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A B S T R A C T   

The intrinsically limited rate capability of batteries by the diffusion-controlled ionic storage mechanism is still 
existing, and long-service batteries are always required for low-cost grid-scale energy storage. Herein, we design 
and construct a series of NixZnyHCF (x þ y ¼ 3, x ¼ 1, 1.5 or 2) bimetallic Prussian blue analogues as cathode 
materials for aqueous potassium-ion batteries. On the basis of electrochemical and structural analysis, a syner-
gistic effect between stable Ni2þ and high-voltage Zn2þ in Ni2Zn1HCF is demonstrated, which simultaneously 
promises ultrafast near-pseudocapacitance intercalation and super-stable potassium storage. As presented, 
Ni2Zn1HCF cathode shows an extraordinary high-rate capability of 1000C with a capacity retention of 66% and a 
high capacity recovery of 95.3%, which derives from the large sufeace area and fast near-pseudocapacitive 
intercalation mechanism. When cycled at 1000C for 80,000 times, a negligible capacity decay of 0.000385% 
per cycle further proves this cathode to be high-rate and ultra-stable. In addition, the highly reversible solid- 
solution Kþ intercalation/extraction mechanism in the Ni2Zn1HCF cathode is illustrated by the in-situ X-ray 
diffraction. This work presents a promising cathode for building ultrafast and long-service aqueous potassium-ion 
batteries.   

1. Introduction 

In recent years, the increasing consumption of fossil fuel contributes 
to the continuous and extensive emissions of greenhouse gases, thus 
leading to severe global warming [1]. For sustaining social and tech-
nological developments, various sustainable energy resources have been 
exploited, such as solar, wind and hydroelectric power, and so on [2]. 
Electrical energy storage has been developed to enable a transition to 
"green energy", which plays a significant role in storing and transporting 
these energies [3,4]. Rechargeable batteries as high-efficiency electro-
chemical energy storage systems are considered as one of the most 
promising techniques to bridge the connection between the power grid 
and consumers [5]. Thus, efficient and low-cost grid-scale rechargeable 
batteries are highly desired, while environmental friendly and health 

harmless are also important indicators [6]. Among these rechargeable 
battery systems, the commercial lithium-ion batteries (LIBs), showing 
long service life, high energy and efficiency after decades of develop-
ment, have occupied the most share of the portable market, including 
cellphones and laptops [7]. However, high costs because of the critical 
manufacturing processes and the scarcity of lithium and cobalt re-
sources, as well as flammable and poisonous organic electrolytes make 
them not suitable in grid-scale energy storage and intermittent power 
supply [8]. Non-aqueous sodium-ion batteries (SIBs) and potassium-ion 
batteries (PIBs) have received much attention since the 21st century 
because of their abundant and available resources [9–11]. Whereas, 
they exhibit the same issues as LIBs do in addition to the unstable nature 
of sodium and potassium metals, so non-aqueous SIBs and PIBs also have 
no superiority in high-safety and low-cost energy storage. 
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Nowadays, aqueous rechargeable alkali-metal ion (Liþ, Naþ and Kþ) 
batteries (ARABs) have shown great potential in grid-scale energy 
storage and intermittent power supply for their low cost, high safety and 
fast ionic diffusion [8,12,13]. The usage of aqueous electrolytes instead 
of organic ones has simplified the manufacturing conditions and largely 
lowered the flammability [14]. The first establishment of aqueous 
rechargeable LIBs with VO2(B) anode and LiMn2O4 cathode in 1994 
marked the beginning of the ARABs’ research and development [15]. 
The analogue aqueous rechargeable SIBs have also received serious 
attention for the abundance of sodium resources [16]. In the past de-
cades, aqueous rechargeable LIBs and SIBs have experienced rapid 
progress for stationary application [8]. Among all the ARABs, many 
researchers have reported that aqueous rechargeable PIBs possess the 
most superiority on two aspects: Kþ has highest standard inter-
calation/extraction potential; the smallest Stokes radius of solvated Kþ

enables much faster ionic conducting for Kþ-based aqueous electrolytes 
[17–21]. 

