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ABSTRACT: Layered metal oxides have been widely used as
the best cathode materials for commercial lithium-ion batteries
and are being intensively explored for sodium-ion batteries.
However, their application to potassium-ion batteries (PIBs) is
hampered because of the poor cycling stability and low rate
capability due to the larger ionic size of K+ than of Li+ or Na+.
Herein, a facile self-templated strategy was used to synthesize
unique P2-type K0.6CoO2 microspheres that consist of
aggregated primary nanoplates as PIB cathodes. The unique
K0.6CoO2 microspheres with aggregated structure significantly enhanced the kinetics of the K+ intercalation/deintercation and
also minimized the parasitic reactions between the electrolyte and K0.6CoO2. The P2-K0.6CoO2 microspheres demonstrated a
high reversible capacity of 82 mAh g−1 at 10 mA g−1, high rate capability of 65 mAh g−1 at 100 mA g−1, and long cycle life (87%
capacity retention over 300 cycles). The high reversibility of the P2-K0.6CoO2 full cell paired with a hard carbon anode further
demonstrated the feasibility of PIBs. This work not only successfully demonstrates exceptional performance of P2-type K0.6CoO2
cathodes and microspheres K0.6CoO2∥hard carbon full cells, but also provides new insights into the exploration of other layered
metal oxides for PIBs.
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As demand for mobile devices rapidly increases, lithium-ion
batteries (LIBs) have become the most widely used

energy storage medium, due to high working voltage, large
energy density, and long cycle life.1−3 Recently, LIBs are
expanding their commercial application from portable
electronics to electric vehicles, which raises concerns on the
availability and rising price of lithium resources.4−6 On the
other hand, the growing renewable energy storage market from
wind, solar, hydropower, and other sources has led to an urgent
need of reliable and more cost-effective alternatives for
expensive LIBs. Such situation has spurred considerable
research on Na-ion based systems.5,7−14 Compared with LIBs,
sodium-ion batteries (SIBs) are always restricted by the less
negative redox potential, resulting in lower energy density and
higher operating cost.15−17 Recently, potassium-ion batteries
(PIBs) were proposed and regarded as a one of the most
promising alternatives to LIBs because K has a high natural
abundance, lower standard redox potential than Na (Li/Li+ =
−3.040 V; K/K+ = −2.936 V; Na/Na+ = −2.714 V vs SHE), as
well as property similarities to Li.17−19 A detailed comparison of
Li, Na, and K as ionic carriers in nonaqueous rechargeable
batteries is summarized in Table S1.
Extensive efforts were made to explore suitable electrode

materials with low cost, large capacity, and long cycle life for
PIBs.15,18,20−31 Unlike SIBs that are limited by the lack of
suitable anode materials, PIBs are able to utilize graphite as an

anode material.16,19,24,26−30,32−35 In addition to graphite, soft
and hard carbon are also promising anode candidates, because
they can provide not only high capacity but better rate
performance and cycle life.24,33,36 While PIBs have an advantage
on the anode side, the situation is different for the cathode.
Only a few cathode compounds have been reported for PIBs
due to much more stringent intercalation requirements caused
by the larger ionic size and mass of K+. Among all the reported
cathode materials, Prussian blue (PB) was the first reported
cathode material that could reversibly store K-ions in
nonaqueous electrolytes with long cycle life.18,19 Although
there have been extensive studies on PB and PB-related family
compounds, the low volumetric capacity due to the low density
of hexacyanoferrates limits their practical applica-
tions.19,21,22,37−40 In contrast, layered metal oxides that have
been widely used as LIB and SIB cathodes can potentially
achieve both high volumetric and gravimetric energy density for
PIBs. Vaalma et al. demonstrated that layered K0.3MnO2 can
work as PIB cathodes.36 K0.7Fe0.5Mn0.5O2 nanowires showed
even better performance as a cathode for PIBs.31 The K-ion
intercalation/deintercalation mechanism of layered K0.5MnO2
and K0.6CoO2 was also reported by Ceder et al.15,30 However,
the electrochemical performance of these layered metal oxide
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cathodes in PIBs is far worse than in LIBs and SIBs due to large
structure changes and distortions when K-ions intercalate and
deintercalate.38 Severe side reactions with the electrolyte is
another major concern with layered metal oxide cathodes in
PIBs.19,38 These challenges require layered metal oxide particles
to be microsized in order to reduce the side reactions but still
need to be assembled by nano- or submicron primary particles
to facilitate K-ion reaction kinetics.
Such micron-sized hierarchical structured spheres assembled

from the nano- or submicron primary particles have been
applied to LIB and SIB cathodes,41 showing exceptional
electrochemical performance. The nanosized primary particles
can ensure the fast ion intercalation/deintercalation, while the
microsized spheres can minimize the parasitic reactions and
improve the volumetric energy densities of the battery.15,42−44

