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ABSTRACT: Using ab initio calculations combined with experimental con-
firmation, we design an asymmetric intercalation battery using K,NiFe (CN); as
the cathode, commercial graphite as the anode, and an organic electrolyte
containing mixed lithium and potassium salts. It works by reversible K-ion
intercalation at the cathode side and reversible Li-ion intercalation at the anode
side simultaneously. The 7-electron coordination environment in K,NiFe"(CN)4
ensures the preferred reversible intercalation of the K-ion, and the small ionic
radius ensures the preferred reversible intercalation of the Li-ion in graphite. It
also shows a high working voltage (~3.6 V) and an ultralong cycling life with no

capacity fading even after 5000 cycles.

Graphite

ue to the natural abundance and low cost compared
D with lithium, the potassium-ion battery (PIB) shows

great potential to be used in grid storage,' > where a
fast charge/discharge rate (CDR) and long cycling life are
required. Recently, Prussian Blue and its analogues (PBAs)
with the capability of reversible intercalation of K" were
demonstrated to be an attractive cathode candidate for
PIBs,>* ¢ featuring excellent cycling performance Other
materials including FeSO,F,'"' KTiPO,0,"” and AVPO,F"
were also demonstrated encouraging capacity and cycling life
on the cathode side. Further development of such materials
toward practical PIBs, however, remains a big challenge, largely
due to the limited choices of K'-intercalation anodes.””"
Though graphite has been recently reported to be able to store
K" and deliver a high capacity of around 273 mAh/g through a
similar intercalation mechanism as that of Li*, its capacity
retention and rate capability fall far short of practical
application.”” The relatively large volume change during the
discharge and charge (about 60% expansion for K-ion
intercalation in graphlte, while only 12% expansion for Li-
ion storage in graphitic'”) is mainly responsible for such
performance degradation. Metallic potassium, on the other
hand, could be an ideal choice of anode for PIBs in terms of
energy density. However, due to the much higher reactivity
than lithium metal, it is more difficult to address the challenge
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facing potassium metal. Recent advances reported that
graphitizable soft carbon'® and nongraphitizable hard carbon
spheres (HCSs)'” as anodes for PIBs show high specific
capacities (273 mAh™" for the soft carbon and 262 mAhg ™ for
HCSs) and improved cycling stability compared with graphite.
Especially, HCSs exhibited, to date, the best cycling stability
among graphite, soft carbon, and hard carbon, where the
electrode retained 83% of its initial capacity after 100 cycles at
C/10."” Exploring stable and reversible anodes beyond a
conventional category is of great interest to adjust the
electrochemistry fitting well with a potassium cathode.
However, the mission is very challenging due to the lack of a
qualified candidate with high potassium storage capability and
extraordinary stability, as well as the sluggish kinetics of K*
intercalating into the electrode host material.

Different from the traditional way, here we design an
asymmetric cell to work by reversible intercalation of K* at the
cathode side and a different ion (e. g, Li*) at the anode side.
This would not only extend the choice of anode materials but
also be interesting from a fundamental perspective. To realize
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this concept, we need to choose appropriate electrode materials
showing thermodynamic or kinetic priority for intercalation of a
targeted cation as well as excellent cycling stability. The
thermodynamic priority mainly depends on the reaction energy
and chemical potential for cation storage in the electrode
materials at a certain temperature and pressure, which is
correlated with the kind of redox couples for transition metals
and the cation coordination environments.”” The kinetic
priority mainly depends on the cation diffusion ability inside
of the bulk phase, as well as the nature and level of phase
transition behavior of an electrode with a certain specific
surface area. Strongly dependent on the smaller ionic radius of
the Li-ion, various traditional intercalation electrode materials
usually show a kinetic priority for Li* intercalation. By
introducing Li-ions into the PIB, the system would benefit
synergistically by taking the electrochemical advantages of both
Li" and K'. The ultimate request for choosing the candidates of
the cathode for K* and anode for Li* should be both kinetically
and thermodynamically favorable.

By using ab initio calculations combined with experiments,
we demonstrate that the s-electron coordination environment
in PBAs can improve the potential for alkali cation storage with
larger size (Vy; < Vi, < Vg vs Li/Li"). Such a trend is different
from the p orbital hybridization coordination environment of
oxygen in layered transition metal oxides and polyanion
structures. It indeed shows thermodynamic priority of K-ion
reversible intercalation. Considering the kinetic priority for Li
intercalation with little volume expansion in graphite, we
constructed a facile asymmetric intercalation battery using a
K,NiFe"(CN); (a kind of PBA) cathode, commercial graphite
anode, and organic electrolyte with mixed KPF4 and LiPF,.
This battery showed simultaneously reversible K* and Li*
intercalation at the cathode and anode sides, respectively.