However, it is well known that the energy/power density of ARABs 
has been greatly limited due to the electrolysis of H2O above 1.23 V 
[22]. Although, "water-in-salt" [23], "water-in-bisalt" [24] and 
hydrate-melt electrolytes [25] have broken the electrochemical stability 
limitation of 1.23 V, low-cost salts are needed to promote the 
commercialization of these superconcentrated electrolytes. To better 
meet the requirements of low-cost and ultra-fast energy storage device 
for grid-scale energy storage and intermittent power supply, long service 
life will surely lower the cost per kilowatt-hour, and high-rate will 
ensure the fast-changing output fluctuations in the grid [26]. In recent 
years, Prussian blue analogues (PBAs) cathode materials, with typical 
open-framework structure, have been vastly studied for grid-scale 
ARABs [20,21,27,28]. Su et al. reported a K2FeII[FeII(CN)6]�2H2O 
nanocubes cathode material which exhibited a high discharge capacity 
of 120 mAh g� 1 at 1.4C, while a capacity retention of >85% after a short 
cycling life of 500 times at 21.4C. This short service-life and low-rate 
performance could be assigned to the large volume variation during 
the two-electron reaction processes [29]. A potassium-rich mesoporous 
K2NiFe(CN)6�1.2H2O cathode, showing high-rate capability and 
long-service life because of the large channel size and small volume 
variation during Kþ insertion/extraction, was reported by Ren et al. 
[30]. This cathode showed an ultrafast charge/discharge rate at 500C, 
which was completed within 4.1 s, and a lifespan of 5000 times cycling 
with a high capacity retention of 98.6%. In Huang’s recent paper, a zinc 
hexacyanoferrate cathode also showed excellent rate performances of 
300C with capacity retention of 60%, but poor cycling performance due 
to the dissolution problem of the active materials [31]. Until now, the 
rate ability of the batteries is intrinsically hindered by the 
diffusion-controlled ionic storage mechanism. However, faradaic sur-
face redox reactions are promising for high-rate capability [32]; and 
endless pursuit for long-service energy storage systems is still an effec-
tive way to lower the cost per kilowatt-hour, especially for the aqueous 
batteries [33]. 

Herein, a series of ultrafast and stable bimetallic NixZnyHCF (x þ y ¼
3, x ¼ 1, 1.5 or 2) cathodes for aqueous rechargeable PIBs are reported. 
The representative Ni2Zn1HCF cathode with near-pseudocapacitance 
characteristics shows an extremely high-rate capability of 1000C with 
a capacity retention of 66%. When cycled at 500C for 30,000 times, the 
cathode exhibits a high capacity retainment of 90%, and it shows a very 
small capacity decay of 0.000385% per cycle in the 80,000 times long- 
term cycling at 1000C. Besides, the Kþ solid-solution intercalation/ 
extraction storage mechanism of the Ni2Zn1HCF cathode is revealed by 
advanced in-situ X-ray diffraction (XRD) characterization technique. The 
relationship of the peak current and the scan rate indicates that the Kþ

diffusion is near-pseudocapacitive, which enable the excellent rate 
capability of the Ni2Zn1HCF cathode. The high Ni-content stabilization 
effect for the superstability of the Ni2Zn1HCF cathode is also illustrated. 

2. Material and methods 

2.1. Material synthesis 

The typical synthesis process of Ni0Zn3HCF is described as follows: 
Add 100 mL solution containing 0.05 M ZnSO4�7H2O into 100 mL so-
lution dissolving 0.025 M K3Fe(CN)6�H2O drop by drop under stirring at 
60 �C for 2 h. After complete reaction, the obtained solution was aged for 
several hours until the precipitates were collected by centrifugation and 
washed with water and pure ethanol for 3 times, respectively. The 
washed solid products were dried at 70 �C for over 12 h. The synthesis 
process of Ni3Zn0HCF is in the same procedure except that the 
ZnSO4�7H2O is changed to Ni(CHCOO)2�7H2O. The synthesis processes 
of Ni2Zn1HCF, Ni1.5Zn1.5HCF and Ni1Zn2HCF are varies in the ratio of Ni 
(CHCOO)2�7H2O to ZnSO4�7H2O from 2:1 to 1:1 and 1:2. 

