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A B S T R A C T

Potassium-ion batteries (KIBs) are considered as one of the most promising energy storage devices owing to the
close redox potential to lithium, rich abundance and low cost potassium resource, promoting the exploration on
cathode materials for K-ions storage. This paper reports a detailed experimental study on potassium nickel hex-
acyanoferrate, K1.81Ni[Fe(CN)6]0.97⋅0.086H2O (KNHCF), cathode for KIBs. KNHCF synthesized possesses few
[Fe(CN)6]4- vacancies and coordinated water molecules, and high specific surface area along with developed
microporous/mesoporous structures, which collectively induce highly reversible electrochemical intercalation
process and fast kinetics. The resultant KNHCF cathode demonstrates reversible capacity of 57.0 mAh⋅g�1, high
operating voltage of 3.74 V, outstanding voltage stability with no decay, good cycling stability (87.34%) after
1000 cycles and long-term lifetime over 8000 cycles with capacity fading rate of 0.0052% per cycle. A solid
solution mechanism with zero-strain, where one-electron shuttle relied on C-coordinated FeII/FeIII couple, plays
an important role for K-ions intercalation/deintercalation. A 3.34 V full cell assembled with graphite anode de-
livers a high energy density of 142.6Wh⋅kg�1 with the cpacity retention of 88.5% after 100 cycles, and ultra-long
life-span over 5000 cycles can be achieved.
1. Introduction

Advanced electric energy storage (EES) systems can effectively
regulate and reduce energy consumption and environmental degradation
by integrating the intermittent renewable energy into smart power grids
[1,2]. Nowadays, rechargeble lithium-ion batteries (LIBs), one of the
major EES technologies, have dominated the market for portable elec-
tronic devices and electric vehicles owing to its high energy density and
long cycling life [3–5]. However, large-scale stationary applications for
LIBs are limited by the short supplies and high cost of lithium resource,
which has motivated the development of new types of rechargeable
batteries with abundant reserve. As alternatives to LIBs, numerous
alkali-ion batteries including Na, K, Mg, Zn, Ca and Al, based on earth
abundant elements, have been studied in-depth, which expand new
members for cost effective EES [6–11]. To date, unprecedented progress
has been achieved by investigating the electrode materials and electro-
chemical mechanism for sodium-ion batteries (NIBs) [12–18]. However,
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KIBs possess a significant advantage of low redox potential of�2.93 V for
K/Kþ vs. the standard hydrogen electrode (SHE), close to that of �3.04 V
for Li/Liþ and lower than �2.71 V for Na/Naþ (vs. SHE), which can
output higher voltage and energy density compared to NIBs [19]. It was
reported that graphite electrode, successfully developed in the field of
LIBs, can be employed as anode for KIBs [20,21], which is another
important advantage over NIBs. Furthermore, other new anode materials
such as soft and hard carbon [22,23], alloying mechanism materials (P,
Bi, Sn and Sb) [24–29], transition metal oxides [30], sulfides, carbides
and selenides [31–34], organics as well as K–Na alloy are also proved as
anode electrodes for KIBs [35–37], displaying great electrochemical
properties and further promoting the development of KIBs.

Exploring advanced cathode materials with excellent structure sta-
bility is a key issue for the advancement of K-ion full-cells due to the
restriction of the larger ionic radius of K-ion (1.38 Å) compared to Li-ion
(0.76 Å) and Na-ion (1.02 Å). Layeredmetal oxides (such as K1.06Mn8O16,
K0.32MnO2, K0.7Fe0.5Mn0.5O2, K0.6CoO2 and K0.5MnO2) as well as
19
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polyanionic compounds with open framework (such as FePO4, KVP2O7
and KVPO4F) have been investigated as intercalation cathodes for
nonaqueous KIBs, while limited interlayer distance and clearance space
make difficulty in K-ions storage, which gives rise to unsatisfactory
electrochemical properties [38–45]. In addition, organic electrodes with
large primary interlayer spacing break through the traditional interca-
lation limit by utilizing strong electron-withdrawing groups on the edges
of fused aromatic rings for K-ions storage, which can provide high energy
density because of multiple active sites [46,47]. Whereas an inevitable
drawback of organic electrode is free K-ions in original material, which
makes anode materials need to provide enough K-ions in full-cell system.
Recent years, numerous efforts have been devoted to Prussian blue and
its analogues as cathodes for aqueous and nonaqueous PIBs, whose long
cycling life is ascribed to stable open framework structure with large
interstitial sites and reversible electrochemistry [45–53], pointing out
the direction of designing new cathode materials to realize repeatable
insertion/extraction processes of large-size K-ions.

