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1. Experimental Section

1.1 Materials

All the chemicals were used directly without further treatment in the experiment. 

Both K3[Co(CN)6] and K3[Fe(CN)6] were purchased from Aladdin Biological 

Technology. Ni(NO3)2·6H2O, Co(NO3)2·6H2O, K2SO4 and KCl were purchased from 

Sigma-Aldrich Co., Ltd. 

1.2 Synthesis of potassium-rich K2Co[Fe(CN)6] and potassium-poor 

KNi[Co(CN)6] 

The synthesis procedure of potassium-rich K2Co[Fe(CN)6] is depicted as follows: 

typically, 2 mmol of K3[Fe(CN)6] and 0.16 mol of KCl were dissolved in 150 mL 

deionized water under stirring for 10 min (Solution A). 5 mmol of Co(NO3)2·6H2O 

was dissolved in 150 mL deionized water under stirring for 10 min (Solution B). Then, 

the solution A and B were mixed under magnetic stirring. The mixture was placed at 

room temperature for 24 hours. Finally, the obtained purple products were filtered and 

washed several times with deionized water and absolute ethanol and finally dried in a 

vacuum oven at 60 oC overnight. The potassium-poor KNi[Co(CN)6] was gained 

throughout the similar synthesis procedure by using K3[Co(CN)6], KCl and 

Ni(NO3)2·6H2O.

2. Material characterization

Scanning electron microscopy (SEM) images were acquired on a JEOL JSM 

7800F microscope operated at 5 kV. Transmission electron microscopy (TEM) 

images were taken on JEOL 2100F microscopes. X-ray diffraction (XRD) patterns 



were collected on a Bruker D8 Advanced X-Ray Diffractometer with Ni filtered Cu 

Kα radiation (λ=1.5406 Å) at a voltage of 40 kV and a current of 40 mA. FTIR 

transmittance spectra were recorded using a 60-SXB IR spectrometer.  Nitrogen 

adsorption-desorption isotherm were obtained by using an AUTOSPRB-1 

(Quantachrome Instruments) N2 adsorption apparatus at temperature of liquid N2. 

XPS analysis was conducted on a VG ESCALAB MKII spectrometer using an MgKα 

X-ray source (1253.6 eV, 120 W) at a constant analyzer.

3. Electrochemical measurements

To evaluate the electrochemical performance of the as-prepared K2Co[Fe(CN)6] 

and KNi[Co(CN)6], the working electrode were prepared by dispersing the as-

obtained products (80 wt%), conductive carbon black (10 wt%, Super-P-Li) and 

polytetrafluoroethylene (10 wt%, PTFE) in ethyl alcohol. The mixture was then 

pressed onto a Ni foam and dried at 60 oC for 12 h under vacuum. The mass loading 

of the active material was around 3.0 mg cm–2. Electrochemical measurements were 

conducted in an aqueous K2SO4 electrolyte (0.5 M) using a three-electrode system, 

where a Hg/HgO electrode served as the reference electrode and a Pt foil acted as the 

counter electrode. Both the galvanostatic charge-discharge (GCD), cyclic 

voltammetry (CV) and electrochemical impedance spectra (EIS) studies were carried 

out on a CHI 660E electrochemical workstation. The cycling stability was performed 

on a LAND battery system. To investigate structural and phase changes, the active 

material was charged and discharged to different states, washed with distilled water 

and examined by using ex-situ XRD tests.



4. Computational details
The spin-polarized DFT calculations were carried out with the first-principles method 

and implemented by Vienna ab initio simulation package (VASP).[1] The exchange-

correlations were treated by the generalized gradient approach (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) functional.[2] Because of the drawback in describing 

the strong exchange-correlation effect of 3d orbitals, the additional Hubbard 

parameter correction was adopted, with the U–J of 3.2 eV and 4.3 eV for Co and Fe 

atoms,[3, 4] respectively. The energy cutoff of the wave function was set to 500 eV. 

Brillouin zones were sampled by a Monkhorst−Pack k-point mesh with a 3 × 3 × 3 k-

point grid.[5] All atoms were allowed to be fully relaxed until the convergence 

tolerance of energy and maximum force were smaller than 10−6 eV/atom and 0.05 eV/ 

Å, respectively. The climbing-image nudged elastic band (CI-NEB) method was used 

to explore the diffusion behavior of potassium-ion. [6]



Supplementary Information Figures

Figure S1. SEM images of the as-prepared (a, b) K2Co[Fe(CN)6] and (c, d) 

KNi[Co(CN)6]. 