2.2. Material characterization 

The morphology was observed by using the field emission scanning 
electron microscopy (SEM, JEOL JSM-7100F, acceleration voltage: 15 
kV). Transmission electron microscope (TEM), high-resolution TEM 
(HRTEM) images and High Angle Annular Dark Field (HAADF) images 
were collected by using a Titan G2 60–300 with image corrector. The 
powder XRD and in-situ XRD experiments were performed using Bruker 
D8 Discover X-ray diffractometer with a nonmonochromated Cu Kα X- 
ray source. For in-situ XRD measurements, the positive electrode was 
covered by a titanium foil with a small hole which was covered with 
tape. The signals were received by the planar detector in a still mode 
during the testing process. The positive electrodes were fresh, and each 
pattern took 90 s to acquire at 1.5C charge and 0.75C discharge. TGA 
was performed on an STA-449C thermobalance in Ar atmosphere with a 
temperature ramp of 10 �C min� 1. Inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) test was performed on a PerkinElmer 
Optima 4300DV spectrometer. 

2.3. Electrochemical measurements 

The cathode electrode paste film was prepared by mixing active 
materials, ketjen black, and polyvinylidene fluoride (7:2:1). Then, the 
paste film was dried for at least 12 h at 70 �C and pressed onto the Ti 
mesh. The mass loading of the active material was 7–9 mg cm� 2. The 
electrochemical measurements of the individual electrode sample were 
carried out in three-electrode setup (paste film on Ti mesh as the 
working electrode, SCE as reference electrode and Pt plate as counter- 
electrode) in 0.6 M K2SO4 electrolytes using an electrochemical work-
station (CHI 760E/605E). Galvanostatic charge/discharge tests at high- 
rates were performed using a Battery Testing System (CT-ZWJ-40S-T-1U) 
from Neware Technology Co.,Ltd., Shenzhen, China. The electro-
chemical impedance spectroscopy (EIS) was evaluated by using an 
electrochemical workstation (CHI 760E). 

3. Results and discussion 

3.1. Structural characterization 

Ni2Zn1HCF, Ni1.5Zn1.5HCF, and Ni1Zn2HCF nanoparticles were syn-
thesized through a simple coprecipitation method. The as-prepared 
Ni2Zn1HCF shows uniform nanoparticles with around 32.1 nm in 
diameter (Fig. 1a, e, Table S1). Energy-dispersive X-ray spectroscopy 
(EDS) mapping demonstrates the uniformed distribution of Zn, Ni, Fe, N, 
C, O and K elements in Ni2Zn1HCF (Fig. S1). Ni1.5Zn1.5HCF also presents 
irregular shape (Fig. 1b), the particles stick together (Fig. S2a), and the 
elements distribute uniformly (Figs. S2b–i). The Ni1Zn2HCF sample 
shows some cubic morphologies (Fig. 1c), larger particle size up to 100 
nm (Fig. S3a), and the elements also distribute uniformly (Figs. S3b–i). 
The elemental ratios of the as-prepared NixZnyHCF (x þ y ¼ 3, x ¼ 1, 1.5 
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or 2) powders were measured by inductively coupled plasma mass 
spectrometry (ICP-MS, Table S2), and the water content was determined 
through thermogravimetric analysis (TGA, Fig. S4). All the synthesized 
powders are well assigned to the Ni(Fe(CN)6)0.667�(H2O)3.333 (JCPDS 
No. 01-086-0501) and (Zn3(Fe(CN)6)2)1.3333�(H2O)19.22 (JCPDS No. 01- 
075-1257), both of which have a cubic lattice with F-43 m and Fm-3m 
space group, respectively, and no impurity is observed (Fig. 1d). For 
Ni1Zn2HCF with the highest content of Zn, the main diffraction peak, 
which represents (200) plane, shifts to low angle because Zn2þ has a 
larger radius than Ni2þ (Fig. S5) [34,35]. These three samples show a 
typical open framework structure of PBAs, in which linear rigid coor-
dinated Fe–C–––N-M (M ¼ Zn, Ni) linkages form the cubic framework 
with large hosting sites for potassium-ions (Fig. 1f) [36]. As for 
Ni2Zn1HCF, the cell parameters were determined as a ¼ b ¼ c ¼
10.250675 Å and α ¼ β ¼ γ ¼ 90� via Rietveld refinement analysis [37]. 
Ni0Zn3HCF and Ni3Zn0HCF samples with cubic phase were also 

