evolution and charge compensation mechanism of 
the KMnHCF electrode. a, Ex situ XRD patterns of the KMnHCF electrode 
at different states during the first cycle. The blue dots marked from 1 to 9 
in the charge–discharge curves (left) represent the states tested by ex situ 
XRD. b,c, XANES spectra of the KMnHCF electrode at different charge and 
discharge states for the Fe (b) and Mn K edges (c). χμ is the absorption 
coefficient of the X-ray. The states tested by XANES are marked by the blue 
dots (1, 3, 5, 7, 9) in the charge–discharge curves of a.
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Furthermore, Fig. 2e shows the long-term cycling stability of the 
KFeMnHCF-3565 electrode, exhibiting a high capacity of 94 mAh g−1 
at the ultrahigh rate of 100 C and 90% capacity retention over 10,000 
cycles after experiencing a series of high-rate tests from 10 C to 
120 C. Remarkably, even after 10,000 cycles at 100 C, the capacity can 
return to the value of 128 mAh g−1 when the current rate is set back to 
10 C, demonstrating the robust structural stability. The 1st, 2nd and 
10,330th charge–discharge curves are presented in Supplementary 
Fig. 6, exhibiting almost no decay in either capacity or voltage.

Storage mechanism of optimal cathode
To unravel the origin of the improved performance of the 
Fe-substituted Mn-rich PBA KFeMnHCF-3565 cathode, ex  situ 

XRD, X-ray absorption near-edge spectroscopy (XANES) and 
first-principles calculations are performed. As shown in Fig.  3a, 
the KMnHCF electrode experiences two two-phase transitions 
(monoclinic to cubic and cubic to tetragonal phases), correspond-
ing to the two voltage plateaus during the first cycle, which agrees 
with the behaviour reported previously in non-aqueous batteries21. 
Meanwhile, Fig. 3b,c shows the normalized XANES spectra of the 
Fe and Mn K edges for the KMnHCF electrode at different charge–
discharge states (corresponding to the blue dots marked 1, 3, 5, 7 
and 9 in the charge–discharge curves of Fig. 3a). During the first 
cycle of the KMnHCF electrode, the Fe K-edge peak only shifts up 
(0.1–1.0 V during the charging process) and back (0.9–0.0 V dur-
ing the discharging process) at the lower voltage plateau while the 
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Mn K-edge peak shifts up (1.0–1.3 V during the charging process) 
and back (1.3–0.9 V during the discharging process) at the higher 
voltage plateau, indicating that the Fe2+/Fe3+–C and Mn2+/Mn3+–N 
redox reactions are almost independent and symmetric, which is 
consistent with previous reports in non-aqueous batteries21,22.

In contrast, as shown in Fig.  4a, the KFeMnHCF-3565 elec-
trode undergoes a solid solution reaction (0.4–0.95 V for charg-
ing and 0.8–0.0 V for discharging) and a phase transition between 
monoclinic and cubic phases (0.95–1.3 V for charging and 1.3-
0.8 V for discharging). In addition, the normalized XANES spec-
tra of KFeMnHCF-3565 samples (Fig. 4b–e, where the tested states 
are marked from 1 to 8 in the charge–discharge curves of Fig. 4a) 
demonstrate that the Fe K-edge peak shifts up and back during 
the whole charging (0.4–1.3 V) and discharging (1.3–0.0 V) pro-
cesses. Note that the Fe substitution introduces a new Fe2+/Fe3+–N 
redox reaction, which can be speculated to occur between 0.4 and 
0.8 V for charging and 0.6 and 0.0 V for discharging according to 
previous literature10. Therefore, the Fe2+/Fe3+–C redox reaction 
should occur at 0.8–1.3 V for charging and 1.3–0.6 V for discharg-
ing. Meanwhile, the XANES results prove that the Mn K-edge peak 
shifts up and back for specific charging (0.8–0.9 V) and discharging 
processes (1.3–0.6 V), demonstrating that the Mn2+/Mn3+–N redox 
reaction becomes asymmetric after Fe substitution. The detailed 

redox reaction processes of the KMnHCF and KFeMnHCF-3565 
electrodes have been marked on the charge and discharge curves in 
Supplementary Fig. 7a,b.