Figure S2. FTIR spectra of K2Co[Fe(CN)6] and KNi[Co(CN)6].



Figure S3. (a, b) Nitrogen adsorption-desorption isotherms of K2Co[Fe(CN)6] and 

KNi[Co(CN)6]. (c, d) BJH pore size distribution curves of K2Co[Fe(CN)6] and 

KNi[Co(CN)6].



Figure S4. (a, b) The TEM images of KNi[Co(CN)6] with different 

magnification. (c) The corresponding SAED pattern from Figure S3b. (d) The 

HAADF-STEM and element mappping of KNi[Co(CN)6]. 



Figure S5. (a) The full XPS survey of the K2Co[Fe(CN)6]. The high-resolution 

spectra of (b) Co 2p, (c) Fe 2p, (d) K 2p, (e) C 1s and (f) N 1s, respectively.

The XPS measurement was used to confirm the valence states of the as-prepared 

samples. The survey spectrum of K2Co[Fe(CN)6] in Figure S5a illustrates the co-

existence of Co, Fe, K, C, N and O elements, where O element is assigned to the 

presence of water in final products. Figure S5b shows the high-resolution spectrum of 

Co 2p, where the peaks located at 781.78 and 797.95 eV are assigned to Co 2p3/2 and 

Co2p1/2, while the peaks located at 785.58 and 804.43 eV are corresponding satellites, 

respectively, indicating the existence of Co2+ and Co3+ in K2Co[Fe(CN)6]. [7] The 

peaks located at 708.43 and 709.99 eV are assigned to Fe 2p3/2, and the peaks located 

at 721.43 and 723.69 eV are assigned to Fe 2p1/2 (Figure S5c), which confirms the 

presence of Fe2+ and Fe3+. [7, 8] In addition, the peaks located at 292.80 and 295.80 eV 

can be assigned to K 2p3/2 and K 2p1/2 (Figure S5d), demonstrated the existence of K+. 

Moreover, the high-resolution spectrum of C 1s is shown in Figure S5e, in accordance 

with the results of element maps. The N 1 s peak centering at 398.0 eV corresponding 

to the nitrogen in the cyano-ligan (Figure S5f). [9] 



Figure S6. (a) The full XPS survey of the KNi[Co(CN)6]. The high-resolution spectra 

of (b) Co 2p, (c) Ni 2p, (d) K 2p, (e) C 1s and (f) N 1s, respectively.

The survey spectrum of KNi[Co(CN)6] indicates the principal elements of Co, Ni, 

K, C, N and O (Figure S6a). As seen in the high-resolution spectrum of Co 2p, the 

peaks at 781.93 and 782.98 eV are indexed to Co 2p3/2, and the peaks located at 

796.93 and 798.10 eV are assigned to Co 2p1/2, disclosing the coexistence of Co2+ and 

Co3+ in KNi[Co(CN)6] (Figure S6b). [7, 10] The peaks centered at 856.53 and 858.41 

eV belong to Ni 2p3/2, and the peak located at 874.58 is assigned to Ni 2p1/2 with a 

satellite at 880.93 eV (Figure S6c), demonstrating the signal of Ni2+.[9, 11] Additionally, 

the peaks at 292.80 and 295.80 eV are indexed to K 2p3/2 and K 2p1/2 (Figure S6d), 

verifying the existence of K+. Furthermore, the high-resolution spectra of C 1s is 

exhibited in Figure S6e. The N 1 s peak at 398.4 eV can also be assigned to the 

nitrogen in cyano-ligan (Figure S6f). [9]  



Figure S7. (a) the CV curves of KNi[Co(CN)6] at various scan rates from 0.2–50 mV 

s–1. (b) The GCD curves of KNi[Co(CN)6] at various current densities from 400–4000 

mA g–1. 



Figure S8. (a), (b) The TEM and HRTEM images of K2Co[Fe(CN)6] after 1000 

cycles at 4000 mA g–1.

As shown in Figure S8, the particle size of K2Co[Fe(CN)6] is around 40–50 nm 

after 1000 cycles at 4000 mA g–1, manifesting a slight change after cycling test (as 

shown in Figure 3a and 3b).



Figure S9. Nyquist plots of the K2Co[Fe(CN)6] and KNi[Co(CN)6] and the inset 

exhibits the corresponding equivalent circuits.

