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ABSTRACT: K-ion battery (KIB) is a new-type energy
storage device that possesses potential advantages of low-cost
and abundant resource of K precursor materials. However, the
main challenge lies on the lack of stable materials to
accommodate the intercalation of large-size K-ions. Here we
designed and constructed a novel earth abundant Fe/Mn-based
layered oxide interconnected nanowires as a cathode in KIBs
for the first time, which exhibits both high capacity and good
cycling stability. On the basis of advanced in situ X-ray
diffraction analysis and electrochemical characterization, we
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confirm that interconnected K ,Fe,sMn, O, nanowires can provide stable framework structure, fast K-ion diffusion channels,
and three-dimensional electron transport network during the depotassiation/potassiation processes. As a result, a considerable
initial discharge capacity of 178 mAh g_1 is achieved when measured for KIBs. Besides, K-ion full batteries based on
interconnected K, ,Fe; sMn, O, nanowires/soft carbon are assembled, manifesting over 250 cycles with a capacity retention of
~76%. This work may open up the investigation of high-performance K-ion intercalated earth abundant layered cathodes and will

push the development of energy storage systems.

KEYWORDS: Interconnected nanowires, K-ion full batteries, Fe/Mn-based layered oxide, high-capacity, superior cycling stability,

in situ X-ray diffraction

ith the development of clean energy sources and the

further promotion of smart grid, energy storage systems
are critical for renewable integration of the energy infra-
structure.'~* Among the various energy storage technologies,
many types of rechargeable batteries have been developed, such
as traditional lead-acid batteries, nickel—cadmium Dbatteries,
new-type lithium ion batteries, and so forth.”® Each traditional
battery has its own shortcomings and issues, so they can hardly
meet the increasing demands for energy storage systems. '
Additionally, the development of lithium ion batteries has
encountered a big bottleneck, therefore developing new-type
energy storage batteries is urgently desired."' ™"

To the best of our knowledge, a variety of new-type energy
storage batteries have been studied, such as Na-ion batteries,
Mg-ion batteries, Zn-ion batteries, Ca-ion batteries, and mixed
ions batteries.””**~'>'*'S Recently, a new concept of K-ion
battery (KIB) has been reported based on the K-ion insertion/
extraction mechanism, which originates from the abundance of
K precursor materials in the Earth’s crust (the reserve of K
element is very close to Na) and similar output voltages to
lithium ion batteries in theory.'®™>° However, due to the large
size of K-ions, most of cathodes can hardly adapt to the
structure degradation during depotassiation/potassiation pro-
cesses, resulting in short-term cycling stability and low capacity.
Prussian family materials with large diffusion channels lately
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have been reported as cathodes in KIBs, while the low
conductivity and poor cycling stability limit their potassium
storage performances.”””* Therefore, it is highly desirable to
seek a new KIBs cathode with a stable framework structure
during the insertion/extraction processes of large-size K-ions.

Alkali metal ions (K, Na*, Li*) intercalated layered oxide
cathode are widely studied due to their high theoretical
capacities, earth abundant, and environmentally friendly for
energy storage systems.">”'*” However, the radius of K-ion
(1.37 A) is much larger than that of Na-ion (0.99 A), leading to
the poor ion transport kinetics. Here, we found that a part of K-
ions can be extracted from the K,,Fe,;Mny;O, in the
depotassiation process, and the skeleton structure of the
material remains stable after being charged. Therefore, we
hypothesize that K,,Fe;sMny;O, might be a candidate for
KIBs. Furthermore, one-dimensional nanomaterials have been
extensively proved to improve the electrochemical properties of
electrode materials.”*~*

Herein, we designed and constructed a new-type earth
abundant Fe/Mn-based layered oxide interconnected nano-
wires cathode in which Kg,FeysMnysO, nanocrystals are
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Figure 1. Schematic illustrations of the interconnected K,,Fe,sMn, O, nanowires with three-dimensional continuous electron/K-ion transport
pathways and a large electrode—electrolyte contact area during the K-ion insertion/extraction processes.
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Figure 2. (A) XRD patterns of interconnected K,,Fe,sMn, O, nanowires and K, ,Fe,sMn, O, particles sintered at a temperature of 800 °C. SEM
images (B,C) and EDS mapping images (D) of interconnected K,,Fe,sMn,5O, nanowires. Inset of (C) is the SEM image of interconnected
Ko;FegsMny 5O, nanowires. TEM images (E,F) and high-resolution TEM image (G) of interconnected K,,Fe,sMng O, nanowires. Inset of (G) is
the selected area electro diffraction (SAED) pattern of interconnected K,,Fe,;Mn,;O, nanowires.

