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Low-Cost High-Energy Potassium Cathode
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to have a small voltage step between two voltage plateaus

ABSTRACT: Potassium has as rich an abundance as during the first few cycles; but the step disappears after the
sodlum.m th? earth,‘ but the developme.nt of a K-ion initial cycles and is not present if the cathode is vacuum-
battery is lagging behind because of the higher mass and dried."” Our K,MnFe(CN)4 (x ~ 2) contains less water than

larger ionic size of K* than that of Li* and Na®, which
makes it difficult to identify a high-voltage and high-
capacity intercalation cathode host. Here we propose a
cyanoperovskite K ,MnFe(CN); (0 < x < 2) as a
potassium cathode: high-spin Mn'/Mn" and low-spin
Fe'"/Fe"" couples have similar energies and exhibit two
close plateaus centered at 3.6 V; two active K* per formula
unit enable a theoretical specific capacity of 156 mAh g™';
Mn and Fe are the two most-desired transition metals for
electrodes because they are cheap and environmental
friendly. As a powder prepared by an inexpensive
precipitation method, the cathode delivers a specific

the as-prepared Na,MnFe(CN) and the very small voltage step
between the voltage plateaus does not change with cycling. The
voltage step in K, MnFe(CN)4 (x & 2) is significantly smaller
than the 0.6 V step reported in K,FeFe(CN)y* and the
K, MnFe(CN); has a higher voltage.

Another stimulus for a potassium cathode is the recent
development of K" anode materials. Typical graphitic carbons
used in Li-ion batteries do not intercalate Na* ions but work
with K*.>~” Hard carbons work for both, but they show more
promising performance as a K* anode.'” The dendrite-free,
liquid K—Na alloy anode acts as a potassium anode.” All the

capacity of 142 mAh g™, The observed voltage, capacity, above observations tell us to shift some attention to K-ion cells.
. ) ) . . . .

and its low cost make it competitive in large-scale The disproportionation reaction 2Mn*" = Mn*" + }YIH‘H

electricity storage applications. prevents the synthesis of a charged MnFe(CN); cathode, * but

the discharged cathode K, MnFe(CN); (x & 2) can be prepared
and cycled electrochemically at room temperature. We
prepared K, MnFe(CN), powders by the precipitation method
illustrated schematically in Figure la;,. Analysis of the
precipitate by inductively coupled plasma (ICP) gave a
K:Fe:Mn molar ratio 1.89:0.92:1. Thermogravimetric analysis
(TGA, Figure S1) indicates 4 wt % of water in the powder;
corresponding to K; goMn[Fe(CN)¢]y0,-0.7SH,0 (KMHCEF),
which indicates some Fe(CN)4 vacancies in the structure. The
performance insertion compounds for the larger Na* and K* SEM and STEM images (Figure laya;) show the powder is
cations are limited. composed of uniformly distributed nanoparticles with a

The M,M,(CN), (M = transition metals) framework of the diameter of about 40 nm, which is much smaller than its
cyanoperovskite has a large octahedral interstitial space sodium analog prepared by the same procedure (140 nm,
interconnected by open faces bordered by four C=N" anions Figure 1by,b,,b;), indicating the crystallization rate of potassium

he greater abundance and accessibility of Na and K

compared with Li prompts investigation of Na-ion and K-
ion batteries although the heavier and larger size of the cations
makes these batteries less attractive for powering hand-held
devices. The cathode of a rechargeable battery is commonly an
oxide host into which the working cation is reversibly inserted
over a large solid-solution range, but the available high-