PBAs possess a well-known perovskite-like face-centered
cubic crystal structure in the Fm3m space group and the general
chemical formula of A M,M,(CN),nH,0 (A = alkali cations
and M = Ni, Co, Mn, Fe, Cu, Zn).4’21_23 Among them,
hexacyanoferrates (M, = Fe) with iron atoms coordinated at
the carbon end under low spin states and M, atoms
coordinated at the nitrogen end are low-cost and easy-access.
Therefore, such crystals are most widely studied and considered
superior over other PBAs as electrode candidates. Different
from the oxygen coordination environment for alkali cation
storage in the traditional cathode materials (e. g, olive FePO,
and layered transition metal oxide), alkali cations always
coordinate with 12 CN ligands via z-electrons in PBAs. To
elucidate the difference of the alkali cation storage between
oxygen coordination and 7-electron coordination in PBAs, ab
initio calculations were employed to study their electrochemical
properties. Figure 1 shows the structure models of cubic a-
AFePO,, ACo00,, and A,Ni,[Fe(CN)¢], (NiHCF, a kind of
PBA) (A = Li, Na, K). Similar as previous works,”* "> the
coordinating waters were not considered in the structure
models of A,Ni,[Fe(CN)4], due to the uncertainty of position
determination (Figure 1c). Without coordinating waters, such a
model is still helpful to provide qualitative insight into the
difference of alkali cation storage between oxygen coordination
and 7-electron coordination.

Previous theoretical works have studied the electronic
structures of FeHCF, MnHCF, and CoHCF and revealed the
mechanism for spin-crossover phenomenon in these materials
caused by temperature-induced or photoinduced charge-
transfer excitation.””””~>* However, a theoretical study on
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Figure 1. 3D crystal structures of LiFePO, (a), LiCoO, (b), and
A,Ni,[Fe(CN)g], (c). LiCoO, and LiFePO, possess an octahedron
oxygen coordination environment for Li-ion storage. The Wyckoff
sites 8c in A,Ni,[Fe(CN)¢], are occupied by A-ions (Li*, Na*, and
K*). Alkali cations coordinate with 12 CN ligands by z-electrons in
ANi,[Fe(CN)g],.

the fully periodic NiHCEF is still lacking, except experimental
reports on the basic electrochemical charge/discharge behavior
of this cathode for KIBs.”** Here we first calculated the
electronic structure of lithiated NiHCF (Figure 2a). The
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Figure 2. (a) Total density of states (DOS) and projected DOS of
NiHCF (Li,NiFe"(CN)). (b) Calculated Bloch wave function
approaching the Fermi level for NiHCF. Green ball, Li; brown, Fe;
silver, Ni; blue, N; yellow, C. (c) Charge density difference section
along the (001) plane of NiHCF. (d) Charge density difference
section along the (010) plane of LiFePO,. The blue and red
represent electron depletion and accumulation, respectively.

occupied low-spin Fe 3d orbitals are clearly observed from the
highest occupied states. The Bloch wave function approaching
the Fermi level shows that the wave function locates at iron and
the morphologies of these functions are all similar to typical
atomic d orbitals (Figure 2b).*" Obviously, during the charging
state, the Fermi energy level will gradually drop down toward
valence bands composed of Fe t,, due to electron transfer. By
contrast, the 3d states of nickel ions are located far below the
Fermi level (Figure 2a), indicating hard charge transfer
(oxidation) of nickel ions during delithiation. All of these
results were confirmed by our later X-ray photoelectron
spectroscopy (XPS) and soft X-ray adsorption spectroscopy
(sXAS) measurements. Furthermore, the plot of the charge
density difference section along the (001) direction clearly
manifests that the interstitial cations have an interaction with 7-
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Figure 3. (a) CV profiles for Li- and K-ion storage in K,NiFe"(CN),. (b,c) CV profiles within a potential window of 2.0—4.2 V for
K,NiFe(CN) as the initial cathode material in different electrolytes: (b) electrolyte containing only lithium salt, 1 M LiPF, in EC/DMC
(1:1, v/v); (c) electrolyte containing mixed lithium and potassium salt, 0.5 M KPF; and 0.5 M LiPF; in EC/DMC (1:1, v/v). The scan rates in
the three cases are 0.1 mv s™'. All of the potentials (vs corresponding reference electrodes) are converted to potentials (vs Li/Li*) for

convenient comparison.

electrons of CN ligands (Figure 2c). In other words, the frame
structure bonds Li-ions via delocalized m-electrons of CN
ligands at the corner of the structure. For comparison, Figure
2d shows a plot of the charge density difference section along
the (010) direction of LiFePO,, which clearly shows that the
Li-ions bond with oxygen via heavy hybridization between the
localized Li-s and O-p orbitals.

