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With high theoretical capacity and applicable operating voltage, layered transition metal oxides are
potential cathodes for potassium-ion batteries (PIBs). However, a K*/vacancy ordered structure in these
oxides limits the K* transport kinetics and storage sites so that the PIBs still have poor rate performance
and low achievable capacity. Here, to effectively resolve the problem, a K*/vacancy disordered P3-type
structure is designed and synthesized by simply modulating the K* contents in Mn/Ni-based layered
oxides. The effect of the K* contents in a series of K.Mng-sNipzO, (x = 0.4-0.7) oxides has been
systematically studied and it is found that while the K*/vacancy ordered superstructure is stable at low
K* content (x < 0.6), a complete K*/vacancy disordered structure forms at high K* content (x > 0.6),
evidenced by selected area electron diffraction and voltage plateaus in the charge/discharge curves. The
K*/vacancy disordered Kg7Mng7Nig3O2 exhibits much better rate performance and higher discharge
capacity, compared to the K*/vacancy ordered Kg 4Mng7Nig30,. Molecular dynamic simulations confirm
that the K*/vacancy disordered structure possesses interconnected continuous channels for K* diffusion
and more active storage sites. This discovery sheds light on rational design of K*/vacancy disordered
layered oxide cathodes for next-generation high-performance PIBs.

There are clear, economic and practical drivers to explore alternative charge carriers to lithium ions in charge storage devices, with potassium being the most

promising. However, most of the currently developed potassium-ion batteries (PIBs) fall short of figures of merit against lithium-ion systems. In particular,

there is an urgent need to develop high capacity cathode materials, which is currently the limit factor of full-cell batteries. In this respect, layered transition

metal oxides are promising cathodes for PIBs. However, these current oxide cathodes typically suffer from poor rate performance and low achievable capacity
originated from the K'/vacancy ordered structures, in which K" diffusion barriers and K* storage obstacles are quite high. Therefore, breaking the K'/vacancy

ordering to form a K'/vacancy disordered structure is of great significance to enhance the electrochemical properties of these layered oxides. In this

contribution, we designed and synthesized a complete K*/vacancy disordered structure by simply modulating the K™ contents in Mn/Ni-based layered oxides for
the first time. The K*/vacancy disordered K,,Mn, ;Ni, ;0, with high K content exhibits high discharge capacity, excellent rate performance and outstanding
cycling stability. Our findings will open up a simple and effective route to design K'/vacancy layered oxide cathode materials for practical applications of high-

rate and capacity PIBs.
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Introduction

Potassium-ion batteries (PIBs) have attracted increasing atten-
tion as a potential next-generation energy storage system due to
the high natural abundance of K reserves and low standard
redox potential of K'/K (—2.936 vs. E°)." Compared to other
secondary battery systems, only a few cathode materials for
PIBs have been developed to date due to much more stringent
de-intercalation/intercalation requirement caused by the
large ionic radius of K" (1.33 A).°™*> Among various cathode
materials, layered transition metal oxides (K,TMO,; TM = Mn,
Co, Ni, Fe, V, Cr, efc.,, and mixtures of them) have been
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intensively investigated as one of the most promising families
of cathodes due to their relatively high theoretical capacities,
appropriate operating potential and facile synthetic chemistry.'*
However, sluggish K" transport kinetics and limited K" storage
sites lead to low achievable capacity and inferior rate capability,
which hinders their practical applications in PIBs."*

The aforementioned issues are essentially originated from
the K'/vacancy ordered structures of layered transition metal
oxides."**** Such ordered structures make those oxides
exhibit distinct voltage plateaus in electrochemical curves and
numerous redox peaks in cyclic voltammetry (CV) curves.?®*?*
The K'/vacancy ordering enlarges the partial K" site energy that
leads to high K" diffusion barriers and K' storage obstacles,
thus decreasing the K' diffusion coefficient and limiting the
storage sites for K*."*>"*® Therefore, breaking the K*/vacancy
ordering to form a K'/vacancy disordered structure is of great
significance to enhance the electrochemical properties of these
layered oxides.