In this paper, we reported a comprehensive research on K1.81Ni
[Fe(CN)6]0.97⋅0.086H2O (KNHCF) cathode for KIBs. High first capacity of
57.0 mAh⋅g�1 with the energy density of 213.2Wh⋅kg�1 at 10mA g�1,
eminent cyclability and rate performance at various rates can be obtained
for KNHCF. It is also demonstrated by ex situ XRD and XPS analyses that
K-ions intercalation/deintercalation proceed through a simple solid so-
lution reaction. And the superior electrochemcial properties are attrib-
uted to ultra-stable framework structure, highly reversible
electrochemical behavior and fast electrons transfer and K-ions dis-
sfusion ability. K-ions full cell is also fabricated based on graphite as
anode, exhibiting satisfactory discharge capacity and outstanding cycling
stability for 5000 cycles.

2. Experimental

2.1. Material preparation

The KNHCF was prepared via a facile hydrothermal approach using
5mmol K4Fe(CN)6⋅3H2O and 5mmol Ni(NO3)2⋅6H2O as the starting
chemicals. After dissolving in 70mL deionized water completely under
continuous magnetic stirring, the uniform solution was transferred to a
100mL Teflon-lined stainless steel autoclave, which was further heated
at 80 �C for 12 h. After cooling down naturally, the sample was collected
through high-speed centrifugation, washing with deionized water and
ethanol several times, and freeze-drying for 48 h. For comparison, po-
tassium copper hexacyanoferrate (KCHCF) powder was also synthesized
by the above procedure using CuCl2⋅2H2O instead of Ni(NO3)2⋅6H2O.

2.2. Material characterization

Inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Optima 7300DV, PerkinElmer) and elemental analyzer (vaeeio MACRO
cube, Elementar) were conducted to examine the exact chemical com-
positions. The contents of adsorbed and coordinated water in PBAs
crystal were dertermined by thermogravimetry (TG) analysis measured
on TGA/DSC3þinstrument (Mettle Toledo) from room temperature to
550 �C with a heating rate of 10 �C⋅min�1 under a flowing N2. Raman
spectrometer (HR 800, JY Labram) and Fourier transform infrared (FTIR)
spectrometer (Vetex 70, Bruker) were employed to record the Raman and
FTIR spectra. X-ray photoelectron spectroscopy (XPS, Axis Ultrabld,
Kratos) was performed to analyze the detailed information of valence
states for transition metals. The crystal structure and phase purity were
investigated by X-ray diffraction (XRD) on Rigaku UltimaIV-185 with Cu
Ka radiation at 40mA and 40 kV, and the XRD pattern was refined on the
basis of the Rietveld refinement program GSAS. The N2 adsorption-
desorption measurement was carried out on Micromeritics ASAP 2460
analyzer. Transmission electron microscope (TEM, JEOL JEM- 2100CX)
was measured to observe themorphology and study themicrostructure of
sample, and equipped energy dispersive spectra (EDS) was used to
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acquire the elemental mapping.

2.3. Electrochemical tests

CR2025-type coin cells were utilized to assemble the half-cells to
evaluate the electrochemical performances of cathodes in an Ar-filled
glove box (Super 1220/750, Mikrouna), where the glass fiber, K metal
disk and 1M KPF6 in ethylene carbonate, diethyl carbonate and pro-
pylene carbonate (1: 1: 1 by volume) were respectively regarded as
separator, counter electrode and electrolyte. The cathode electrode was
fabricated via spreading the slurry onto the surface of Al foil, where the
homogeneous slurry was formed by mixing the active material, acetylene
black and polyvinylidene fluoride with the mass ratio of 8:1:1 in N-
methyl pyrrolidinone. After drying at 60 �C for 12 h under vacuum and
pressing for densification, the Al foil was further punched into sheets
with the diameter of 12mm to obtain the working electrodes. The weight
loading of active material were controlled from 1.5 to 2mg. The K-ions
full cell was assembled with graphite on Cu foil as anode, whose mass
ratio of cathode/anode was approximately 1:2. The half and full cells
were charged/discharged at 25 �C in the potential range of 2.0–4.5 V (vs.
K/Kþ) at various current densities (1C¼ 70mA g�1).

Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) were tested on a CHI 660C electrochemistry workstation. The
galvanostatic intermittent titration technique (GITT) was conducted to
calculate the K-ion diffusion coefficient, which is obtained from the po-
tential response to a constant current pulse (10mA g�1), and the batteries
were charged for 600 s followed by open-circuit relaxation for 3600 s.
The electrode was acquired via disassembling the coin-cells after
charging/discharging at different cut-off potentials or several cycles. By
washing with diethyl carbonate and drying in the glove box, the active
material was further measured through ex situ XRD and XPS to study the
electrochemical mechanism and structure stability.

3. Results and discussion

3.1. Structure and morphology

The chemical formulas of KCHCF and KNHCF can be determined to be
K1.72Cu[Fe(CN)6]0.83⋅0.887H2O and K1.81Ni[Fe(CN)6]0.97⋅0.086H2O ac-
cording to ICP-AES, elemental analyses (Tables S1–S2) and TG results
(Figs. S1–S2), suggesting that there is few [Fe(CN)6]4- vacancies and
coordinated water molecules for KNHCF compared to KCHCF, which is
conducive to activate more Fe redox sites coordinated by C atoms and
stabilize the framework structure for acquiring higher capacity and more
exceptional cycling stability [13]. Fig. 1a presents the FTIR spectra of
KCHCF and KNHCF, in which the peaks at 1630 cm�1 and 3435 cm�1 are
assigned to the bending and stretching modes of O–H [51], respectively,
indicating the presence of adsorbed water, which is also observed from
the TG curves. Besides, the peaks at 2095 cm�1 associated with C

–

–

–N
appear. In the Raman spectra from 200 cm�1 to 3000 cm�1, peaks located
at 245 cm�1 and 510 cm�1 for KCHCF (Fig. S3) as well as 271 cm�1 and
540 cm�1 for KNHCF (Fig. S4), respectively corresponding to stretching
and bending modes of Fe–C

–

–

–N–Cu and Fe–C
–

–

–N–Ni [10,48], are
observed. And there are other peaks at 2138 cm�1 and 2097 cm�1

(KCHCF) as well as 2154 cm�1 and 2116 cm�1 (KNHCF), which are
ascribed to cyanogen [48,51].

The porous features of both samples were analyzed by the N2
adsorption/desorption measurement in Fig. 1b. It can be seen from the
inset of Fig. 1c that the sample contains developed micropore structure
for K-ions storage, which are mainly distributed within the range of
3.5–5.1 Å, corresponding to the interstitial sites of the framework.
Meanwhile, the much higher BET specific surface area of 168.2m2 g�1

for KNHCF compared to KCHCF (145.7m2 g�1) along with inter-
connected mesoporous structure around 3.4 nm (Fig. 1c) are beneficial
for the fast K-ions diffusion and effective electrolyte immersion. The
surface chemical composition and electronic states of both samples were



Fig. 1. Structure characterization of samples: a) FTIR spectra; b) nitrogen adsorption-desorption isotherms; c) mesoporous size distribution profiles, inset are the
micropore size distribution curves of KCHCF and KNHCF; d) XPS survey spectrum of KNHCF; e) Fe 2p spectra of both samples, f) Cu 2p3/2 spectrum of KCHCF and Ni
2p3/2 spectrum of KNHCF.

Fig. 2. Structure and morphology characterization: Rietveld refinement XRD patterns of a) KCHCF with the convergence factors of χ2¼ 1.120, Rwp¼ 1.27%,
Rp¼ 1.00% and b) KNHCF (χ2¼ 0.854, Rwp¼ 1.41%, Rp¼ 1.12%); c) the refined structural model; d) TEM image; e) HRTEM image; f) FFT pattern; g) high resolution
HAADF-STEM image and h) EDS mapping images of KNHCF.