The average potentials for Li*, Na*, and K" storage in
NiHCF, a-AFePO,, and ACoO, were further calculated and
follow an order of V;; < Vi, < Vi (vs Li/Li*) in NiHCF (Table
S1). It indicates that a larger cation size would lead to a higher
storage potential under the same redox couple of Fe"'/Fe'" in
PBAs. By contrast, for AFePO,, the average potential for
sodium storage (3.27 V vs Li/Li") is lower than that for lithium
storage (3.55 V vs Li/Li"). The trend for ACoO, is the same as
that for AFePO,. Because of the delocalization of 7-orbitals, a
larger cation size can lead to larger orbital overlap to improve
the binding energy in PBAs. However, in oxygen coordination
environments, due to the relative localization of p orbitals and
short-range interaction, the bigger alkali cation size would lead
to smaller hybridization between the p orbital of oxygen and
the s orbital of alkali cation and lower potential for storage.
Thus, the 7-electron coordination environment would improve
the potential for alkali cation storage with increased cation size.

To confirm the above calculations, we synthesized NiHCF
(K,NiFe(CN),) nanocrystals (section 2 in the SI) and
performed cyclic voltammetry (CV) tests for Li*- and K'-ion
storage. All of the tests were carried out at a scan rate of 0.1 mv
s~ within 2.0—4.2 V, and a lithium or potassium plate was used
as the counter and reference electrodes. The initial
K,NiFe"(CN)4 electrode was initially charged to 4.2 V to
remove K and then was carefully washed three times before
being assembled into the button cell for further CV tests. At
this time, we can see the NiHCF electrode with K* extracted,
showing only one sharp redox peak for all alkali cation storage
tests (Figure 3a). Considering the small polarization between
the oxidation peaks and reduction peaks, reduction peaks were
used for comparison. As shown in Figure 3a, the reduction
peaks at 3.31 and 3.59 V (vs Li/Li*) were observed for
intercalation Li- and K-ions, respectively. This confirms the
trend given by theoretical calculations that the larger the alkali
ionic radius, the higher the redox potential for storage in
NiHCF. The reduction peak at 3.31 V (vs Li/Li") for
intercalation of Li-ions is also consistent with previous
experimental results.”” The deviation between the experimen-
tally measured and calculated potentials can be due to the
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excluded coordinating waters in the model: the lone pair
electrons of water steadily coordinated to the frame can bond
with alkali cations to improve the potential. We also
synthesized another kind of NiHCF nanocrystals that contain
almost no K-ion in the initial sample. The corresponding CV
tests also confirm the trend derived by theoretical calculations
(section 3 in the SI).

We can see that the K-ion storage shows a high
thermodynamic priority of reversible intercalation in PBAs.
The kinetics of reversible intercalation would not be a
disadvantage for the K-ion due to the large interspace of
PBAs. To prove these inferences, the CV curves of
K,NiFe'(CN)g4 as the initial cathode material were measured
in 1 M LiPF; in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1) (Figure 3b). The CV exhibits
only a sharp redox peak at around 3.59 V (vs Li/Li") in the first
few cycles, corresponding to the K' reversible intercalation.
The small redox peak at around 3.31 V (vs Li/Li*) after 30
cycles (Figure 3b) corresponds to a small content of Li
reversible intercalation. This inevitable intercalation of Li-ions
into the PBA cathode after a certain number of cycles can be
attributed to the electrolyte that we used: 1 M LiPF; in EC/
DMC (1:1, v/v). The concentration of K* in the electrolyte is
too low to avoid intercalation of a small content of Li-ions into
the PBA cathode after several cycles. If the concentration of K*
in the initial electrolyte is increased, the intercalation of a small
content of Li-ions into the PBA cathode can be suppressed or
avoided. To verify this, we changed the original electrolyte with
a new EC/DMC (1:1, v/v) electrolyte containing 0.5 M KPF
and 0.5 M LiPF4 mixed salt. The CV profiles within a potential
window of 2.0—4.2 V for K,NiFe'(CN), as the initial cathode
material were recollected in this new electrolyte (Figure 3c).
Compared with Figure 3b, we can see that the small redox peak
at around 3.31 V (vs Li/Li") after 30 cycles corresponding to a
small content of Li* reversible intercalation disappears in Figure
3c.