In general, there are three types of ordering in layered
transition metal oxides: TM"" charge ordering, transition metal
ordering and K'/vacancy ordering.>’*! TM"" charge disorder-
ing is mainly controlled by the redox potentials (Fermi level) of
TM™ "> Small difference in redox potentials is favorable for
the formation of TM"™" charge ordering. Transition metal order-
ing is mainly caused by the difference of TM"" ionic radius.””**
Large difference (radius ratio >15%) in ionic radius is
favorable for the formation of the ordered arrangement. The
formation of K'/vacancy ordering is not only influenced by the
K'-K" electrostatic repulsion, but also coupled to TM"" charge
ordering.?”*2*%3% The K*-K" electrostatic repulsion depends on
the K* content and distribution in the K layers of the layered
transition metal oxides. Although the K'/vacancy disordering is
rarely investigated in the K'-containing layered oxide materials,
Na'/vacancy disordered structures have been studied in the
Na'-contained layered oxide systems.>’?°® One efficient
approach is the introduction of doped TM™" with compatible
ionic radius but quite different Fermi levels into layered
transition metal oxides to suppress the TM"" charge ordering,
thus resulting in the Na'/vacancy disordering. For example,
Wang et al.”® designed a Na‘/vacancy disordered Ti-doped
Mn/Ni-based layered oxide (Na,/;Ni;;3Mny/3Tiq,30,) with good
rate performance and high achievable capacity. Due to
the same valence, smaller ionic radius ratio and substantial
different redox potentials, partial Ti substitution for Mn in
Mn/Ni-based layered oxide effectively refrains charge ordering
and breaks the coupling to Na'/vacancy ordering. The other
promising method is via selecting TM™" with different Fermi
levels and similar ionic radius. For instance, Wang et al.*’
chose Cr’* and Ti*" to design a Nag ¢Cr ¢Tio 4O, layered oxide,
which showed high achievable capacity and good rate perfor-
mance. Disordered arrangement of Cr*" and Ti*" in the T™M
layers prevents TM"" charge ordering and thus Na'/vacancy
ordering as well. In our work, different from the above-
mentioned strategies, we found that strong K'-K" electrostatic
repulsion by increasing the K' content among the TM layers
could induce a complete K'/vacancy disordered structure.
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To the best of our knowledge, such a simple and effective strategy
has never been developed previously for transforming a complex
oxide from ordered to disordered structure, which has great
potential to achieve high electrochemical performance in PIBs.

Herein, to explore the transformation from ordered to
disordered structure and its impact on the electrochemical
performance in PIBs, we employed Mn/Ni-based layered
oxides (K,Mn, ;Ni, 30,) with a high redox potential and highly
symmetric crystalline structures.'*'>*7*® By investigating
the impact of K' content to the layer configurations in
K,Mn, 5Ni, ;0,, it is found that with the increase of K" content
from 0.4 to 0.7, a transition from K'/vacancy ordering to
disordering occurs. With increased K* being incorporated into
the oxides, the interlayered K'-K' electrostatic repulsion
has been changed. Also the energy difference of the occupied
K" sites has been reduced, which leads to breaking of the
K'/vacancy ordered structure. Moreover, a high K content in
the layered oxides can not only reduce the average oxidation
state of the TM™", but also maintain more K" in the interlayers
when the same amount of K is extracted, which provides
additional capacity and enhances the structural stability.*® The
obtained K'/vacancy disordered P3-type K,,Mn,,Ni,;0, with
high K" content as a cathode for PIBs exhibits high discharge
capacity, excellent rate performance and outstanding cycling
stability. Incorporated with various experimental measurements
such as in situ X-ray diffraction characterization and molecular
dynamic simulation calculations, the K’ de-intercalation/
intercalation mechanism was also investigated to reveal the
intrinsic relationship between the K'/vacancy disordered inter-
layer structure and K' transport kinetics.