uniformly encapsulated by carbon layers (Figure 1). Moreover,
the advanced in situ X-ray diffraction (XRD) tests demon-
strated that interconnected K,,Fe,sMn,;O, nanowires can
provide a stable crystal skeleton structure during the K-ion
insertion/extraction processes. As a result, the interconnected
Ky,Fe;sMn, 5O, nanowires exhibit high discharge capacity and
excellent cycling stability, when tested as a cathode in KIBs.

This work indicates an unexploited field of K-ion intercalated
earth-abundant materials as a cathode for K-ion full batteries
and may open up an entirely new avenue in the field of energy
storage systems.

The formation process of interconnected K,,Fe,sMny O,
nanowires is illustrated in Figure S1. Both interconnected
Ko,FeysMnj O, nanowires and K,,FeysMn,sO, particles
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Figure 3. Potassium storage mechanism of the interconnected K,,Fe, ;Mn; O, nanowires. (A) The GITT test for interconnected K,,Fe,sMn, O,
nanowires tested at a current density of 6.7 mA g~' in a potassiation process. (B) The initial depotassiation/potassiation curves of interconnected
Ko,FeosMny 5O, nanowires measured at 20 mA g™'. (C) In situ XRD patterns of interconnected K, ,FeqMn, O, nanowires during galvanostatic
depotassiation/potassiation at 100 mA g~'. The image plot of the XRD patterns at 22.5—29.0° and 31.5—38.0° during the first two cycles. (D) The
image plot of the XRD patterns at 22.3—29.2° and 31.3—38.3° during the first two cycles.

exhibit highly crystalline phase (Figure 2A). The molar ratios of
K/Fe/Mn are approximately 0.7:0.5:0.5 for both intercon-
nected K,,Fey,Mn, O, nanowires and K;-,Fe;sMn, O,
particles (Table S1). When presintered at 300 °C, the
corresponding XRD patterns reveal amorphous characteristics
of both interconnected K;,Fe,Mn,;0, nanowires and
Ky ,FeqsMng sO, particles (Figure S2). The morphology feature
of interconnected K,-Fe;sMn;;O, nanowires and
K,,FeosMn; O, particles are presented in Figure S3. The
diameters of the K, Fe,sMny;O, nanowires are uniform
(Figure 2B) and the nanowires are highly interconnected
with each other (Figure 2C and inset of Figure 2C). Elemental
mapping results demonstrate that all elements are uniformly
distributed in interconnected K,,Fe,sMn,;0, nanowires
(Figure 2D).

The diameters of the individual nanowires are 50—150 nm
(Figure 2E, F). Many particles are loaded in the nanowire
(Figure 2F). High-resolution TEM (HRTEM) image of
interconnected K, ;Fe,sMn, ;O, nanowires displays clear lattice
fringes, indicating high crystallinity (Figure 2G). The
polycrystalline interconnected K,,Fe,sMn;;O, nanowires are
demonstrated in the Figure 2G inset. SEM images and
elemental mapping of K;,Fe,Mn, O, particles are illustrated
in Figure S4.

Thermogravimetric analysis (TGA) curves of interconnected
K,-FegsMn; O, nanowires and K,,Fe,sMn, O, particles are
shown in Figure SSA. The carbon contents of the two samples
are determined to be ~4.8% and ~6.5%, respectively. Raman
test results are shown in Figure SSB. For these two samples, the
peak intensity of the G-band is comparable to that of the D-
band, verifying the carbon is partially graphitized in these
materials.”*"*® The pore structure of interconnected
Ky,FeygsMn O, nanowires and K,,FeysMnysO, particles

were measured by the Brunauer—Emmett—Teller (BET) and
t-plot empirical law method. The interconnected
Ko-FeysMnj O, nanowires show an IV-type hysteresis loop
(Figure S6). The specific surface area of interconnected
K,,FegsMngysO, nanowires is calculated to be 23.0 m* g™
(Figure S6A), which is 6.5 times higher than that of
Ky ,FeysMng sO, particles (Figure S6C). For the interconnected
K, -FeysMn; O, nanowires, the pore size is mainly centered at
around 27 nm (Figure S6B). However, no pores exist in
Ky,FeqsMn 5O, particles as shown in Figure S6D.