S. Chong et al. Energy Storage Materials 22 (2019) 120–127
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Fig. 3. Electrochemical performances: a) CV profiles of the first five cycles for KNHCF at a scanning rate of 0.1mV s�1; b) corresponding galvanostatic charge/
discharge curves at 10mA g�1; cycling performances at c) 10mA g�1 for both samples and d) 20mA g�1 for KNHCF; e) galvanostatic charge-discharge profiles for the
1st, 10th, 50th, 100th, 200th and 500th cycles at 20mA g�1 for KNHCF; f) rate property at different rates from 10 to 500mA g�1; cycling performances at g) 50mA g�1

and h) 200mA g�1 for KNHCF.

S. Chong et al. Energy Storage Materials 22 (2019) 120–127
tested by XPS, and the survey spectra in Fig. S5 (KCHCF) and Fig. 1d
(KNHCF) indicate that the sample contains K, Cu/Ni, Fe, C, N, and O
elements. The high resolution (HR) fitting spectra of Fe are shown in
Fig. 1e, where the peaks centered at 708.7 eV and 721.7 eV are attributed
to FeII 2p3/2 and FeII 2p1/2, respectively. The Ni 2p spectrum of KNHCF
exhibits the binding energies of 856.6 eV and 863.3 eV for NiII 2p3/2 as
displayed in Fig. 1f, and another couple around 874.5 eV and 881.0 eV
correspond to NiII 2p1/2 in Fig. S6. Besides, the fitting results of Cu 2p3/2
(Fig. 1f) and Cu 2p1/2 (Fig. S7) spectra for KCHCF also suggest that Cu-
ions are divalent.
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The XRD patterns of both samples (Fig. S8) are refined using Rietveld
method as presented in Fig. 2a (KCHCF) and Fig. 2b (KNHCF), which are
assigned to face-centered cubic (FCC) structure with the space group of
Fm3 m [51,53,54]. The detailed refinement results in Table S4 indicates
that KNHCF has the lattice parameters of a¼ b¼ c¼ 10.219 Å, which are
higher than that of a¼ b¼ c¼ 10.104 Å for KCHCF (Table S3), and the
average crystalline sizes can be determined as 18.3 nm (KNHCF) and
19.6 nm (KCHCF) calculated by Scherer equation. Fig. 2c displays the
corresponding structure illustration of KNHCF, in which a 3D framework
with large interstitial sites is built by bridging nitrogen and carbon atoms
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of cyanogen ligands with Ni and Fe ions, respectively.
The morphology and microstructure of KNHCF were investigated by

TEM. As presented in Fig. 2d, KNHCF is composed of homogeneous
nanoparticles with the size of 15–25 nm, which is in favor of K-ions and
electrons transport compared to the reported PBAs particles with larger
size [48,52]. Distinct lattice fringes can be seen from HRTEM image in
Fig. 2e, in which the interplanar spacings of 3.58 Å, 3.57 Å and 3.48 Å are
respectively assigned to (220), (022 ) and (202) planes of cubic structure.
The corresponding Fast Fourier Transformation (FFT) pattern in Fig. 2f
can be indexed to ½1 11� zone axis, which is consistent with the HRTEM
result. Fig. 2g gives the high resolution HAADF-STEM image of KNHCF,
exhibiting obvious rectangular interstitial sites. The EDS elemental
mapping image in Fig. 2h further proves the uniform distribution of K, Ni,
Fe, C, N and O elements.