Results and discussion

A series of characterizations were conducted to unveil the
structure of K, 4Mn,;Niy;0, and K,,Mn,,Niy30, (Fig. 1).
The X-ray diffraction (XRD) patterns and Rietveld refinement
of Ky 4sMn, ;Nig 30, and K, ;Mn, 7Nij 30, samples are shown in
Fig. 1a and b, respectively. All diffraction peaks are identified as
a P3-type layered structure, which belongs to a hexagonal
symmetry.*® The illustration of the P3-type crystalline structure
is shown in the inset of Fig. 1a and b and Fig. S1 (ESI}). The
O ions arrange the parallel layers for the ABBCCA sequence,
with K" occupying the prismatic sites, and TM"" (TM = Mn,
Ni) sitting in the octahedral sites.*>*' Comparing the structural
information and lattice parameters of Ky 4Mng,Nij 30,
(a=h=2.8858 A, c = 20.8494 A) with those of K,,Mn, ;Nig 30,
(@ = b =2.8879 A, ¢ = 20.5893 A) (Tables S1 and S2, ESIY),
increased K' content (from 0.4 to 0.7) leads to the expansion of
the TM layers and the contraction of the K layers, which is
attributed to the decrease of electrostatic repulsion between the
O layers. This result is clearly shown in zoomed-in images of
the XRD patterns for the (003) and (006) peaks in Fig. S2 (ESIT).
Notably, the ordered structure in the K, ,Mn,;Nip30, can
be clearly identified by the superlattice spots (e.g. 1/3(110)
and 1/3(1—20)) in the [—111] and [001] selected area electron

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structural characterization of Ko 4Mng7Nig30, and Kg7Mng7Nig302. XRD Rietveld refinement of Kg4Mng-/Nig 30, (a) and Kg7Mng7Nig 30, (b)
(inset: crystal structure viewed). SAED patterns along the [—111] zone axis of Ko 4Mng 7Nig 30> (¢) and Ko 7Mng 7Nig 305 (d). ABF-STEM (e) and HAADF-STEM

(f) images of Kg7Mng7Nig 30, along the [010] zone axis. ABF-STEM (g) and

HAADF-STEM (h) images of Ko 7Mng 7Nip 30, along the [001] zone axis. (i—n)

HAADF-STEM image of Kg7Mng 7Nip 30, and the corresponding EDS mappings for K, Mn, Ni, and O elements.

diffraction (SAED) pattern (Fig. 1c and Fig. S3, ESI}). In
contrast, such superlattice spots do not exist in the [—111]
SAED pattern of the K,;Mn, ;Nip30,, implying that this is a
disordered structure (Fig. 1d). Such a K'/vacancy ordering to
disordering transition can also be confirmed as there are faint
and additional peaks observed in the XRD pattern of
Ko.4Mn, ;Ni, 50, (Fig. S4, ESIt).>® Detailed atomic-scale crystal
structure information about K, ,Mn, ;Ni, ;0, was acquired by
aberration-corrected scanning transmission electron micro-
scopy (STEM) with annular bright-field (ABF) and high-angle
annular dark-field (HAADF) detectors. The O and K layers
correspond to the points with slightly grey dotted contrast in
the interlayer columns in the ABF-STEM images. Alternate K
layers and TM layers coupled with O stack columns of ABBCCA
can be clearly observed along the [010] zone axis in the ABF-
STEM image, which is accordance with the atomic model of the
P3-type structure (Fig. 1e). The HAADF-STEM image (Fig. 1f)
exhibits that the measured distance of the adjacent layers is
about 0.69 nm, which matches well with the interslab distance
from XRD refinement data. The TM atoms arrange to form a
hexagonal symmetry, which is observed in the ABF-STEM image
along the [001] zone axis (Fig. 1g). The distance of 0.29 nm can
be measured for the spacing of adjacent TM atoms in the
HAADF-STEM images, corresponding to the XRD refinement
cell parameter a (2.8879 A) (Fig. 1h). The ABF-STEM and
HAADF-STEM images along the [010] and [001] zone axis are
also used to observe the detailed atomic-scale crystal structure
information about K, 4Mn, ;Ni, 30,, which corresponds to the