synthesized (Fig. S6). Calculated from nitrogen adsorption-desorption 
isotherm, the specific surface area is 249, 371 and 428 m2 g� 1 for the 
as-prepared Ni2Zn1HCF, Ni1.5Zn1.5HCF and Ni1Zn2HCF, respectively 
(Figs. S7a,b,c). The pore-size distribution curves indicate that the pore 
diameter for Ni2Zn1HCF, Ni1.5Zn1.5HCF and Ni1Zn2HCF is centered at 
40, 70 and 70 nm, respectively (Figs. S7d,e,f), which is mainly 
piled-pores. 

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted to determine the chemical states of the elements in the as- 
prepared powders (Fig. S8). The peaks at approximately 708.4 eV and 
721.5 eV are originated from FeII2p3/2 and FeII2p1/2 in [FeII(CN)6]4- and 
those at 709.9 eV and 723.5 eV are assigned to FeIII2p3/2 and FeIII2p1/2 
in [FeIII(CN)6]3- (Fig. 2a) [38]. It is found that the Fe in Ni0Zn3HCF is 
mainly in þ2 state while those in the other four samples are mainly in 
þ3 state, which is probably due to the unstable Ni0Zn3HCF. N 1s spectra 
of Ni3Zn0HCF, Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF show 

Fig. 1. Structural characterizations. SEM images of (a) Ni2Zn1HCF, (b) Ni1.5Zn1.5HCF, and (c) Ni1Zn2HCF powders. (d) XRD patterns (black: Ni(Fe 
(CN)6)0.667�(H2O)3.333; red: (Zn3(Fe(CN)6)2)1.3333�(H2O)19.22). (e) TEM image of Ni2Zn1HCF. (f) The as-synthesized powders have a cubic lattice. 

Fig. 2. Characterizations of chemical states and properties. XPS spectra of (a) Fe 2p, (b) N 1s, (c) Zn 2p, and (d) Ni 2p of the pristine materials. (e–h) FTIR 
spectra: (e) CN stretching region, (f) FeC bending/stretching region, (g) OH bending region, and (h) OH stretching region of the pristine materials. 
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symmetric peaks at around 398.2 eV, while the peak of Ni0Zn3HCF sit-
uated at around 397.9 eV is asymmetric (Fig. 2b). The binding energy of 
Zn 2p derived from Ni0Zn3HCF shows 0.2, 0.2 and 0.3 eV lower than 
those derived from Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF, respec-
tively (Fig. 2c). The lower binding energy values of N 1s and Zn 2p 
indicate the weakened connection of Zn–N coordinate bond in 
Ni0Zn3HCF than that in Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF, 
which makes Zn easier to leach into solution [39,40]. Ni3Zn0HCF and 
Ni2Zn1HCF show little higher binding energy of Ni 2p than that in 
Ni1.5Zn1.5HCF and Ni1Zn2HCF (Fig. 2d), indicating the decreased bind-
ing energy of Ni–N coordinate bond in the latter two samples, probably 
due to the higher content of the unstable Zn2þ. Fourier-transform 
infrared spectroscopy (FTIR) was also applied to characterize the 

chemical properties of these five samples (Fig. S9). The peaks at around 
2100 and 2170 cm� 1 are assigned to –CN(Fe2þ) and –CN(Fe3þ) 
stretching, respectively (Fig. 2e) [41]. Compared to Ni0Zn3HCF, 
Ni3Zn0HCF show sharper peaks and higher wavenumbers, indicating the 
latter one is of better-defined structure [38]. The transmittance of –CN 
(Fe3þ) stretching is much lower than that of –CN(Fe2þ) stretching in 
Ni0Zn3HCF sample, while in Ni3Zn0HCF sample, the transmittance of 
–CN(Fe3þ) stretching is higher than that of –CN(Fe2þ) stretching, also 
confirming that the Fe in Ni0Zn3HCF is mainly in þ2 state. For 
Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF samples, the transmittance of 
–CN(Fe3þ) stretching is little lower than that of –CN(Fe2þ) stretching. 
From 400 cm� 1 to 700 cm� 1, C–Fe bonds characteristics are displayed in 
Fig. 2f. Ni3Zn0HCF sample shows a main peak at around 430 cm� 1 