The above analyses demonstrate that the Fe substitution leads 
to different structural evolutions and charge-transfer mechanisms 
between the KMnHCF and KFeMnHCF-3565 electrodes. In fact, 
the phase transition from the cubic to the tetragonal phases for the 
KMnHCF sample is related to the cooperative Jahn–Teller distor-
tion of Mn3+ in the MnN6 octahedron during the charging process 
according to previous literature21,22. Here, on the one hand, the Fe 
substitution can decrease the density of Mn3+ in the lattice, which is 
similar to the role of Fe/Co/Ni substitution in an Na-based Mn-rich 
PBA cathode23. On the other hand, the Fe substitution remark-
ably changes the mechanism of the Mn2+/Mn3+–N redox reaction. 
Owing to the above two roles, the Fe-substituted KFeMnHCF-3565 
sample exhibits a mitigation of phase transitions, and thus displays 
a remarkably improved cycling stability.

Furthermore, the calculated results (Fig.  5a,b) prove that the 
Fe-substituted model structure (K2Fe0.5Mn0.5Fe(CN)6) has smaller 
band gap (2.7 eV versus 3.8 eV) and lower K+-ion diffusion acti-
vation energy (0.35 eV versus 0.45 eV) than the model structure 
without Fe substitution (K2MnFe(CN)6), demonstrating that Fe 
substitution can effectively improve both electronic and K+-ion 
conductivities. These advantages can account for the remarkably 
improved rate capability of the KFeMnHCF-3565 electrode com-
pared with that of the KMnHCF electrode.

PTCDI anode in WIS electrolyte
After the optimization of the cathode, the exploration of a suitable 
anode is still necessary for a full AKIB. Here an organic PTCDI 
material with a monoclinic structure (space group P21/n) and rod-
like morphology (Supplementary Fig.  8a,b), which exhibits good 
performance in an aqueous ammonium-ion battery24, is chosen 
as the anode. Note that the PTCDI anode can reach lower redox 
potential in the 22 M KCF3SO3 electrolyte than in the 1 M KCF3SO3 
electrolyte (−1.3 V versus −0.7 V, Supplementary Fig. 9a,b) without 
hydrogen evolution during the K+ intercalation process at 0.5 C, 
owing to its wider voltage window, as shown in Fig. 6a. Meanwhile, 
the serious dissolution of the PTCDI anode during cycling in the 
dilute 1 M KCF3SO3 electrolyte is also inhibited when using 22 M 
KCF3SO3 electrolyte, which can be directly observed from the 
colour of the electrolytes after several cycles (pink in 1 M versus 
transparent in 22 M, insets of Supplementary Fig. 9a,b). The wide 
voltage window and dissolution-inhibiting property are related to 
the reduced amount of free water in concentrated electrolyte due to 
the strong K+-solvation effect, as shown in Fig. 6b. The sharp peak 
at 3,531 cm−1 in the Raman spectra further demonstrates the strong 
K+-solvation effect in the 22 M KCF3SO3 electrolyte, which is similar 
to phenomena in the Li-based WIS electrolyte25.

As shown in Fig.  6c,d and Supplementary Fig.  10, the PTCDI 
anode exhibits superior rate capability at 0.5–20 C and delivers a 
high capacity of 125 mAh g−1 at 0.5 C and 110 mAh g−1 at 20 C, as 
well as excellent cycling stability, with 77% retention after 1,000 
cycles at 20 C in the 22 M KCF3SO3 electrolyte.

It is worth noting that the remarkable rate capability and cycling 
stability of both the PTCDI anode and the KFeMnHCF-3565 cath-
ode are not only attributable to the properties of the electrodes, 
but also benefit from the unique advantages of the 22 M KCF3SO3 
WIS electrolyte. Among ACF3SO3-based (A: K, Na, Li) and other 
reported WIS electrolytes11,25–27 (Fig. 6e, Supplementary Fig. 11a,b, 
Supplementary Table  6 and Supplementary Note 1), the highly 
concentrated 22 M KCF3SO3 electrolyte exhibits superior over-
all performance, including a wide voltage window (~3.0 V), high 
conductivity (76 mS cm−1 at 25 °C, 10 mS cm−1 at −20 °C) and low 
viscosity (6.5 mPa s at 25 °C), promising for enabling a superior-
performance aqueous K-ion full battery.
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Full AKIB
The combination of the Fe-substituted Mn-rich PBA cathode, 
organic PTCDI anode and concentrated electrolyte enables the 
assembly of the KFeMnHCF-3565//22 M KCF3SO3//PTCDI full 
AKIB. The 1st, 2nd, 100th, 200th, 400th and 500th charge–discharge 
curves at 4 C in Fig. 7a show that the full battery can stably operate 
between 0 V and 2.6 V. The full battery exhibits a high capacity of 
63 mAh g−1 at low rate of 0.5 C (based on the mass of both cathode 
and anode) and an average voltage of 1.27 V, as well as a high capac-
ity of 54 mAh g−1 at high rate of 20 C (Supplementary Fig. 12). The 
corresponding energy and power densities at 0.5–20 C are listed in 
Supplementary Table 7, indicating that the AKIB outputs an energy 
density of 80 Wh kg−1 at a power density of 41 W kg−1 and still holds 
an energy density of 67 Wh kg−1 at a power density of 1,612 W kg−1.