This journal is © The Royal Society of Chemistry 2020

XRD refinement results (Fig. S5, ESIt). From the scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images (Fig. S6a, b, d, and e, ESIf), both K,,Mn,,Ni,;0, and
Ko7Mny;Nij 30, samples show the particles with an average size
of approximately 1 um in diameter. The high-resolution TEM
(HRTEM) images exhibit that the interlayer distance is mea-
sured to be 0.243 nm, which agrees well with the (012) plane of
the P3-type layered structure (Fig. Séc and f, ESIt). Finally, the
homogeneous distribution of K, Mn, Ni, and O elements
throughout the whole particles can be observed in the EDS
mapping images (Fig. 1i-n and Fig. S6g-1, ESIT).

In order to reveal the effect of K' content on the layer
configurations, the K' contents of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, and 0.9 were chosen in the synthesis. At the same time,
the atomic ratio of Mn and Ni contents is fixed at 0.7/0.3
in all of the samples, and the synthesized samples are
Ko.2Mny 7Nig 30,, Ko 3Mng.7Nig 302, Ko.4Mng 7Nig 30,, Ko sMng ;-
Nig 305, KosMng 7Nig30,, Ko7Mng ;Nig30;, KosMng;Nig 305,
and Ky oMn, ;Nip30,. According to the inductively coupled
plasma (ICP) results (Table S3, ESIt), the measured K:Mn: Ni
ratios of all the synthesized samples are close to the nominal
compositions. From XRD patterns, all samples show the layered
structure as the main phase (Fig. S7, Fig. 1a and b, ESIY).
However, some reflection peaks in the XRD patterns of
Ko.,Mn, ;Niy 30, and Kgy3;Mn,,Niy30, can be indexed to
Ni,MnO, (JCPDS No. 00-036-0083), while several impure peaks
appeared in the XRD patterns of KggMng;Nip30, and
Ko.oMn, ;Niy 30,. This implies that only K, ,Mng ;Nij;0,,

Energy Environ. Sci., 2020, 13, 3129-3137 | 3131
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Ko sMn ;Nig 30,, Ko eMngsNig30,, and K, ;Mn,,Niy;0, are
successfully synthesized to be the pure P3-type layered structure.
Due to very weak scattering ability, although the superlattice
reflections in XRD of the ordered structure (K, 4Mn, ;Ni, 50,) are
quite faint, the ordered to disordered structure transformation
(from K, 4Mny ;Nig 30, to Ko ;Mn, ;Nij 30,) is clearly identified
by the voltage plateaus in electrochemical measurement and
redox peaks in the CV curves discussed below.

The CV tests of the K,Mn, ;Nig 30, in PIBs were firstly eval-
uated ranging from 2.0 to 3.9 V (vs. K'/K). The K, 4Mng,Ni, 30,
shows four pairs of redox peaks at 2.21/2.04, 2.57/2.42, 3.29/3.12,
and 3.89/3.79 V, implying K'/vacancy ordering in the K layers
(Fig. S8a, ESIT). The voltage plateaus in the first three discharge/
charge curves agree well with the redox couples in the CV curves
(Fig. S8e, ESTT). When the K' content increases from 0.4 to 0.6, the
redox peaks at 2.21/2.04 and 2.57/2.42 V are gradually weakened,
and the peaks at 3.89/3.79 V disappeared (Fig. S8a-c, ESIT).
Meanwhile, the peaks at 3.29/3.12 V gradually shift towards high
voltage (3.69/3.41 V for K, ¢Mn, ;Nij 30,) and become obvious.
The change of the corresponding voltage plateaus shows the same