3.2. Electrochemical performances

The electrochemical properties were investigated between 2.0 and
4.5 V as exhibited in Fig. 3. CV measurement was conducted to provide
insights into the electrochemical process and reversibility at a scanning
rate of 0.1 mV s�1. KNHCF displays a pair of redox peaks of 3.90/3.69 V
during the initial process in Fig. 3a, and a couple of peaks (4.04/3.71 V)
appear for KCHCF in Fig. S9a, which are attributed to the oxidation/
reduction of low-spin FeII/FeIII couple (FeLS) coordinated by C atoms
[10]. During K-ions extraction from the π-electron coordination envi-
ronment in the interstitial sites, the Fermi energy level will decrease
toward valence bands of Fe t2g resulted from the electrons transfer, thus
exhibiting electrochemical activity for C-linked Fe-ions [57]. However,
there is much more difficult charge transfer behavior because the 3d
states of Ni-ions are situated far below the Fermi level, making high-spin
Ni-ions (NiHS) are electrochemical inert [57]. Fig. 3b shows the corre-
sponding galvanostatic charge/discharge profiles of KNHCF at
10mA g�1, in which a set of plateaus in the range of 3.44–3.88 V can be
observed, in consistent with the CV result. It is worth mentioning that the
redox peaks and plateaus for KNHCF remain almost unchanged in the
following cycles, revealling no polarization and highly reversible redox
behavior, while terrible polarrization can be seen from the subsequent
CV and charge-discharge curves of KCHCF in Fig. S9.

A reversible initial discharge capacity of 57.0 mAh⋅g�1 with high
operating potential of 3.74 V at 10mA g�1 can be acquired for KNHCF,
delivering an energy density of 213.2Wh⋅kg�1, which is higher than that
of KCHCF (191.0Wh⋅kg�1) with the capacity of 51.2 mAh⋅g�1 and
voltage of 3.73 V. Fig. S10 compares the operating voltages and specific
capacities of the most reported cathode materials based on one-electron
transfer with KNHCF, in which the highest energy density can be ach-
ieved for KNHCF [58–60,64,74]. And the excellent cycling stability with
the capacity retention of 52.1 mAh⋅g�1 (91.4%) and exceptional voltage
stability with no fading after 100 cycles are obtained for KNHCF as
shown in Fig. 3c, while KCHCF suffers serious capacity fading with the
capacity retention rate of 38.48% and rapid voltage decay with the value
of 0.438 V. Besides, KNHCF delivers high first discharge capacity of 47.2
mAh⋅g�1 at 20mA g�1 with the retention of 40.7 mAh⋅g�1 (86.23%) over
500 cycles in Fig. 3d, uncovering outstanding capacity stability. The
values of coulombic efficiency can reach approximately 100% after the
first cycle at 20mA g�1, revealing that K-ions insert/extract reversibly in
the intersititial sites. Fig. 3e displays the charge/discharge curves at
20mA g�1, where no distinct change for the voltage plateaus can be seen,
suggesting remarkable voltage (Fig. S11) and structure stability during
cycling.

The rate capability was tested in the range of 10–500mA g�1 as
shown in Fig. 3f, which can provide the capacities of 55.3, 47.7, 40.9,
29.9, 25.8 and 13.1 mAh⋅g�1 for KNHCF at 10 (0.14C), 20 (0.29C), 50
(0.71C), 100 (1.4C), 200 (2.9C) and 500mA g�1 (7.1C). However, much
lower capacities of 48.7, 23.5, 12.3, 6.8, 3.0 and 0.7 mAh⋅g�1 are ac-
quired for KCHCF. The reversible capacity of 53.5 mAh⋅g�1 for KNHCF,
much higher than that of KCHCF (33.2 mAh⋅g�1), can be maintained
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when the rate returns back to 10mA g�1. We further evaluate the long-
term cycling performances of KNHCF at high current densities. The ca-
pacity of 35.2 mA g�1 can be maintained over 1000 cycles with the ca-
pacity retention rate of 87.34% at 50mA g�1 in Fig. 3g, and KNHCF
discloses ultra-long cycling life for 8000 cycles at 200mA g�1 (Fig. 3h),
delivering ultra-low capacity fading of 0.0052% per cycle and great
cyclability.