Fig. 3. Electrochemical characterizations. (a) Cycling performances at 166.7C and (b) CV curves at 2 mV s� 1. (c) Potentiostatic EIS spectra and (d) corresponding 
plots of the real part of impedance as a function of the inverse square root of angular frequency in the Warburg region. CV curves at (e) 0.1–1.0 mV s� 1 and (f) 2–50 
mV s� 1. (g) The variation of the cathodic/anodic peak voltage with the sweep rate. The relationship of the peak current (ip) and the scan rate (mV s� 1): (h) high redox 
peaks and (i) low redox peaks between 0.1 and 1.0 mV s� 1; (j) high redox peaks between 5 and 50 mV s� 1. (k) Capacitive contribution (sky blue part) and diffusion 
contribution (void part) at 0.1 mV s� 1. (l) Normalized capacitive (water blue part) and diffusion-controlled (rosy part) contribution ratios from 0.1 to 1.0 mV s� 1. 
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assigned to Fe3þ-C bending, a lower peak at around 540 cm� 1 assigned 
to Fe3þ-C stretching, and a small peak at around 580 cm� 1 assigned to Fe 
2þ-C stretching, and no peak is found at Fe2þ-C bending area [42]. As for 
Ni0Zn3HCF sample, no obvious peak is observed at Fe3þ-C stretching and 
bending area, while a broad peak at 490 cm� 1 with shoulders of Fe2þ-C 
bending and a sharp peak at 600 cm� 1 Fe2þ-C stretching are well 
defined, indicating that Fe is mainly in þ2 state. For the other three 
samples, the spectra shape resembles that of Ni3Zn0HCF sample, except 
the stronger Fe2þ-C stretching peak. The broader peaks of transmittance 
of O–H bending and stretching Ni3Zn0HCF sample than the other sam-
ples are observed (Fig. 2g, h). Based on the above analysis, the valence 
state of Fe in Ni0Zn3HCF is mainly þ2 while that in the rest four sample 
is mainly þ3 probably because of the instability of Ni0Zn3HCF [43]. 
Therefore, the replace of Zn2þ with Ni2þ can realize the high structural 
stability in NixZnyHCF by reducing the content of the unstable Zn–N 
coordinate bond. 

3.2. Electrochemical characterization 

The electrochemical characteristics were investigated via a three- 
electrode setup with a saturated calomel electrode (SCE) and a plat-
inum plate as the reference electrode and counter electrode, respec-
tively. In the long-term cycling test at the current density of 166.7C (1C 
¼ 60 mA g� 1), the second discharge capacity of Ni3Zn0HCF electrode is 
39.4 mAh g� 1, and 38.3 mAh g� 1 is maintained after 3000 cycles, cor-
responding to a capacity retention of 97.2% (Fig. S10a). The Ni0Zn3HCF 
electrode shows a severe capacity decay of 76.7% after only 300 cycles, 
which is highly related to the unstable Ni0Zn3HCF in aqueous K2SO4 
solution [18,36]. Although Ni3Zn0HCF exhibits much higher cycling 
stability than Ni0Zn3HCF, the redox potential (0.43/0.51 V vs. SCE) of 
the former one shows lower than that of the latter one (0.68/0.83 V vs. 
SCE) by 285 mV (Fig. S10b). Thus, the electrochemical properties of 
NixZnyHCF type electrode materials are supposed to be compromised in 
terms of cyclability and redox potential, in which, synergistically, Ni2þ