Because of the larger ionic size of K-ion45 and prone side
reactions between the electrode and the electrolyte,19,46 the
synergetic effect of the hierarchical structure should be more
pronounced on PIBs.
Herein, we synthesized P2-type layered K0.6CoO2 micro-

spheres that are composed of nano- and submicron plates as
primary particles through a two-step self-templating method.
The uniform K0.6CoO2 microspheres presented excellent
electrochemical performance toward K storage with a high
overall capacity, fast K+ intercalation/deintercalation capability,
and high reversibility. Specifically, the uniform P2-type
K0.6CoO2 microspheres delivered a high capacity of 82 mA h
g−1 at 10 mA g−1 and maintained a high capacity of 65 mA h
g−1 at 40 mA g−1 for over 300 cycles with an extremely low
capacity decay rate of <0.04% per cycle, which is approximately
5 times lower than the capacity decay rate of layered metal
oxides cathodes made by solid state methods in PIBs.15,30,36,46

In addition, a full cell composed of a P2-type K0.6CoO2
microsphere cathode and hard carbon anode delivered a high
discharge capacity of 71 mA h g−1 at a current density of 30 mA
h g−1 with a high capacity retention of >80% after 100 cycles.
Overall strategy for the synthesis of P2-type K0.6CoO2

microspheres is schematically depicted in Figure 1. Briefly,

CoCO3 microspheres consisting of uniform cubic primary
particles were prepared by a modified solvent-thermal treat-
ment of CoCl2·6H2O in glycerol−urea mixed solution at 180
°C. During the solvent-thermal synthesis, CoCl2·6H2O crystals
were reconstructed in the presence of glycerol and resulted in
the formation of uniform CoCO3 microspheres. The CoCO3
microspheres were calcined into Co3O4 microspheres in air,
which present porous structures due to the release of CO2 at
high temperature. The prepared porous Co3O4 microspheres

reacted with KOH at elevated temperature to produce the P2-
type K0.6CoO2 microspheres. A more detailed description about
the synthesis process, called two-step self-templating method, is
given in the Supporting Information. Compared with the
classical solid-state calcination method15 (see Supporting
Information), the P2-type K0.6CoO2 microparticles maintained
the spherical morphology of CoCO3, although at a high
calcination temperature. The P2-K0.6CoO2 microspheres should
simultaneously resolve the aforementioned challenges of KIB
cathodes by making use of the CoCO3 microsize and uniform
hierarchical structure.
The as-synthesized cathode materials for PIBs were

characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM). Figure 2 shows the Rietveld-refined profile of the XRD

pattern of a typical K0.6CoO2 sample. The unusual background
between 10° and 30° arises from amorphous scattering caused
by the Kapton film used to seal the sample during XRD
characterization. The structure was fit to the P63/mmc space
group and the lattice parameters were determined as a = b =
2.8401(4) Å and c = 12.4054(5) Å, which is consistent with
previous literature.15,47 On the basis of the aforementioned
structural analysis, the K0.6CoO2 has a P2-type layered
hexagonal structure (the inset of Figure 2), consisting of
hexagonal close-packed oxygen with K atoms in the interstitial
sites while Co atoms occupy the octahedral sites.13 The results
from inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis further confirmed the ratio of K and Co is
≈0.58:1.0. Compared with Li and Na, 1.0 and 0.74 in LixCoO2,
and NaxCoO2 respectively, the smaller value of ∼0.6 for K in
the KxCoO2 materials originates from the larger size of K-ions
that occupy less sites in layered structures. The larger K-ion size
causes larger repulsion forces, leading to increased lattice
parameters.15

Figure 3 shows the morphology and structure of the CoCO3
precursor, the Co3O4 intermediate, and the final P2-type
K0.6CoO2 microspheres. The insets are the optical images of the
corresponding powders. As shown in Figure 3a, the purple
CoCO3 precursors present as uniformed microspheres with
diameters of 8−10 μm. Figure 3b shows the enlarged SEM
image of CoCO3 microspheres, in which ideal cubes protruded
out from the spheres. After annealing in air, the purple CoCO3
precursors were transformed to black Co3O4 microspheres.
These Co3O4 microspheres exhibit the same size and spherical
morphology as CoCO3, while many of the pores with sizes of

Figure 1. Schematic illustration for the synthesis of uniform P2-type
K0.6CoO2 microspheres.