3.3. Electrochemical reaction mechanism

In order to better clarify the electrochemical reaction mechanism and
redox active sites for K-ions storage of KNHCF, we employed ex situ XRD
and XPS tests at different states during the initial charge/discharge
process (Fig. 4a). The ex situ XRD patterns are shown in Fig. 4b, where
the cubic structure can be maintained well during the charge/discharge
process, demonstrating that there is a facile solid solution mechanism for
K-ions extraction/insertion rather than phase change [51,53]. The shift
of calculated lattice parameter in Fig. 4c is negligible, suggesting
ultra-stable framework structure with zero-strain for K-ions storage.
Fig. 4d displays the ex situ XPS of Ni 2p spectra, where all the curves
remain almost the same, uncovering that NiHS coordinated by N atoms
are electrochemically inert, which is in favor of maintaining the
super-stable structure during cycling. However, in the ex situ Fe spectra
(Fig. 4e), the peaks of Fe2p gradually shift to higher positions along with
the deintercalation of K-ions during the charge process and FeII can be
oxidized to FeIII at the full charge state, which indicates that FeLS couple
linked by C atoms are regarded as redox center for K-ions insertion/ex-
traction. And an opposite behavior occurs upon the discharge process,
proving superior electrochemical reversibility based on FeII/FeIII redox
sites.

The solid state diffusion kinetics of K-ions for samples was studied by
GITT measured at 10mA g�1 for the initial charge process as displayed in
Fig. 4f. It can be calculated that the K-ions diffusion coefficient (DK

þ)
during the plateau region for KNHCF is from 10�9 to 10�7 cm2 s�1 in
Fig. 4g, which is one order of magnitude higher than that of KCHCF
(between 10�10 and 10�8 cm2 s�1), exhibiting much faster K-ions trans-
port ability in 3D framework for KNHCF. CV curves at various scanning
rates in the range of 0.1–2.0mV s�1 for both KCHCF and KNHCF were
futher investigated to clarify the kinetics property. Serious polarization
phenomenon can be observed for KCHCF in Fig. 4h, while the CV profiles
(Fig. 4i) for KNHCF preserve the similar shapes with slight peak shifts
with the increase of sweep rates, manifesting a splendid response capa-
bility to the fast scanning rates. The relationship between peak current
(Ip) and scanning rate (v) can be described by the Randles-Sevcik equa-
tion of Ip¼ 2.69� 105 n3/2 A D1/2 C v1/2, where n, A, D and C are
respectively stand for number of electrons, surface area of electrode,
diffusion coefficient and concentration of K-ions [61]. Therefore, the DK

þ

can be dertermined by the simplified equation of Ip¼ a D1/2 v1/2 (a is
supposed to be the constant) [61]. Fig. 4j exhibits the fitting linear re-
lationships between Ip and v1/2, and the calculated slopes are the values
of a D1/2. Apparently, KNHCF electrode displays much higher K-ions
diffusion coefficients for both oxidation and reduction processes than
KCHCF, which is in accordance with the GITT result. Additionally, EIS
results (Fig. S12) further prove that the charge-transfer resistance (Rct)
values of KNHCF are much lower compared to those of KCHCF before
cycling, after 10 and 100 cycles, illuminating fast electrons transmission
ability and developed K-ions transport paths.

The cubic phase of KNHCF can be well remained after 100 and 1000
cycles from the ex situ XRD results in Fig. S13, which suggests that
KNHCF exhibits an extremely stable and robust 3D framework structure
during repeated K-ions intercalation/deintercalation process. Hence,
KNHCF undergoes a simple solid solution mechanism depended on
[Fe(CN)6]4-/[Fe(CN)6]3- one-electron redox couple, provides a stable
cubic structure with few defects during cycling and presents extraordi-
nary electrochemical kinetics and reversibility, thus resulting in excep-
tional cycling stability, which is the longest cycling lifetime among the



Fig. 4. Electrochemical mechanism of samples for potassium storage: a) the initial charge/discharge curve of KNHCF at 10mA g�1; b) the corresponding ex situ XRD
patterns at different states; c) changes of lattice parameter calculated by XRD patterns; ex situ XPS spectra for d) Ni and e) Fe elements; f) GITT profiles of KCHCF and
KNHCF, as well as g) corresponding K-ions diffusion coefficients; CV curves of h) KCHCF and i) KNHCF at different scanning rates; j) linear relationship between the
peak current (Ip) versus the square root of the scanning rate (v1/2) and the corresponding linear fits.
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reported cathode materials for KIBs (Table S5) [38–42,44–47,51–53,55,
56,62–75].