To study the potassium storage mechanism of intercon-
nected K,,Fe;sMn,;O, nanowires in KIBs, the galvanostatic
intermittent titration technique measurement (GITT) and in
situ XRD experiment were conducted (Figure 3A—D). Before
GITT test, the cell was charged to 4.0 V at 20 mA g~ . The
interconnected K ,Fe,sMn, O, nanowires display a theoretical
discharge capacity of 220 mAh g™ in GITT discharge test,
corresponding to the insertion of ~1.06 K-ions per formula.
Obviously, two discharge voltage plateaus are located at 2.20
and 1.88 V, which correspond to 0.12 and 0.11 K-ions
insertion, respectively. When tested at a low current density of
20 mA g, interconnected K,,Fe,sMny5O, nanowires exhibit
high capacities of 214 and 178 mAh g~ during the first
depotassiation/potassiation processes, respectively (Figure 3B).
The corresponding initial Coulombic efficiency is 83.2%.

The structural evolutions of the K;,Fe,sMn, O, during K-
ions insertion/extraction are presented in Figure 3C,D. The
peaks located at 25.2° 35.4° and 36.2° belong to
Ko,FeqsMngsO,, and these three peaks stay throughout the
electrochemical processes. Upon depotassiation/potassiation
processes, three changes in the XRD patterns can be noticed.
First, no change is observed for the peak located at 25.2° during
the early charging process, and when the voltage changes from
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Figure 4. Characterization and comparison of electrochemical performance for interconnected K,;FeysMn,sO, nanowires and K,,Fe,sMn, 50,
particles in KIBs. (A) Cyclic performance tested at 20 mA g~". (B) Cyclic voltammograms. (C) Depotassiation/potassiation curves tested at 100 mA
g~ (D) Cycling performance measured at 500 mA g~'. (E) Rate performance. (F,G) Depotassiation/potassiation curves at various current densities.

(H) Long-life cycling performance.

327 to 3.7 V the peak weakened and gradually disappeared.
Second, one new peak appears and is finally fixed at 26.0° when
charged to 4.0 V. Third, this trend is reversed during the first
potassiation stage, indicting a reversible expansion contrac-
tion.””** Similar behavior also appeared in the second cycle.
The peak position of K, ;Fe; sMn, O, is restored to that of the
original location at the second cycle, but the peak shape
becomes broadened. The peak shift shows a small variation,
which is owing to the insertion/extraction of K-ions.**° The
other two peaks (35.4° and 36.2°) exhibit a minor shift to low
angle at the end of depotassiation then return to their original
position during the subsequent potassiation process, manifest-
ing a highly stable framework structure of interconnected
Ko,FepsMny 5O, nanowires during electrochemical pro-
cesses.” Moreover, all the peaks are stably preserved or
highly reversible in the following depotassiation/potassiation
processes apart from changes in peak intensities, confirming
thatk goééFeo.sMno.soz can provide a stable crystal frame-
WOrk.™™”

On the basis of the in situ XRD analysis, we demonstrate that
Ky,FegsMny 5O, can provide a stable crystal framework during
the K-ions insertion/extraction. As a consequence, the
interconnected K,,Fe,sMn,;O, nanowires manifest excellent
potassium storage performance, when measured as a cathode in
KIBs. First, a high initial discharge capacity of 178 mAh g™ is
achieved, when tested at 20 mA g_l. Moreover, a discharge
capacity of 125 mAh g™' is retained after 45 cycles,
corresponding to a considerable capacity retention of ~70%
(Figure 4A). The cyclic voltammetry (CV) curves for
interconnected K, Fe;Mn,O, nanowires show that two
oxidation peaks are located at 2.33 and 2.77 V in the first
anodic process (Figure 4B). In the following cathodic process,
the corresponding two reduction peaks appeared (2.33 and
1.78 V). Apparently, the first two CV curves share the same
characteristics, indicating the same reaction mechanism and
high reversibility of K-ions insertion/extraction.”>*

In general, the interconnected K,,Fe,sMny;O, nanowires
manifest better potassium storage performance than those of
K, -FeysMn, O, particles. The interconnected K ,Fey sMn, 5O,
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Figure S. Schematic illustration and electrochemical performance of the full cell based on interconnected K,,FeysMn, O, nanowires/soft carbon.