through which large cations can pass with little disruption of manganese hexacyanoferrate ileguCh faster than that of sodium
the structure. It has been thoroughly studied as a sodium manganese hexacyanoferrate. ™" The crystallization rates are
cathode Na,MnFe(CN)4,"* which works in an organic so different that only K" is precipitated when Na® and K*
electrolyte and has been proven to provide sufficient capacity, coexist with a molar ratio of 1:1 (Figure lcy,cyc;, and also see
voltage, and cycle life at high rates. Working with a liquid K— EDS in Figure S2 and XRD in Figure S3). However, the
Na alloy anode at 25 °C, it was observed that Na' in presence of Na* induces small primary particles to aggregate
Na,MnFe(CN); can be progressively replaced by K* due to the and form larger secondary particles with a diameter about 350
lower electrochemical potential of K than that of Na (K*/K = m?! r_elsulting in a decreased specific surface area from 50 to 23
—2.93 V, Na"/Na = —2.71 V versus the standard hydrogen m® g”'. According to ICP and TGA (Figure $4), the chemical
electrode), and there is no loss of capacity even though K' is formula of the Na™-induced potassium manganese hexacyano-
bigger than Na*.* This observation shows that MnFe(CN)4 can

accommodate about two K, which has stimulated the present Received: December 7, 2016

study on a potassium cathode. Na,MnFe(CN) has been shown Published: January 26, 2017
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Figure 1. Preparation illustration, SEM and STEM images of (a;, a,,
a;) K,MnFe(CN) using K* precursors; (by, by, b;) Na),MnFe(CN)6
using Na* precursors. (c;, ¢,, ¢;) When Na* and K' coexist with a
molar ratio of 1:1 in the solution, only K* is precipitated (see EDS,
XRD, and ICP), but the 40 nm nanoparticles in diameter aggregate to
bigger secondary particles (350 nm) due to a Na*-induced
crystallization. (x ~ 2, y & 2).

ferrate powder is K;,,Mn[Fe(CN)¢]goo'1.10H,O (NI-
KMHCE).

The two powders were studied by Synchroton X-ray
diffraction (SXRD); the results refined with the fullprof
software are shown in Figure 2, S5 and Table S1, S2. Each
sample has a monoclinic structure with a similar lattice
parameter: a = 6.9770 A, b = 7.3256 A, ¢ = 12.2691 A, and
= 124.5°. The Mn** and Fe* ions occupy the Mn—N and
Fe—C octahedra, respectively; the high-spin Mn"™/Mn" and
low-spin Fe'/Fe' couples have similar energies. The 1.88 and
1.72 K' ions per formula unit were confirmed in KMHCF and
NI-KMHCEF from the SXRD, which agrees well with the ICP
tests. In Raman spectra of KMHCF and N1-KMHCF between
2000 and 2250 cm™" (Figure S6), three peaks at 2074, 2114,
and 2175 cm™!, which correlated to the vibration of C=N~
ions and the bonding strength of Fe—C=N-—Mn, were
observed; the Fe/Mn ions have the same valence in KMHCF
and NI-KMHCF. The magnetic susceptibility (y) of KMHCF
and NI-KMHCF from 2 to 300 K (Figure S7) confirmed the
low-spin state of Fe ions and high-spin state of Mn ions. Both
KMHCF and NI-KMHCF are paramagnetic and are stable
from 2 to 300 K; they have the same calculated effective
magnetic moments of 5.9 py per formula. Fe/Mn ions in
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Figure 2. (a) Synchrotron radiation pattern (4 = 0.4246 A) and
Rietveld refinement of K, goMn[Fe(CN)4]ye,'0.7SH,O powder, and
(b) its structural illustration.

KMHCEF and NI-KMHCF have the valence of 2, which agrees
well with the Raman results.

By using the water-based precipitation method, MnFe(CN)4
hosts more K* than Na* cations but it absorbs less water with
K*(see the comparison in Table S3); the different ionic sizes
and water concentration result in different lattice parameters
between K, MnFe(CN); and Na,MnFe(CN)j; the final K*/Na*
cations in the formula unit can be further optimized by tuning
the preparation method and water concentration. K,MnFe-
(CN); has a little lower theoretical capacity than its sodium
analog, but it delivers a higher voltage because of the more
negative potential of potassium.