Figure 2. Rietveld refinement of X-ray diffraction data and schematic
structure of the P2-type K0.6CoO2 microspheres.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b05324
Nano Lett. 2018, 18, 1522−1529

1523

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b05324


∼10 nm show up in the primary cubic particles due to the
release of CO2 during annealing (Figure 3c,d). Figure 3e,f
presents the final phase-pure KxCoO2 microspheres with high
crystallinity, demonstrating that the second calcination at an
elevated temperature did not destroy the spherical structure.
Obviously, the surface morphology of P2-type K0.6CoO2 is
different from that of CoCO3 precursor and Co3O4

intermediate microspheres, which is caused by the recrystalliza-
tion and crystal growth at high temperature. These uniform,
submicron-sized flakes could improve the K-ion intercalation/
deintercalation kinetics compared with the bulk materials
because of the shortened migration distances and more
intercalation/deintercalation sites. In addition, the average
size of CoCO3 precursor microspheres increased from 10 μm
to about 20 μm during first calcination at 500 °C but returned
to 8−10 μm for final P2-K0.6CoO2 after the second calcination
with KOH. As a result, the measured tap density of s-KCO
(1.96 g cm−3) is higher than those of mesoporous Co3O4 (1.2 g
cm−3) and i-KCO (1.6 g cm−3).
To understand the effect of this hierarchical structure on the

electrochemical performance, a typical P2-type K0.6CoO2

sample with irregular morphology was synthesized using a
traditional solid-state method and evaluated as the cathode

material for PIBs. The detailed synthesis procedures can be
found in the experimental section given in the Supporting
Information. For convenience, the spherical P2-type K0.6CoO2

and irregular P2-type K0.6CoO2 is denoted as s-KCO and i-
KCO, respectively. As showed in Figure S1, i-KCO has an
irregular shape with an average particle size of around 20 μm,
which is much larger than that of s-KCO. The uniform
composition and elemental distribution of s-KCO were
confirmed by energy dispersive X-ray spectroscopy (EDS), as
shown in Figure 4a−d. The K, Co, and O elements are
uniformly distributed in all s-KCO microspheres, demonstrat-
ing that the two-step synthesis is very effective in synthesizing
compounds with complex hierarchical structures. Also, a K/Co
atomic ratio of ∼0.6 further confirms the chemical composition
of P2-type K0.6CoO2. In addition, high-resolution transmission
electron microscopy (HRTEM) of s-KCO in Figure 4e,f reveals
lattice fringes with a spacing of 0.62 nm which matches well
with the (002) planes of K0.6CoO2 (hexagonal, P63/mmc). The
distinct lattice fringes on the microspheres clearly show that as-
obtained s-KCO has a well-defined crystal structure.
The electrochemical performance of s-KCO and i-KCO was

investigated using cyclic voltammetry (CV) and galvanostatic
charge/discharge cycling in a half-cell configuration. Figure 5a

Figure 3. SEM images of as-synthesized (a,b) CoCO3 precursor microspheres, (c,d) Co3O4 intermediate microspheres, and (e,f) P2-type K0.6CoO2
microspheres; insets are the corresponding prepared samples for characterization.

Figure 4. (a) Typical SEM images of P2-type K0.6CoO2 microspheres and corresponding elemental mapping of (b) potassium, (c) cobalt, and (d)
oxygen elements. (e,f) Different magnification HRTEM images of P2-type K0.6CoO2 microspheres.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b05324
Nano Lett. 2018, 18, 1522−1529