enhances the stability and Zn2þ lifts the redox potential. The second 
discharge capacities of Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF 
electrodes are 60.0, 55.8, and 58.7 mAh g� 1, respectively (Fig. 3a). After 
cycling for 5000 times, 73.2% (43.9 mAh g� 1), 71.1% (39.7 mAh g� 1), 
and 85.5% (50.2 mAh g� 1) capacity retention are achieved for 
Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF electrodes, respectively. The 
NixZnyHCF type electrode materials truly show much better cyclability 
than Ni0Zn3HCF electrode materials while it is not competitive with 
Ni3Zn0HCF electrode materials. In the cyclic voltammetry (CV) test 
(Fig. 3b), it is in consistence with our supposition that the average 
equilibrium potentials (all at around 0.6 V vs. SCE) of these three elec-
trodes are in the medium of those of the Ni3Zn0HCF and Ni0Zn3HCF 
electrode materials. In addition, Ni1Zn2HCF electrode shows the highest 
redox potential and the lowest polarization, while the Ni1.5Zn1.5HCF 
electrode exhibits the largest polarization and the smallest capacity, 
which is consistent with the cycling performance. Among these three 
type NixZnyHCF electrode materials, Ni2Zn1HCF exhibits the best 
cyclability and considerable equilibrium potential due to the synergistic 
effect between Ni2þ and Zn2þ. 

On the basis of Electrochemical impedance spectroscopy (EIS) 
analysis (Fig. 3c), the charge transfer impedance (Rct) values of 
Ni1Zn2HCF, Ni1.5Zn1.5HCF and Ni2Zn1HCF electrodes are 2.2 Ω, 2.65 Ω 
and 3.4 Ω, respectively. The corresponding fitting values of the slope of 
Z0 vs. ω� 1/2 plots (ω is the angular frequency) are 0.202, 0.305 and 
0.327, respectively (Fig. 3d). It can be seen that Ni2Zn1HCF electrode 
has moderate Rct and ionic diffusion coefficiency among them. At 0.1 
mV s� 1, the CV curve of Ni2Zn1HCF electrode shows two redox peaks of 
0.512/0.527 V and 0.563/0.586 V, corresponding to a low polarization 
of 7.5 mV and 11.5 mV, respectively (Fig. 3e). When the scan rate in-
creases to 1.0 mV s� 1, two pairs of redox peaks of 0.503/0.541 V and 
0.556/0.604 V, corresponding to a polarization of 19 mV and 24 mV, 
respectively, are observed, revealing the fast ionic diffusion kinetics 

[44]. At the scan rates larger than 2.0 mV s� 1, the redox peaks at lower 
potential (L-cathodic/-anodic) submerge in the left shoulder of the redox 
peaks at higher potential (H-cathodic/-anodic) because of the increased 
polarization (Fig. 3f). The polarization of the H-cathodic/anodic peaks 
rapidly increases to 302.5 mV (0.268/0.873 V) and the shift of the 
cathodic/anodic peaks voltage with the scan rate shows a region of small 
peak shift followed by increased shift at 2.0 mV s� 1 (Fig. 3g). It is 
assumed that the relationship of the current and scan rate obeys the 
power-law leading to equation (1):  

i ¼ avb                                                                                           (1) 

where a and b can be adjusted [45]. When the b-value is 0.5, the elec-
trochemical processes are diffusion-controlled, and a b-value of 1.0 in-
dicates that the electrochemical processes are surface-controlled. For the 
scan rate in the arrangement of 0.1–1.0 mV s� 1, the b-value of the 
H-cathodic, H-anodic, L-cathodic, L-anodic peaks is 0.954, 0.940, 0.960 
and 0.975, respectively (Fig. 3h,i). At scan rates over 2.0 mV s� 1, the 
b-value for the H-cathodic and H-anodic peaks is decreased to 0.791 and 
0.785, respectively (Fig. 3j). To determine the capacitive and 
diffusion-controlled contribution ratio from 0.1 to 1 mV s� 1, the equa-
tions of i ¼ k1v (capacitive) þ k2v1/2 (diffusion-controlled) and i/v1/2 ¼

k1v1/2 þ k2 are utilized [46]. At 0.1 mV s� 1, the capacitive contribution 
accountes for 90% of the total capacity (Fig. 3k). When the scan rates 
increase from 0.2 to 1.0 mV s� 1, that value increases from 92% to 96% 
(Fig. 3l). Thus, it can be illustrated that the electrochemical kinetics at 
low rates (<2.0 mV s� 1) are nearly surface-controlled, i.e. 
near-pseudocapacitive, and the electrochemical kinetics is suppressed at 
high-rates (>2.0 mV s� 1) for the increased the ohmic contribution [45, 
47]. The Ni1.5Zn1.5HCF and Ni1Zn2HCF also show 
near-pseudocapacitive intercalation mechanism (Fig. S11). 