View Article Online
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trend in their charge/discharge curves (Fig. S8e-g, ESIt). While the
three redox couples of K,;Mn,,Ni,;0, disappeared, only one
redox peak at 3.83/3.46 V remains (Fig. S8d, ESIt). Similarly,
the typical charge/discharge curves of K,,Mn,,Ni; 30, become
sloping within a large range of voltage upon K' extraction
and insertion (Fig. S8h, ESIt). In addition, the charge/discharge
curves of K, ,Mn, sNi, 30,, Ky 3sMnq sNij 30,, Ky sMn, sNij ;0,, and
Ko.oMn, ;Ni, 30, are presented in Fig. SO (ESIT). In general, the
K'/vacancy ordered layered transition metal oxides show numer-
ous redox couples in the CV curves and distinct voltage plateaus
in the electrochemical curves. Meanwhile, the smooth charge/
discharge curves and small amount of redox couples in the CV
curves can be observed in the K'/vacancy disordered layered
transition metal oxides. Therefore, these results indicated
that the layer configurations of K,Mn,;Ni, 30, transform from
K'/vacancy ordering to K'/vacancy disordering when the K'
content increases from 0.4 to 0.7.

To identify their structure-property relationships, the elec-
trochemical performances were investigated by electrochemical
measurements as the PIB cathode in 2.0-3.9 V (vs. K'/K) (Fig. 2).
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Fig. 2 Electrochemical performances of Ky 4Mng 7Nig 305 and Ko 7Mng 7Nig 305 in 2.0-3.9 V (vs. K*/K). CV curves of the first four cycles at 0.2 mV s tof

Ko.4Mng 7Nig 30, (a) and Kg7Mng7Nig302 (b). (c) Cycling performance with Coulombic efficiencies measured at 0.1 A g~

conducted at 0.1, 0.2, 0.3, 0.5, 1, 2, and back to 0.1 Ag™*

! (d) Rate performance

. The corresponding discharge/charge curves of Ko 4Mng 7Nig 30, (€) and Ko 7Mng 7Nig 30, (f) at

different rates. (g) Long-term cyclic performance of Ko,MngsNigzO, at 1 A g~t
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Four pairs of redox peaks are observed in the CV curves of
Ko.4Mn, ;Ni, 30, (Fig. 2a). One couple at 3.89/3.79 V can be
related to the redox reactions of nickel element. Another three
pairs of redox peaks at 2.21/2.04, 2.57/2.42 and 3.29/3.12 V can
originate from the rearrangement of the K'/vacancy ordered
structure in the K layer during K™ de-intercalation/intercalation.**
In contrast, CV curves of K,Mn, ;Nig 30, show only one pair of
redox peaks at 3.83/3.46 V, which is also attributed to the redox
reactions of nickel element (Fig. 2b). This indicates the formation
of K'/vacancy disordered structure when the K' content varies
from 0.4 to 0.7.>° The Ko ,Mn, ,Nig 30, electrode shows a higher
discharge specific capacity of 125.4 mA h g~ and higher
average discharge voltage of 3.0 V than those of K, ;Mn, ;Nij 30,
(93.9 mA h g " and 2.7 V) when testing at 0.1 A g~ (Fig. 2c and
Fig. S10, ESIT). After 150 cycles, striking capacity retention of
93.6% could be obtained for K,,Mn,;Niy3;0, compared with
81.3% for K, 4Mn, ;Ni, 30,. Surprisingly, as compared in the rate
performance in Fig. 2d, higher average discharge capacities of
124.2, 114.2, 106.6, 96.9, 83.8, and 67.8 mA h g~ ! for
Ko.sMny;Ni, 30, are obtained at 0.1, 0.2, 0.3, 0.5, 1, and 2 A g~ %,
respectively. Meanwhile, the K, 4Mn, ;Ni, 30, electrode shows
the corresponding capacities of 93.7, 84.8, 78.6, 71.1, 58.9, and
44.5 mA h g7, respectively. The corresponding discharge/
charge curves of rate performance imply ultrafast K™ storage and
low polarization of the K'/vacancy disordered K,,Mn,Niy;0,
(Fig. 2e and f). In particular, the K,,Mn, ,Nij 30, electrode also
exhibits superior long-term cyclic stability with a retained capacity
of 78.8 mA h g~ " even after 800 cycles at 1 A g~ " (capacity retention
of 88.5%, corresponding to an average capacity loss of 0.014% per
cycle) (Fig. 2g). By comparison, the K, Mn,,Niy30, electrode
shows fast capacity decay from 56.2 mA h g ' to 346 mAh g '
after 800 cycles, corresponding to 61.6% capacity retention
(Fig. S11, ESIY). Therefore, Ko,Mn,;Nig 30, displayed fast K*
storage and superior long-term cycling stability, which is
mainly attributed to the K'/vacancy disordered interlayer struc-
ture. In addition, the cycling performances of K, ,Mng ;Nig 30,
at 0.2 and 0.5 A g ' were measured (Fig. S12, ESIf). After
200 and 500 cycles, high capacity retentions of 90.2% and
86.2% were achieved, respectively, confirming its long-term
cycling stability closed to the typical battery operating conditions.
Furthermore, the electrochemical performance of K, ;Mn, ;Nig 30,
at high mass loadings was investigated (Fig. S13, ESI{). When
tested at 0.2 A g~ after 200 cycles, K,,Mn,,Niy;0, possesses a
high reversible capacity of 85.5 mA h ¢~ and a high capacity
retention of 85.7% a high mass loading of 9.38 mg cm™>
(Fig. S13a, ESIt). Ko.7Mn, ;Ni 30, also exhibits excellent rate
performance with a high mass loading of 9.56 mg cm ™. Highly
reversible average discharge capacities of 103.6, 96.0, 90.5, 81.3,
67.9, and 54.6 mA h ¢~ ' are obtained at 0.1, 0.2, 0.3, 0.5, 1, and
2 A g7, respectively (Fig. S13b, ESIt). Therefore, the achieved
high areal capacity (~1.0 mA h cm ?) with stable cycling
properties and good rate performance demonstrated that the
Ko.7Mn, ;Nig 30, is a promising cathode candidate for PIBs. The
SEM and TEM images after cycling for K, ,Mn,;Nip30, and
Ko.,Mn, ;Ni, 30, are presented in Fig. S14 (ESIt). Compared
with previously reported layered oxide cathodes, the K'/vacancy