(A) Schematic illustration of the K-ion full battery. (B) The lighted LED belts driven by the K-ion full batteries. (C) Cyclic performance and the

corresponding Coulombic efficiency at 40 mA g™ (D) Rate performance. (E) Depotassiation/potassiation curves. (F) Cycling performance at 100
1

mA g .

nanowires exhibit a considerable initial discharge capacity of
114 mAh g~', maintaining a capacity of 101 mAh g™' after 60
cycles (capacity retention rate is 89%) at 100 mA g~' (Figure
S7A). The initial Coulombic efficiency is 87.6%. It stabilized
around 98.0% in following cycles, which is substantially greater
than that of K;,Fe,sMn,;O, particles (Figure S7B). The
K,-FegsMn, O, particles with an initial capacity of 100 mAh
g~ under the same condition, retaining 78 mAh g™' after 60
cycles. Two small potassiation plateaus are observed at around
1.8 and 2.3 V. Also, the depotassiation/potassiation curves of
interconnected K,-Fe;Mn,;0, nanowires are also similar in
following cycles, manifesting excellent cycling stability (Figure
4C). Accordingly, the Ky,Fe,sMnysO, particles show a low
capacity and poor cycling stability (Figure S8). When tested at
200 mA g~', the interconnected K,,Fe,sMnysO, nanowires
show the initial capacity of 94 mAh g™', and 96% initial
discharge capacity is retained after 45 cycles (Figure S9). By
contrast, the capacity of the K,,FeysMn, O, particles decays to
below 42 mAh g™' in 45 cycles. The interconnected
K,,Fe;sMn, 5O, nanowires can be charged/discharged at 500
mA g~ for 200 cycles with a high capacity retention of 85%

(Figure 4D). However, Ky,Fe,sMn, O, particles exhibit a low
capacity retention (~55%) after 200 cycles.

The interconnected K,,Fe;sMn,;0, nanowires exhibit a
higher capacity and better rate recovery than that of
Ky-FeosMn; O, particles when tested in rate performance
measurements, demonstrating a prominent rate performance
(Figure 4E—G). When the current density is returned from
1000 to 100 mA g™, ~95% of the initial capacity is retained for
the interconnected K,-Fe,sMn,;O, nanowires, while only
~82% of the initial capacity is recovered for K;,Fe;sMn,;0,
particles. The most appealing property of interconnected
Ky,FeqsMny 5O, nanowires is its outstanding cycling stability
at high current densities. When tested at 1000 mA g~', ~92%
of the capacity retention is obtained after 200 cycles and ~87%
of the capacity retention is achieved after 450 cycles (Figure
4H). By contrast, only ~36% of the capacity retention is
achieved for the K;,Fe;sMn, O, particles after 450 cycles. To
the best of our knowledge, our interconnected K, ,Fe, sMn, 5O,
nanowires cathode materials exhibit the best electrochemical
performance among KIB cathodes in terms of reversible
discharge capacity, cycling stability and rate capability (Table
S2).
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On the basis of the Randles-Sevick equation, the apparent
diffusion coefficients of K-ions into K,,Fey,sMn,;O, are
calculated.*>*® From the slope value of the fitting line (Figure
S10A,C), the apparent diffusion coefficients (D) of the
interconnected K,,Fe,sMnj;O, nanowires is determined to
be 5.6 x 107 cm® s~ (Figure S10B), which is much higher
than that of K,,Fe,sMn, O, particles (3.0 X 107'° cm* s7%)
(Figure S10D). The Nyquist plots test results indicate that
interconnected K,,FeysMngsO, nanowires show lower charge
transfer resistance (R,,) before depotassiation/potassiation and
after 60 cycles, compared with K,,Fe,sMnsO, particles,
indicating a fast electronic mobility (Figure S11). These above
results indicate that the constructed interconnected
Ko-FeysMnj sO, nanowires can provide fast ion and electron
transport channels, leading to a better rate performance than
Ky 7FeosMny O, particles.”® > The structural stability of the
interconnected K, ,Fe; ;Mn, O, nanowires and
Ko-FeysMng O, particles are further studied by ex situ SEM
(Figure S12). The results demonstrate that the interconnected
Ko-FeysMn O, nanowires exhibit better structural stability
than K;,Fe;sMnysO, particles, resulting in the significant
difference in their cycling stability.”**>*