According to previous experimental and theoretical
works,'*** though the K-ion storage shows a little thermody-
namic priority (by about 0.1 V) in graphite, the kinetic priority
for Li intercalation in graphite is more significant due to the
small radius of the Li-ion. Here, we are able to design an
asymmetric K/Li-ion full battery that consists of
K,NiFe"(CN)4 as the cathode, commercial graphite as the
anode, and an EC/DMC (1:1, v/v) electrolyte containing
mixed 0.5 M KPF; and 0.5 M LiPF, salt. The cathode/anode
mass ratio was set to 4/1 (see details in the Methods section in
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Figure 4. (a) Charge and discharge curves at different cycles at 0.2 C (1 C = 60 mA g™') for the full asymmetric K/Li-ion battery. (b)
Discharge cycles for the full K/Li-ion battery and full K-ion battery at different current densities. The cathode/anode mass ratio is 4/1 in (a)
and (b). (c) Capacity (per mass of cathode) retention versus cycle number at a current rate of 30 C for the full K/Li-ion batteries.

the SI), and the anode was prelithiated to avoid capacity loss
during the formation of a solid electrolyte interphase (SEL).
Figure 4a shows the charge—discharge curves of this battery at a
low current rate of 0.2 C (1 C = 60 mA g~") at different cycles
from 2.0 to 4.0 V. There is a main average charge—discharge
voltage platform at around 3.6 V (vs Li/Li*), corresponding to
K" deintercalation. The charge—discharge curves are consistent
with the CV results in Figure 3b (the sharp redox peak at
around 3.59 V). Though Li insertion is hardly found from the
electrochemical charge—discharge curves, there is still small
content of Li-ion insertion in the PBA cathode, which is
revealed by further XPS measurements on the PBA cathode
discharged to 2.0 V after S0 cycles (Figure S10). After 100
cycles, the discharge capacity (per mass of cathode) is 71.2
mAh g7, close to the theoretical specific capacity (70.7 mAh
g)* for K,NiFe"(CN);. Our XPS and sXAS measurements
show that during charging, Fe" is oxidized to Fe'" while the
valence state of Ni remain unchanged (section 4 in the SI),
consistent with the calculations. We also fabricated a full K-ion
battery for comparison, using the same K,NiFe(CN); cathode,
the graphite anode, and KPFy in a mixture of EC and DMC
(1:1) as the electrolyte. Compared with the full K/Li-ion
battery, the full K-ion battery showed poor rate performance
(Figure 4b). This indicates the kinetic limit at the anode and
confirms the priority of Li-ion reversible intercalation at the
anode in the full K/Li battery. In addition, our XPS
measurements also confirmed the priority of Li-ion reversible
intercalation at the graphite anode (Figure S10).

Increasing the anode mass of this full K/Li battery can
further improve the rate performance. From Figure S1la, we
can see that when the cathode/anode mass ratio was set to 1/2,
the rate performance of the full K/Li-ion battery was improved
by a large degree. The discharge capacity (per mass of cathode)
of $1.7 mAh g~ (72.6% of the capacity at 0.2 C) was obtained
even at 30 C. Moreover, this new full K/Li-ion battery showed
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greatly improved cycling stability. For the original full K/Li-ion
battery with a cathode/anode mass ratio of 4/1, the capacity
retention decreased to 80% after 200 cycles, but the new full K/
Li-ion battery with a cathode/anode mass ratio of 1/2 showed
no obvious capacity decay even after 5000 cycles (Figure 4c).
The greatly improved rate capability and cycling stability can be
attributed to when the cathode/anode mass ratio was set to 1/
2, the total capacity of Li-ion storage in the anode exceeded the
total capacity of K-ion storage in the cathode by around 8
times. During electrochemical cycling, only the shallow
intercalation/deintercalation of Li-ions in graphite is needed;
therefore, the rate capability and the cycling performance are
mainly determined by the cathode side. Due to the large
interspace and robust MOF structure for K-ion intercalation in
PBAs, the whole rate capability and cycling performance of this
full K/Li-ion battery are greatly improved.