In the long-term cycling test at the rate of 333C, the second discharge 
capacity of Ni2Zn1HCF electrode is 48.9 mAh g� 1. After cycling for 
10,000 cycles, 90.4% of the capacity is retained, and the coulombic 
efficiency is around 99% (Fig. S12). At a higher rate of 500C, the second 
discharge capacity is 48.4 mAh g� 1, of which 89.6% can be remained 
after cycling for 30,000 times, with coulombic efficiency of around 
100%, indicating the extremely high cycling stability of Ni2Zn1HCF 
electrode (Fig. 4a). In the rate range from 5C to 10C, 20C, 30C, 50C, 
100C, 200C, 300C, 500C, 800C, and 1000C, the average discharge ca-
pacity reaches 66.0 mAh g� 1, 63.9 mAh g� 1, 62.8 mAh g� 1, 62.2 mAh 
g� 1, 61.6 mAh g� 1, 60.9 mAh g� 1, 60.3 mAh g� 1, 60.0 mAh g� 1, 58.9 
mAh g� 1, 53.1 mAh g� 1, and 43.8 mAh g� 1, respectively (Fig. 4b). From 
5C to extremely high-rate of 1000C, 66% capacity retention is achieved 
and Fig. 4c displays the corresponding charge/discharge profiles. Based 
on the active materials and the discharge curves, the highest specific 
power density is up to 13.2 kW kg� 1. After cycling under extremely high- 
rate of 1000C and returning the rate to 5C (average discharge capacity of 
62.9 mAh g� 1), a capacity recovery of 95.3% is obtained, revealing the 
extremely high-rate capability of the Ni2Zn1HCF electrode materials. 
The excellent rate performance can be ascribed to the high specific 
surface area and fast near-pseudocapacitive intercalation mechanism. 
During the initial eight discharge cycles, the coulombic efficiency slowly 
increases from 87.8% to 97.8%, probably due to the irreversible ionic 
extraction. At the rates >5C, the coulombic efficiency is as high as 99%. 
During the subsequent 80,000 times long-life span cycling at 1000C, the 
electrode exhibits a negligible capacity decay of 0.000385% per cycle, 
also indicating the Ni2Zn1HCF electrode materials have extremely high- 
rate capability and strong cycling stability. In comparison with other 
reported electrode materials for aqueous batteries, the Ni2Zn1HCF 
electrode shows much superiority in rate capability and cyclability 
(Table 1). 

To investigate the electrochemical storage mechanism and structural 
evolution processes, in-situ cell was constructed with Ni2Zn1HCF as the 
cathode, Zn plate as the anode and 0.6 M K2SO4 as the electrolyte. 
During the charging processes of Ni2Zn1HCF electrode at 1.5C, (220) 
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and (400) diffraction peaks shift slightly to low angles, indicating the 
small increment of the lattice parameters due to the oxidation of 
[FeII(CN)6]4- groups to [FeIII(CN)6]3- and Kþ extraction (Fig. 4d,e) [17, 
49]. Upon the discharge processes at 0.75C, these two main diffraction 
peaks shift back to the original positions with the reduction of 
[FeIII(CN)6]3- groups to [FeII(CN)6]4- and Kþ intercalation. Because of 
the radius of [FeII(CN)6]4- groups is larger than that of [FeIII(CN)6]3- 

groups, the structural evolution of Ni2Zn1HCF is contributed to both the 
Kþ intercalation/extraction and [FeIII(CN)6]3-/[FeII(CN)6]4- groups 
interconversion. After two integrate cycles, the main diffraction peaks 
exhibit continuous and reversible shifting, illustrating the high revers-
ibility of the solid-solution Kþ intercalation/extraction and 
[FeIII(CN)6]3-/[FeII(CN)6]4- groups interconversion in Ni2Zn1HCF [50, 
51]. The well reversible shifting of the corresponding 1 D diffraction 
peak of the (400) crystalline plane is also displayed and no new peak 
forms (Fig. 4f). Above in-situ XRD results reveal that the Kþ storage 
mechanism of NixZnyHCF cathode is solid-solution intercalation/ex-
traction reaction. 