1524

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b05324


Figure 5. Electrochemical performance of s-KCO and i-KCO in KxCoO2∥K half-cell configuration. (a) CV curves for the s-KCO electrode at a
scanning rate of 0.1 mV s−1. (b) Potential response of s-KCO during GITT measurement at a constant current of 40 mA g−1, the hollow dots
represent the equilibrium OCP. (c,d) Electrochemical charge/discharge curves of s-KCO and i-KCO at a constant current of 40 mA g−1. (e) Rate
capability of s-KCO and i-KCO at different current rates, increasing from 10 mA g−1 to 200 mA g−1. (f) Potential-capacity curves of s-KCO at
different current densities, increasing from 10 mA g−1 to 200 mA g−1. (g) Cycling performance of s-KCO and i-KCO at a constant current of 40 mA
g−1. All of the current densities and capacities were calculated based on the weight of active material KxCoO2. All the tests were performed in the
voltage range of 1.7−4.0 V (vs K/K+) at room temperature.
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shows the first three CV curves of an s-KCO cathode in the
voltage range of 1.7−4.0 V (vs K/K+) at a scanning rate of 0.1
mV/s. Obviously, the s-KCO cathode presents multiple pairs of
redox peaks, which is caused by complex phase transition
reactions during K-ion intercalation/deintercalation.15,38 Sim-
ilar to other P2-type oxides cathode materials of PIBs, the
complicated phase transition is mainly due to the changeable
states of K+/vacancy ordering and CoO2 layer gliding during K-
ion intercalation/deintercalation.11,13,41 The overlap of the CV
profiles after the first cycle also indicates the excellent
reversibility for the s-KCO electrode during potassiation/
depotassiation cycling.

The thermodynamic potential hysteresis, as well as kinetic
overpotentials of s-KCO at different potassiation/depot-
assiation levels, was further investigated using galvanostatic
intermittent titration technique (GITT) after the fifth cycle
activation process. The GITT measurement was conducted
with a pulse current of 40 mA g−1 for a duration time of 5 min,
followed by a long relaxation of 2 h at open circuit to obtain the
quasi-equilibrium potential. Figure 5b presents the potential
response during the GITT measurement for the s-KCO
electrode, where the quasi-equilibrium open-circuit potential
(OCP) is highlighted by hollow dots in the curve. The
complete profile for the potassiation/depotassiation process
along with the potential relaxation during the open circuit

Figure 6. Demonstration of PIBs based on s-KCO∥hard carbon configuration. (a) Typical charge−discharge curves of s-KCO∥K and hard carbon∥K
in a half-cell configuration. (b) Electrochemical charge−discharge voltage profiles of PIBs, cycled at a current rate of 30 mA g−1. (c) Rate capability of
PIBs at different current rates, increasing from 20 to 320 mA g−1. (d) Voltage−capacity curves of PIBs at different current densities, increasing from
20 to 320 mA g−1. (e) Cycling performance of PIBs at a constant current of 30 mA g−1. All the current densities were normalized by the weight of
active material on the cathode side. All the tests for full cell were performed in the voltage range of 0.5−3.8 V at room temperature.
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periods has been provided in Figure S2. As shown in Figure 5b,
the quasi-thermodynamic potential hysteresis of s-KCO in each
current pulse is in the range of 0.15−0.20 V for both charge and
discharge curves, which indicates a large kinetic overpotential
existing in K+ intercalation/deintercalation process due to the
large ionic size of K-ion. The unusual large overpotential (∼0.6
V) at 2.5 and 2.8 V is mainly attributed to the large potential
drop caused by phase transformation, which corresponds to x =
0.5 for KxCoO2 in Figure S3. The large overpotentials suggest
that ion diffusion and phase transformation control the reaction
kinetics of s-KCO.
Figure 5c,d shows the potential profiles of s-KCO and i-KCO

electrodes at a current density of 40 mA g−1 between 1.7 and
4.0 V (vs K/K). The high initial depotassiation potential of s-
KCO is caused by high stress/strain in the activation process.
The difference in curve shape between the first and the second
charge curves of s-KCO is attributed to the electrolyte
oxidation forming cathode electrolyte interphase (CEI).13,48

The depotassiation potential of s-KCO is also lower than that
of i-KCO due to fast deintercalation kinetics of s-KCO. These
discharge and charge profiles for different cycles exhibit several
potential plateaus, which agrees well with the CV results from
some reported literatures.15,46 Both the CV (Figure 5a) and
galvanostatic charge−discharge profiles (Figure S3) show that
KCO undergoes multiple phase changes during charge/
discharge cycles. In Figure S3, after the first activation cycle
the K-ion intercalation process shows that several potential
plateaus are separated by sloping curves in the potassium
composition range of 0.32 < x < 0.69 for KxCoO2. Among all,
four main plateaus (Nos. 1−4) are related to phase transitions,
which consists with previous reportes.15,47 The existence of
potential plateaus indicates formation of some biphasic
domains when first-order transitions happen, while the sloping
regions are related to single-phase behaviors for solid solution
during K-ion intercalation/deintercalation.15 As shown in
Figure 5d, the initial charge and discharge capacities of the s-
KCO electrode are 58 and 74 mA h g−1 respectively, which are
higher than that of the i-KCO electrode. More importantly, the
s-KCO electrode maintains a specific capacity of 65 mA h g−1