This asymmetric K/Li-ion battery employs the preferred
intercalation of K in the cathode and the preferred
intercalation of Li* in the anode. The excellent cycling
performance can be attributed to two reasons: (1) the robust
MOF structure™ "% and the smaller radius of Fe(CN),*~ than
that of Fe(CN)s>~ during its oxidation:** the Fe" has very
strong 7z-back-bonding to the carbon of the cyanide ion,** thus
leading to a small volume change (2.1%) of the unit cell (Figure
S12); (2) the high kinetic priority of Li* in graphite ensures
stable intercalation at the anode with little volume expansion.
The high priority also ensures the sluggish kinetics of this
battery. Compared with the conventional PBA Li-ion batteries
(LIBs), the specific capacities are similar, but the working
voltage is improved by 0.28 V in this full K/Li-ion battery.
Because only the low-spin iron accounts for the redox couples
(Fe'VFe'") during deintercalation, the capacity of this K/Li-ion
asymmetric battery can also be improved by changing the
nitrogen-coordinated transition metal with Cu, Mn, and Fe for
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alkali cation storage by introducing extra Cu(T)/(1I),*~’

Mn(111)/(11),>**** and high-spin Fe(II)/(III) redox couples.*’

Similar dual-ion batteries have also been explored in either
aqueous or nonaqueous electrolytes before."' > Such dual-ion
batteries can be divided into two classes: one class works by
reversible intercalation of anion A (e. g, PF¢") at the cathode
side and reversible intercalation of cation B (e. g, Li*) at the
anode side;*” " the second class works by reversible
intercalation/conversion of cation A (e. g, Na*) at the cathode
side and reversible intercalation/conversion of cation B (e. g,
Mg**) at the anode side.*~***°>” Compared to the traditional
LIBs, the first class of dual-ion batteries shows good potential
application as promising energy storage devices due to a higher
working voltage (mainly above 4.5 V), low cost, good safety,
and environmental friendliness, but they face the challenge of
limited choices of cathode materials to host the anions. The
second class of dual-ion systems shows greatly extended choices
of cathode and anode materials and can combine their
respective advantages. For example, a reported AP’*/Li* dual-
ion battery (using a LiFePO, cathode, aluminum anode, and
acidic ionic liquid electrolyte) works by reversible Li-ion
intercalation into LiFePO, and reversible aluminum deposi-
tion/stripping at the aluminum anode.*” The safe nature and
earth abundance of aluminum coupled with the safety of ionic
liquid electrolytes make this new kind of hybrid battery very
attractive for grid and stationary applications. The reported
Mg**/Li* (refs 50—57) and Mg®"/Na* (refs 41, 43, and 44)
dual-ion batteries work by Li*/Na® reversible conversion
reaction (or intercalation) at the cathode compound side and
irreversible deposition/stripping of Mg at the metallic
magnesium anode side due to the preferred sodiation over
magnesiation (or preferred Li*/Na* intercalation) at the
cathode and preferred reversible Mg deposition—dissolution
at the anode.*’ This dual-ion design could combine the
advantages of the Mg metal anode and the Li"/Na®
intercalation cathode to provide much better safety, rate
capability, and cycling stability. One problem for the reported
second class of dual-ion (dual-cation) batteries is the limited
working voltage. For example, due to the high redox potential
of AP*/Al the discharge potential of the AI**/Li* dual-ion
battery is limited to 1.3 V.** Because of the high redox potential
of Mg**/Mg, the working potentials of Mg**/Li* (ref 55) and
Mg**/Na* (refs 41, 43, and 44) dual-ion batteries are limited to
~1.2 and 1.1-2.6 V, respectively.

Compared with the above-reported dual-ion (dual-cation)
batteries, our proposed asymmetric K/Li-ion battery works by
reversible K-ion intercalation at the cathode side and reversible
Li-ion intercalation at the anode side simultaneously, which is
different from the above Mg”'/Li* and Mg**/Na" dual-ion
battery working by reversible Mg deposition—dissolution at the
anode and AP’*/Li* dual-ion battery working by reversible
aluminum deposition/stripping at the anode. Due to the low
potential for Li-ion storage and stable Li-ion intercalation in the
graphite anode, our asymmetric K/Li-ion battery shows a much
higher working voltage (~3.6 V) and much better cycling
performance than all of the above dual-ion batteries. In
addition, we also for the first time demonstrated that the z-
electron coordination environment in PBAs can improve the
potential for alkali cation storage with larger size (V; < Vy, <
Vi vs Li/Li"), which ensures the thermodynamic priority of K-
ion reversible intercalation in PBAs. Such a trend is different
from the p orbital hybridization coordination environment of
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oxygen in layered transition metal oxides and polyanion
structures.

In summary, on the basis of the preferred reversible
intercalation of K-ion in K,NiFe(CN), and the preferred
reversible intercalation of Li-ion in graphite, we designed an
asymmetric intercalation battery. This battery works well with
simultaneous reversible K-ion intercalation at the cathode side
and reversible Li-ion intercalation at the anode side and shows
promoted electrochemical performance. This work shares
guidance to extend the scope of future battery designs.
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