The EIS tests of K2Co[Fe(CN)6] and KNi[Co(CN)6] were recorded with the 

frequency range from 100 kHz to 0.01 Hz. The Nyquist plots with three parts are 

illustrated in Figure S9. Typically, the intercept on the real axis is the sum of ionic 

resistances of the electrolyte (Rs), and the diameter of the semi-circle in the high-

frequency region represents the charge-transfer resistance (Rct) at the current 

collector-electrode materials and electrode materials-electrolyte interface. 

Additionally, a straight line in the low-frequency region indicates the ion diffusion 

resistance. The Rct values of K2Co[Fe(CN)6] and KNi[Co(CN)6] are 4.05 Ω and 4.79 

Ω, respectively, indicating the better conductivity of K2Co[Fe(CN)6] than 

KNi[Co(CN)6].



Figure S10. (a) Ex-situ XRD patterns of K2Co[Fe(CN)6] architectures at 

different charge/discharge states as marked in the galvanostatic 

charge/discharge curve. (b) The color graphic from ex-situ XRD patterns.



Figure S11. The initial state (a), transition state (b), and the final state (c) of a 

potassium-ion diffusion within the lattice of the K2Co[Fe(CN)6] model structure. The 

purple, blue, khaki, red, silver, and brown ball represents the K, Co, Fe, O, N, and C 

atoms, respectively.

Figure S12. Migration energy barriers of a potassium-ion diffusion within the lattice 

of the K2Co[Fe(CN)6] model structure. The inset shows the calculated K+ migration 

paths.

To understand the diffusion behaviors of a K+-ion, a migration path along the 

[001] direction within the lattice of the K2Co[Fe(CN)6] was studied. The 

corresponding initial state, transition state, and the final state are shown in Figure S11. 

The calculated migration energy barrier is 1.097 eV (Figure S12), which is much 

smaller than that of K+-ion diffusion within the lattice of K2FeII[FeII(CN)6] (1.66 eV) 

and K2Ni[FeII(CN)6] (1.85 eV).[12]



Figure S13. (a) CV curves of AC//K2Co[Fe(CN)6] at various scan rates from 5 to 50 

mV s-1; (b) GCD curves of AC//K2Co[Fe(CN)6] at different current densities from 1 

to 5 A g-1.

To evaluate the practical application potential of the as-prepared K2Co[Fe(CN)6], 

a two-electrode device was assembled. The commercial activated carbon (AC) was 

directly used as the negative electrode and the as-prepared K2Co[Fe(CN)6] was 

employed as the positive electrode (AC//K2Co[Fe(CN)6]). Figure S13a shows the CV 

curves of AC//K2Co[Fe(CN)6] at scan rates of 10–50 mV s–1, which shows redox 

peaks caused by the intercalation/deintercalation of K+-ions. The shape of CV curves 

is kept well with the increase of scan rate, demonstrating its superior reversibility and 

fast charge-discharge process. The energy storage performance was further detected 

by GCD measurements at various current densities (Figure S13b). According to the 

discharge time, the energy density of AC//K2Co[Fe(CN)6] device is 46.67 Wh kg–1 at 

a power density of 1200 W kg–1, and even at a high power density of 6000 W kg–1, the 

device still exhibits an energy density of 33.33 Wh kg–1, substantiating its 

simultaneous high energy density and power density.



Table S1 Performance comparison of as-prepared K2Co[Fe(CN)6] with that of other 

reported materials in aqueous potassium ions storage realm.
Materials Electrolyte Capacity

 (mA h g-1)
Current 
density 
(mA g-1)

Ref.

K2FeII[FeII(CN)6] •2H2O 0.5 M 
K2SO4

120 200

K2NiII[FeII(CN)6] •2H2O 0.5 M 
K2SO4

42 500
[12]

K2NiFe(CN)6•1.2H2O 1 M 
KNO3+0.01 

M HNO3

77.4 400 [13]

K0.6Ni1.2Fe(CN)6•3.6H2O 1 M KNO3 59 49.8 [14]
K0.71Cu[Fe(CN)6]0.72•3.7H2O 1 M 

KNO3+0.01 
M HNO3

60 49.8 [15]

KCu0.77Ni0.23Fe(III)(CN)6 1 M KNO3 65 50 [16]
K1.85Fe0.33Mn0.67[Fe(CN)6]0.98•0.7H2O 22 M 

KCF3SO3 
water in salt 
electrolyte

130 1300 [17]

K2Co[Fe(CN)6] 112 400
KNi[Co(CN)6]

0.5 M 
K2SO4 37 400

This work
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