(a retention of ∼90%) after 100 cycles, which is much higher
than that of the i-KCO electrode (27 mA h g−1 with a retention
of 50% after 100 cycles). The enhanced specific capacity and
cycle stability are due to the synergetic effect of the hierarchical
structure of the s-KCO.6,41,42,44,49

To further reveal the benefits of the hierarchical structure of
s-KCO, the rate performances of the s-KCO and i-KCO
cathodes were compared when the currents are increased from
10 to 200 mA g−1 (Figure 5e,f, and Figure S4). As can be seen,
the s-KCO electrode can deliver an average reversible capacity
of 81, 79, 72, 59, and 40 mA h g−1 at a current density of 10, 20,
50, 100, and 200 mA g−1, respectively. When the current
density is reduced back to 50 mA g−1, a reversible capacity of 71
mA h g−1 can be recovered, implying the excellent tolerance for
the rapid K-ion intercalation/deintercalation cycles. But for the
i-KCO electrode, the specific capacity is dramatically reduced as
the current density is increased. At a current density of 100 mA
g−1, only 40 mA h g−1 can be obtained. Moreover, the s-KCO
electrode also exhibits excellent cycling stability. Specifically, a
capacity retention of 87% over 300 cycles at a current density of
40 mA g−1 is observed (Figure 5g), corresponding to an average
capacity loss of 0.04% per cycle. The Coulombic efficiency of
the electrode remains >99% during cycling. In contrast, the
capacity of the i-KCO cathode drops quickly with cycling and a

capacity of only 27 mA h g−1 is maintained after 100 cycles,
corresponding to a low capacity retention of 50% (Figure 5f).
In addition, the particle size’s effect on the electrochemical
performance of i-KCO was also investigated by ball milling of i-
KCO for 3 h. As shown in Figure S5, the ball-milled i-KCO
exhibits a slightly high initial discharge capacity of 60 mAh g−1,
but the capacity decay rate is similar to unmilled i-KCO.
Moreover, ball-milled i-KCO also shows a low Coulombic
efficiency due to severe side reactions with the electrolyte. The
superior potassium storage properties of s-KCO are attributed
to uniform hierarchical microsphere structure, in which the
primary submicron-sized plates ensure the fast intercalation/
deintercalation kinetics by providing a stable K-ion and electron
transport pathway. The secondary microsphere structure can
effectively buffer the mechanical stress caused by K-ion
intercalation/deintercalation and minimize the contact area of
the electroactive materials with electrolyte, thus reducing
unwanted side reactions and active materials dissolution,
leading to a high Coulombic efficiency.41,49

K-ion full batteries based on s-KCO and hard carbon that
was derived from rice starch (Figure S6) were fabricated to
demonstrate the electrochemical behavior of PIBs, as shown in
Figure 6. The hard carbon anode was precycled between 0.01
and 2.0 V (vs K/K+) before full cell assembly to remove the
large irreversible capacity in the first discharge process shown in
Figure S7. The hard carbon has fast charge/discharge rate
capability (Figure S8) and long cycling stability (Figure S9),
which is best paired with the s-KCO cathode. Figure S10
displays the schematic K-ion full cell configuration with s-KCO
as cathode and hard carbon as anode. The potential profiles of
s-KCO cathode and hard carbon anode during K-ion insertion/
extraction were measured in the half cell with K metal as
counter and reference electrode (Figure 6a). Both of the
electrode materials were able to achieve reversible potassiation/
depotassiation from their respective skeleton structures. Figure
6b presents the charge−discharge profiles of the s-KCO full cell
at a current density of 30 mA g−1 with cutoff voltages of 3.8 and
0.5 V. The charge/discharge capacities of the second cycle can
reach to 73 and 72 mA h g−1, respectively (normalized with the
weight of s-KCO). After 50 cycles, the full cell retains a specific
capacity of 62 mA h g−1. Besides the large capacity and high
retention, the full cell based on s-KCO and hard carbon also
exhibits superior rate capability. As shown in Figure 6c, the full
cell delivers an average discharge capacity of 71, 65, 56, 43, and
36 mA h g−1 at a constant current density of 20, 40, 80, 160,
and 320 mA g−1 (based on the mass of the cathode),
respectively. When the current density is returned to 80 mA
g−1, the reversible capacity recovered to 56 mA h g−1, implying
the excellent tolerance for the rapid K-ion insertion/extraction
cycles. The corresponding charge/discharge curves from
current density of 20−320 mA g−1 are presented in Figure
6d. In Figure 6e, the full cell delivers a considerable discharge
capacity of 71 mA h g−1 with high Coulombic efficiency of
>99% at a current density of 30 mA g−1, and the average
Coulombic efficiency is higher than 99% throughout the
charge−discharge test. The good capacity retention of >80%
after 100 cycles manifests considerable long-term cycling
stability of PIBs based on s-KCO and hard carbon.
The morphology of cycled P2-type K0.6CoO2 electrodes,