Moreover, the full battery exhibits remarkable cycling stability, 
with capacity retention of 73% over 2,000 cycles at 4 C, as shown 
in Fig.  7c. We compared the performance of this full AKIB with 
previously reported aqueous Na-ion batteries as shown in Fig. 7b, 
it is clear that the proposed KFeMnHCF-3565//PTCDI full battery 
shows the best performance in terms of energy density, rate capabil-
ity and cycling life (corresponding detailed parameters are listed in 
Supplementary Table 8)17,18,28–33.

In addition, we also evaluated the electrochemical performance 
of an 11 mAh pouch cell at low rates (0.5 C/0.1 C) and low/high 
temperatures (−20 °C/−10 oC/25 oC/60 °C), as shown in Fig.  7d,e. 
The capacity at the low rate of 0.5 C is reduced from 11.1 mAh to 
9.2 mAh when the temperature decreases from 25 oC to −10 oC. 

Subsequently, the capacity recovers to 10.7 mAh with the tempera-
ture increasing to 60 °C. Furthermore, the performance at a lower 
rate of 0.1 C is also tested for the pouch cell, demonstrating a capac-
ity of 11 mAh at a temperature of 25 °C and remains at 9.8 mAh when 
the temperature drops to −10 oC. Even at a temperature of −20 oC, 
the pouch cell still maintains 8.4 mAh capacity. The Coulombic effi-
ciency of the pouch cell at 0.5 C and 25 °C is 90% in the first cycle 
then increases to 95.7% in the third cycle. Owing to the effect of 
temperature, the Coulombic efficiency further increases to 99.6% 
at −10 °C and drops to 90.4% at 60 °C. When the rate decreases to 
0.1 C, the Coulombic efficiency is 92.7% at 25 °C, and then increases 
to near 99.9% at both −10 °C and −20 °C. Furthermore, the self-
discharge performance is also evaluated using the pouch cell, which 
experiences a small voltage decay initially and then retains a voltage 
of about 1.8 V for 40 h (Supplementary Fig. 13).

Opportunities and challenges of AKIB
The proposed AKIB has some unique features and advantages. First, 
both cathode and anode are low-cost materials. The designed cath-
ode consists of non-toxic and abundant elements and the room-
temperature synthetic process is very simple and straightforward. 
The PTCDI anode is commercially available due to its application 
in the field of decorative paints. Second, both cathode and anode 
possess high capacity, superior rate capability and cycling stability. 
Here we adopt Fe substitution in a K-based Mn-rich PBA cathode 
to improve the rate capability and inhibit the cubic to tetragonal 
phase transition during cycling, which successfully demonstrates a 
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high capacity of 135 mAh g−1, superior rate capability (70% capacity 
retention at 100 C) and excellent cycling stability with 90% capacity 
retention over 10,000 cycles. We also use the organic PTCDI mate-
rial as the anode for the AKIB, which exhibits a high capacity of 
125 mAh g−1 at 0.5 C and excellent rate capability with 110 mAh g−1 
at 20 C, as well as superior cycling stability with 77% capacity reten-
tion after 1,000 cycles at 20 C. Third, the 22 M KCF3SO3 electrolyte 
with minimum free water exhibits a wide voltage window of 3 V, 
which can not only inhibit the dissolution of both cathode and 
anode during cycling to ensure the full battery’s superior cycling 
stability but also enable the full battery to operate above 2 V at the 
low rate of 0.1 C. Fourth, the 22 M KCF3SO3 electrolyte possesses 
high K+-ion conductivity at both room temperature and low tem-
perature (76 mS cm−1 at 25 oC, 10 mS cm−1 at −20 °C), enabling 

a superior wide temperature (−20 °C to 60 °C) performance. The 
assembled 11 mAh pouch cell proves that the system can still retain 
76% of its capacity at 0.1 C when the temperature drops from 25 °C 
to −20 °C. Fifth, the synergistic effect from the whole system con-
tributes to the remarkable performance of the AKIB, which exhibits 
a high energy density of 80 Wh kg−1 and an excellent cycling stability 
with 73% capacity retention over 2,000 cycles at 4 C, surpassing the 
performance of reported aqueous Na-ion batteries.