Although the significant enhancement in both storage capacity and
transport kinetics are the subject for further research, the change of lat-
tice constants and the decrease in vacancies and coordinated water
molecules likely exerted their impacts through the following mecha-
nisms: firstly, the expanded lattice parameters of KNHCF
(a¼ b¼ c¼ 10.219 Å) induced by high content of K-ions in the intersti-
tial sites in comparison with KCHCF (10.104 Å), beneficial to fast K-ions
diffusion during cycling [76]. Secondly, the electrochemical activity of
neighboring FeLS (C) for KCHCF is likely drastically degraded because its
electronic structure was largely affected by vacancies and there is less
available unoccupied states of FeLS (C) above the Fermi level, resulting in
poor electronic conductivity compared with KNHCF [77]. Hence, the
improved electrochemical performances for KNHCF compared with
KCHCF is mainly ascribed to its optimized structure with less defects and
high content of K-ions, which can not only activate more FeII/FeIII redox
couple, but also facilitate fast electrons and K-ions transport.

3.4. Full-cell performances

For the sake of practical feasibility of KNHCF cathode, K-ion full cell
was fabricated with the graphite as anode, illustrated in Fig. 5a. The
charge-discharge profiles of graphite are shown in Fig. S14. It should be
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noted that the graphite has to be potassiated via predischarge process
with metallic potassium before assembling the full cell, which can sup-
plement enough K-ions and eliminate the first irreversible capacity.
Fig. 5b shows the CV profiles of the first four cycles for the full cell, where
a couple of oxidation/reduction peaks of C–FeII/FeIII located at 3.34/
3.06 V appear. The corresponding charge/discharge curve at 10mA g�1

in Fig. 5c displays obvious plateaus, presenting high operating voltage of
3.34 V, and high discharge capacity of 42.7 mAh⋅g�1 with the energy
density of 142.6Wh⋅kg�1 are acquired. Fig. 5d exhibits the cycling
property of the full cell at 10mA g�1, maintaining high capacity of 37.8
mAh⋅g�1 after 100 cycles with the retention rate of 88.5%. The reversible
capacities of 36.5, 24.8, 19.5 and 16.4 mAh⋅g�1 can be retained for the
full cell when the current densities are 20, 50, 100 and 200mA g�1 in
Fig. 5e, indicating remarkable rate capability. Furthermore, the full cell
can cycle for 200 cycles at 50mA g�1 with no capacity loss as presented
in Fig. 5f, disclosing superior cycling stability. And ultra-long cycle life-
span over 5000 cycles (Fig. 5g) at 100mA g�1, with the capacity decay
rate of 0.0035% per cycle, can be obtained.

4. Conclusions

KNHCF nanoparticles synthesized via a hydrothermal method, pre-
senting low defect, high specific surface area with desired porous struc-
ture, have demonstrated to be an excellent cathode for KIBs. KNHCF



Fig. 5. Electrochemical properties of K-ions full cell based on KNHCF cathode and graphite anode: a) schematic view of the full cell; b) CV curves of the initial four
cycles at the scanning rate of 0.1 mV s�1; c) corresponding galvanostatic charge/discharge profiles at 10mA g�1; d) cycling performance at 10mA g�1; e) rate
capability between 10 and 200mA g�1; cycling properties at high current densities of f) 50mA g�1 and g) 100mA g�1.
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delivered a reversible discharge capacity of 57.0 mAh⋅g�1 with a high
operating voltage of 3.74 V at 10mA g�1, and excellent rate capacibility,
unprecedented ultra-long life span over 8000 cycles at 200mA g�1 was
achieved. K-ions insert/extract to KNHCF through electrochemical
intercalation reaction without structure transition based on one-electron
active site of [Fe(CN)6]4-/[Fe(CN)6]3-, and the zero strain behavior
prompts outstanding electrochemical kinetics and reversibility, as well as
admirable structure stability upon cycling. K-ions full cell using graphite
anode has shown a high energy density of 142.6Wh⋅kg�1, excellent
cycling stability with the capacity retention of 88.5% after 100 cycles at
10mA g�1, and the longest cycling life for 5000 cycles ever reported in K-
ions full cells. This work not only sheds light on the electrochemical
mechanism of the zero-strain KNHCF cathode for K-ions storage, but also
demonstrated the feasibility of K-ions full cell for the next generation EES
system.
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