To check whether the open faces consisting of four CN™ ions
is suitable for reversible K" transport between the large K sites
inside the MnFe(CN)4 framework, the KMHCF potassium
cathode was assembled with a liquid K—Na anode where only
K is active in the charge/discharge behavior;> a saturated
KClO, in PC containing 10 wt % FEC was used as electrolyte.
Upon charge, two plateaus (Figure 3a) at 4.23 and 4.26 V have
been observed, corresponding to the successive extraction of
two K" per formula unit accompanied by the transformations
from K; goMn[Fe(CN)¢logy to Mn[Fe(CN)glog,- Upon dis-
charge, two plateaus at 3.60 and 3.56 V correspond to the
reverse process. The large polarization mainly results from the
low K* concentration in the electrolyte;”'* the charge voltage
would be lower and the discharge voltage would be higher if the
polarization could be lowered. The two plateaus at low and
high potentials can be assigned to low-spin Fe'"'/Fe'" and high-
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Figure 3. (a) Typical galvanostatic charge/discharge profile of a
KMHCE cathode between 2.5 and 4.6 V at 0.2 C. (b) Ex situ XRD
patterns to track the structural change upon K' extraction and
insertion.

spin Mn™/Mn" redox couples, respectively. The capacities of
charge and discharge are 146.2 and 142.4 mAh g~' at 0.2 C.
The energy difference between the high-spin Mn"/Mn" and
low-spin Fe'/Fe! couples is smaller with K* than with Na*." Ex
situ XRD was used to track the structural evolution upon K*

extraction and insertion, as is shown in Figure 3b. Upon K'
extraction, the growth of new peaks (20 = 16.7, 24.0, 34.1°)
and simultaneous decrease of adjacent existing peaks (26 =
17.3, 24,7, 35.3°) were clearly observed consistent with a two-
phase reaction. Generally, a right shift of peaks and lattice
shrinkage happen upon alkali-ion extraction,”' "> but this
potassium cathode shows a left shift of peaks and lattice
expansion. Because M;M,(CN)4 (M = transition metals) has a
cubic structure;'®'” the structural transformation from
monoclinic to cubic results in a decrease of f and hence a
lattice expansion. Upon K' insertion, all the peaks go back to
their original states, indicating a good structural reversibility.

From 0.2 to 2 C, the KMHCEF potassium cathode shows a
capacity retention of 66% (Figure 4a) despite an electrolyte
with a low concentration of K', indicating the MnFe(CN)4
framework provides fast K insertion/extraction. Both the
polarization and the rate capability should be improved further
with a stable high-concentration K* electrolyte. However, the
40 nm potassium cathode particles show an obvious capacity
decay with cycling (Figure 4b and S8). NI-KMHCF powders
with larger secondary particles were also tested; they show
similar charge/discharge plateaus (Figure 4c) and exhibit more
stable cycling performance (Figure 4d). This improvement is to
be expected since the current cell has to be charged to 4.6 V
due to a big polarization; the 40 nm particles with its high
external surface area leads to more side reactions with the liquid
electrolyte, especially at high voltage, and hence capacity loss;
secondary particles with a larger size and less surface area is
proven to be an efficient strategy to improve the cycling
performance.'®

In summary, we have demonstrated that the cyanoperovskite
framework MnFe(CN)g can accept reversibly nearly two K*
ions as well as two Na" ions per formula unit, which means it
can also be a rechargeable potassium cathode host with a high
theoretical capacity of 156 mAh g™'. The initial cathode has to
be in the discharged-state as K,MnFe(CN)4 (x ~ 2) due to the
instability of the Mn*" ion. The Fe"/Fe"' and Mn"'/Mn" redox
couples give two flat voltage plateaus around 3.6 V; this voltage
should be a little higher after the electrolyte conduction is
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Figure 4. (a) Rate capabilities and (b) cycling performance of KMHCF powder at 1 C. (c) Charge/discharge curves and (b) cycling performance of

NI-KMHCF powder at 1 C.
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increased. A Vi, = 3.6—4.0 V is a good match to the stability
range of existing organic liquid electrolytes.'”*” The capacity
and voltage make it competitive with the mainstream lithium
and sodium cathodes such as LiCoO, (4 V, 140 mAh g '),
LiFePO, (3.4 V, 170 mAh g_l), and Na,MnFe(CN); (3.4 V,
171 mAh g7').
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