In view of the above advantages, the proposed AKIB is a prom-
ising candidate for practical application in grid energy storage. 
The parameters of our AKIB in comparison with other electro-
chemical technologies for grid energy storage systems are listed 
in Supplementary Table  9 (refs. 1,34–42), indicating that the energy 
density of our AKIB is much higher than that of supercapacitors 
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and comparable with the lead–acid and vanadium redox-based flow 
batteries (the real energy density of the KFeMnHCF-3565//PTCDI 
full battery in the application scenarios is estimated by halving the 
corresponding value calculated based on the total mass of cathode 
and anode). Moreover, our AKIB surpasses Li-ion batteries in terms 
of safety and toxicity, and is better than the Na–S battery in terms 
of acceptable operating temperature range. Furthermore, the key 
elemental abundance of our AKIB materials in the Earth’s crust is 
much higher than those of Ni–MH, lead–acid, Li-ion and vanadium 
redox-based flow batteries, indicating the potential advantages in 
terms of cost reduction and large-scale applications.

In spite of these advantages, there is still room for improve-
ment of the present battery prototype in the future to promote its 
practical applications. First, for the electrode materials, even if the 
Fe-substituted Mn-rich PBA cathode seems the optimal choice, the 
anode side still needs further optimization, where materials with 
higher capacity and lower redox potential could further increase the 
energy density of AKIBs. Given the above considerations, organic 
materials will be promising candidates due to the characteristics 
of achievable multi-electron reactions and adjustable redox poten-
tial43,44. Second, the cost of the concentrated electrolyte used in the 
full battery may be one of the main concerns for practical appli-
cations in the future. In fact, this is commonly the main challenge 
in WIS electrolyte-based batteries. To decrease the cost of the full 
battery while ensuring its superior low-rate performance and high 
operating voltage, great efforts should be made to explore cheaper 
salts with high solubility, decrease the electrolyte concentration by 
modifying the interface, or employ a hybrid aqueous–non-aqueous 
solvent and so on.

Conclusions
In summary, we have developed an aqueous K-ion full battery, 
which was assembled from an Fe-substituted Mn-rich PBA cath-
ode, 22 M KCF3SO3 WIS electrolyte and PTCDI organic anode. The 
K1.85Fe0.33Mn0.67[Fe(CN)6]0.98·0.77H2O cathode exhibits an unprec-
edented performance of high capacity, 135 mAh g−1 at 0.5 C and 
94 mAh g−1 at 100 C, with a capacity retention of 90% over 10,000 
cycles in the 22 M KCF3SO3 WIS electrolyte. The ex situ XRD and 
XANES results together with first-principles calculations reveal that 
the Fe-substitution strategy not only decreases the band gap and 
K+-ion diffusion activation energy but also inhibits the formation 
of tetragonal phase at the end of the charging process, which greatly 
improves the rate capability and cycling stability. Moreover, benefit-
ing from the synergistic contribution of the organic PTCDI anode 
with high capacity (125 mAh g−1), and the 22 M KCF3SO3 WIS elec-
trolyte with wide voltage window (3 V), dissolution-inhibiting effect 
and high conductivity (76 mS cm−1 at 25 °C, 10 mS cm−1 at −20 °C), 
the full battery achieves a high energy density of 80 Wh kg−1 and 
excellent cycling stability, with 73% capacity retention over 2,000 
cycles at 4 C. Furthermore, the 11 mAh pouch cell demonstrates 
superior performance at low rates (0.5 C/0.1 C) and low/high tem-
peratures (−20 oC/−10 oC/25 oC/60 oC). This work represents an 
important step towards developing AKIBs and opens up a promis-
ing prospect for grid-scale energy storage.

Methods
Materials synthesis. KxFeyMn1 − y[Fe(CN)6]w·zH2O (y = 0, 0.2, 0.35, 0.5) 
samples were prepared by a simple precipitation method. Typically, 2 mmol 
K4Fe(CN)6·3H2O and corresponding proportions of FeSO4·7H2O and MnSO4·H2O 
were dissolved in 100 ml and 80 ml saturated KCl solution, respectively. Then, the 
latter solution was slowly dropped into the former with magnetic stirring at 60 oC. 
After 12 h, the formed precipitate was centrifuged and washed thoroughly with 
deionized water. Finally, the product was obtained after drying under air at 80 oC 
for 12 h. The PTCDI was purchased from Alfa.