including s-KCO and i-KCO, were characterized by SEM
technique. Figure S11a shows the morphology of s-KCO
cathode after the 150th charge/discharge cycle. As it shows, the
original morphology of the P2-type K0.6CoO2 microspheres is

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b05324
Nano Lett. 2018, 18, 1522−1529

1527

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05324/suppl_file/nl7b05324_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b05324


well-preserved. As for Figure S11b, the surface of the s-KCO
cathode can be found to be covered by a homogeneous
passivation layer, which effectively protected the inner s-KCO
from reaction with the electrolyte and helped maintain the high
electronic conductivity. In contrast, the i-KCO electrode shows
a large number of cracks covering the surface with an uneven
passivation layer (Figure S11c,d). Apparently, some i-KCO
particles were pulverized into smaller pieces. The loss of the
active species of i-KCO during charge/discharge cycles resulted
in the severe capacity decay in the first 100 cycles, shown in
Figure 5d,g. Moreover, the pulverization during potassiation/
depotassiation, which exposed new surface to electrolytes,
accelerated the side reaction with the electrolyte41,44 and
increased the contact resistance, resulting in poor electro-
chemical performance and the structure decay for the i-KCO
cathode. Compared with i-KCO, remarkably improved electro-
chemical performance and structure stability of the s-KCO
electrode were observed, which can be attributed to its unique
hierarchical structures. The nanoflake K0.6CoO2 primary
particles afford a stable K-ion and electron transport pathway,
enhancing reaction kinetics and utilization of the active material
upon discharge and charge. While the secondary microsphere
structure reduces contact area of the active materials with
electrolyte, thus reducing unwanted side reactions and active
materials dissolution and leading to high Coulombic
efficiency.41,42,44 Besides, the uniformly formed passivation
layer on the surface of the s-KCO cathode further alleviates the
side reactions at the interface between microspheres and the
electrolyte, resulting in the structural and interfacial stability of
the s-KCO electrode. This feature is especially important for
the P2-type metal oxides for PIBs, because the side reaction
between transition metals and electrolytes usually causes the
fast decay of the reversibility.11,13,19,42 The above synergetic
effect ensures the impressive electrochemical potassium storage
performance with high reversible capacity and superior cycling
stability of the s-KCO cathode in both half-cell and K-ion full
batteries.
In summary, P2-type K0.6CoO2 microspheres were success-

fully synthesized using a facile and self-templated synthesis
method. Benefiting from the special morphology and
hierarchical structure, the uniform P2-K0.6CoO2 microspheres
provided a high specific capacity of 82 mA h g−1 at 10 mA g−1

and maintained a high capacity of 65 mA h g−1 at 40 mA g−1 for
over 300 cycles with a capacity decay rate of 0.04% per cycle,
which is approximately 5 times lower than the capacity decay
rate of layered metal oxides cathodes synthesized by the solid-
state method. Meanwhile, the as-synthesized P2-K0.6CoO2

microspheres electrode shows a much better rate capability
with a capacity of >40 mA h g−1 at a current of 200 mA g−1. A
full cell with a K0.6CoO2 microspheres cathode and a hard
carbon anode further confirms its excellent electrochemical
performance by presenting high capacity (71 mA h g−1 at 30
mA g−1) and long-term retention (>80% after 100 cycles). The
present self-templated strategy for the synthesis of the
hierarchical P2-K0.6CoO2 microspheres can be extended to
construct a variety of other layered K-ion cathode materials and
should promote the large-scale energy storage applications of
PIBs.
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