4. Conclusion 

Near-pseudocapacitive and super-stable bimetallic NixZnyHCF (x þ

y ¼ 3, x ¼ 1, 1.5, or 2) serial Prussian blue analogues cathode materials 
are developed and well-studied for extremely high-rate and long-term 
cycling life aqueous PIBs. As a representative, Ni2Zn1HCF cathode 
shows an extraordinary high-rate capability of 1000C with a capacity 
retention of 66% compared to the capacity at 5C rate and a high capacity 
recovery of 95.3% when return to 5C due to the large sufeace area and 
fast near-pseudocapacitive intercalation mechanism. It exhibits a high- 
stable cyclability of 30,000 times at 500C with a capacity retention of 
90%. A negligible capacity decay of 0.000385% per cycle is shown at 
1000C for 80,000 times cycling, which further proves this cathode 
promising for ultra-fast and high-stable aqueous PIBs. Via electro-
chemical and structural analysis, a synergistic effect between stable Ni2þ

and high-voltage Zn2þ in Ni2Zn1HCF is demonstrated. In addition, the 
near-pseudocapacitive intercalation/extraction behavior of the 
Ni2Zn1HCF cathode is revealed, as the fitted b-value of multiple sweep 
CV is > 0.94 at scan rates lower than 2.0 mV s� 1. In-situ XRD illustrates 
the highly reversible solid-solution Kþ intercalation/extraction mecha-
nism in Ni2Zn1HCF cathode. These research results show a promising 
route to building ultrafast and long-service aqueous PIBs for grid-scale 
energy storage and intermittent power supply. 

Fig. 4. Investigations of long-term cyclability and storage mechanism of Ni2Zn1HCF in 0.6 M K2SO4 electrolytes. (a) Cycling performance at 500C. (b) Rate 
performance of Ni2Zn1HCF at rate ranging from 5 to 1000C and subsequent cycling performances at 1000C, and (c) the corresponding charge/discharge profiles. In- 
situ XRD characterizations of Ni2Zn1HCF with Zn plate as anode at 1.5C charge and 0.75C discharge: (d) In-situ 2 D XRD patterns, (e) corresponding charge/discharge 
profiles and (f) 1 D XRD patterns. 
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materials.  

Cathode 
material 

Rate capability Discharge 
capacity 

Cyclability Ref. 

CuHCF 67% retention 
(83C ¼ 4.98 A 
g� 1) 

59.14 mAh g� 1 

(0.83C ¼ 50 mA 
g� 1) 

40,000 
cycles, 
83% 
retention 

Ref. [48] 

KNiFeHCF 54.4% retention 
(500C ¼ 40 A 
g� 1) 

77.4 mAh g� 1 

(5C ¼ 400 mA 
g� 1) 

5000 
cycles, 
95.6% 
retention 

Ref. [30] 

KFeMnHCF 65.4% retention 
(120C ¼ 15.6 A 
g� 1) 

130 mAh g� 1 

(10C ¼ 1.3 A g� 1) 
10,000 
cycles, 
70% 
retention 

Ref. [27] 

KFeHCF 24% retention 
(60C ¼ 9 A g� 1) 

160 mAh g� 1 

(0.5C ¼ 75 mA 
g� 1) 

1000 
cycles, 
94.3% 
retention 

Ref. [20] 

ZnHCF 60% retention 
(300C ¼ 25.8 A 
g� 1) 

78.7 mAh g� 1 

(2C ¼ 172 mA 
g� 1) 

100 cycles, 
86.4% 
retention 

Ref. [31] 

Ni2Zn1HCF 66% retention 
(1000C ¼ 60 A 
g� 1) 

66 mAh g� 1 (5C 
¼ 300 mA g� 1) 

30,000 
cycles, 
90% 
retention 

This 
work  
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