Electrochemical measurements. Composite electrodes were fabricated by 
compressing active materials, carbon black and poly(vinylidene difluoride) at a 
weight ratio of 7:2:1 on titanium mesh. The three-electrode cell for the cathodes 

consisted of KxFeyMn1 − y[Fe(CN)6]w·zH2O composite (5.8 mg cm−2) as the working 
electrode, activated carbon as the counterelectrode and Ag/AgCl as the reference 
electrode. The anode three-electrode cell for the PTCDI consisted of composites 
(5.2 mg cm−2) as the working electrode, activated carbon as the counterelectrode 
and Ag/AgCl as the reference electrode. The typical three-electrode cell we used 
is shown in Supplementary Fig. 14. For the coin cells, the current collectors were 
Ti mesh. The mass ratio of KFeMnHCF-3565/PTCDI is 1/0.9 (1 C = 0.13 A g−1), 
the mass loading of the KFeMnHCF-3565 cathode is 5.8 mg cm−2 and the mass 
loading of the PTCDI anode is 5.2 mg cm−2. For the pouch cell, the mass ratio of 
KFeMnHCF-3565/PTCDI is 1/0.92 (1 C = 0.13 A g−1), the current collectors are Ti 
mesh, the mass loading of the KFeMnHCF-3565 cathode is 15 mg cm−2 and the 
mass loading of the PTCDI anode is 11 mg cm−2. 22 M KCF3SO3 represents the 
solution obtained by dissolving 22 mol KCF3SO3 salt in 1 l water.

Materials characterization. The structure was characterized using an X’Pert Pro 
MPD X-ray diffractometer (D8 Bruker) with Cu Kα radiation (λ = 1.5405 Å) in a 
scan range (2θ) of 10−80°. The samples for ex situ XRD were prepared in the three-
electrode cell, washed in alcohol and then sealed in a valve bag. The morphologies 
of the cathodes were investigated by scanning electron microscopy (Hitachi 
S-4800). The transmission electron microscopy images of the cathode are obtained 
with a JEOL 2100F field emission microscope. The specific ratios of K, Fe and Mn 
in the cathodes were measured by inductively coupled plasma atomic emission 
spectrometry. The water content of samples was estimated by thermogravimetric 
analysis. Linear sweep voltammetry was carried out using a CHI 660E 
electrochemical work station. The Raman spectra for electrolytes were collected 
with an NRS-5100 spectrometer (JASCO) using using a 532 nm diode-pumped 
solid-state laser between 1,200 and 100 cm−1. Each electrolyte solution was placed 
in a quartz cell, and the laser was directed through the quartz crystal window. 
Ex situ hard X-ray absorption spectroscopy (hXAS) experiments were performed 
at beamline X18A of the National Synchrotron Light Source in Brookhaven 
National Laboratory and the Shanghai Synchrotron Radiation Facility (Shanghai, 
China) in transmission mode with a Si(111) double-crystal monochromator 
detuned to 35–50% of its original maximum intensity to eliminate the higher-
order harmonics. The reference spectrum was simultaneously collected for energy 
calibration using a reference metal foil. The XANES spectra were analysed with the 
ATHENA software package45.

Computation. First-principles calculations are performed with the Vienna ab 
initio simulation package (VASP)46. The present data are obtained using the 
spin-polarized generalized gradient approximation (GGA) with a parameterized 
exchange–correlation functional according to Perdew, Burke and Ernzerhof47. The 
K 2p, 3s, Mn 3d, 4s, Fe 3d, 4s and O 2s, 2p orbitals are treated as valence states. The 
Hubbard parameter (GGA + U) is applied to correct the incomplete cancellation 
of the self-interaction effect of the GGA method48. The effective single parameters 
of U–J for Mn and Fe are 5.0 eV and 4.3 eV, respectively, according to preview 
literature49. For all calculations the cut-offs of the wave function are 520 eV. The 
energy and force convergence criteria are 10−6 eV and 0.01 eV Å−1, respectively. The 
calculations for electronic structures and the nudged elastic band were performed 
with (a × b × c) supercells (including 32 atoms in total) for both K2MnFe(CN)6 and 
K2Fe0.5Mn0.5Fe(CN)6.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on reasonable request.
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