The K-ion full batteries based on interconnected
Ky ,FegsMny O, nanowires, soft carbon, and electrolyte (0.8
M KPF;) were also fabricated. The detailed electrochemical
behaviors are shown in Figure 5. Before the full cell assembly,
the characterizations of soft carbon are also presented in
Figures S13 and S14. The mass loading of the anode is 1.2
times larger than that of the cathode. Figure SA displays the
schematic of the K-ion conduction between K,,Fe,Mn, O,
and soft carbon during the K-ion insertion/extraction. The
negative electrode is a soft carbon that holds K-ions in its
framework, whereas the positive electrode is K,,FeyMn, O,
with a layered skeleton. Both electrode materials are capable of
reversibly insert/extract K-ions from their respective skeleton
structure.'’ During the potassiation process, K-ions are
extracted from the K;;Fe,sMn, O, and inserted into the soft
carbon. The process is reversed during depotassiation. The
corresponding lighted LED belts indicate that our full cell can
normally work after being fully charged (Figure SB). As shown
in Figure SC, the full cell delivers a considerable discharge
capacity of 82 mAh g~' at 40 mA g~' (based on the mass of the
cathode), and the capacity retention rate is ~90% after SO
cycles. A high initial Coulombic efficiency of ~92% is achieved
in the first cycle (the soft carbon was prepotassiated). As the
current density increases from 20 to 40, 60, and 100 mA g,
the full cell shows an average capacity of 119 (corresponding to
the insertion/extraction of ~0.57 K-ions per formula), 82, 62,
and 48 mAh g, respectively (Figure SD). The corresponding
depotassiation/potassiation curves from 20 to 100 mA g™' are
shown in Figure S15. Significantly, when the rate is returned to
20 mA g™, the reversible capacity can be recovered to 102 mAh
g™!, corresponding to a capacity retention of ~86%. Notably,
when tested at 100 mA g™, ~76% of the initial capacity is
retained after 250 cycles (Figure SF), manifesting considerable
long-term cycling stability in K-ion full batteries.

The remarkable potassium storage performance of the
interconnected K;-FeysMn,;O, nanowires is attributed to
their unique crystal structure and one-dimensional framework.
First, the K,,Fe;sMn, O, possesses a highly stable framework
(Figures 3C and S12), which is conducive to the cycling
stability. Second, the interconnected K,,Fe,sMn,sO, nano-
wires possess aboundant pores (Figures 2F and S6), resulting in

high rate performance. Third, the carbon framework of
interconnected nanowires can improve the conductivity and
offer three-dimensional continuous electron transport pathways
(Figures 1 and 2C). By combining all above advantages, the
interconnected K,-FeysMn,sO, nanowires exhibit impressive
electrochemical potassium storage performance with excep-
tional capacity and excellent cycling stability in K-ion full
batteries.

In summary, we have demonstrated that K, ;Fe, sMn O, is a
promising candidate for high capacity K-ion full batteries. The
full cell shows a capacity of 119 mAh g~ at a current density of
20 mA g™, corresponding to the insertion/extraction of ~0.57
K-ions per formula. Besides, on the basis of in situ XRD
analysis, we confirm that interconnected K;.,Fe,Mn;O,
nanowires are featured with stable layered skeleton structure
and exhibit high reversibility during depotassiation/potassiation
processes. Combined with ion diffusion calculation, intercon-
nected K, ;Fe; sMn, ;O, nanowires are demonstrated to possess
fast K-ion diffusion rate compared to that of K,,FeyMn, O,
particles. Consequently, the interconnected K,,FeysMn,sO,
nanowires exhibit high discharge capacity and excellent cycling
stability when used as a cathode in K-ion full batteries. Our
work proves that designing and constructing one-dimensional
nanomaterials with a stable structure is an effective approach to
improve the cycling stability for K-ion full batteries. Moreover,
our work may also open up a new direction in large-scale
energy storage systems.
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