This journal is © The Royal Society of Chemistry 2020
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disordered K, ;Mn, ;Ni, 30, also manifested great competitive-
ness for superior electrochemical performances in PIBs
(Table S4, ESIY).

X-ray photoelectron spectroscopy (XPS) measurement was
carried out to explore the electrochemical mechanism during
the K* de-intercalation/intercalation processes (Fig. S15 and
S16, ESIT). For K, ;Mn, ;Nij 30,, the observed binding energies
are consistent with Mn*" and Ni*".*> The binding energies of
Ni 2p4/, and Ni 2p3,, in K¢ 4Mng 7Nij 30, are higher than those
in Ky ;Mng ;Nip 30,, and the binding energies of Mn 2p,,, and
Mn 2p;, are similar for K, 4Mn, ;Ni, 30, and K, ;Mng ;Nig 30,
(Fig. S15b and c, ESIt). These results indicate that the valence
of Ni in K, 4Mn, ;Nij 30, is higher than divalent, and Mn is
tetravalent.”>*> During the charge/discharge process, no appar-
ent shift for the Mn 2p spectra of K, ;Mn, ;Ni, 30, is observed,
indicating that the Mn*" is electrochemically inactive (Fig. S16a,
ESIT). The peaks of Ni 2py/, and Ni 2p3, shift to higher binding
energy during the K" de-intercalation process, demonstrating
the oxidation of Ni** (Fig. S16b, ESIt). Following discharge to
2.0 V, the peaks shift toward lower binding energy, suggesting
the reduction process of Ni. A similar phenomenon could be
observed for K, 4Mn,;Nip30, as shown in Fig. Si6c and d
(ESIt), implying that the electrochemically active Ni** provides
charge compensation, and the Mn*"* serves as a stabilizer in the
K-Mn-Ni-O system.

The crystalline structure evolutions of K, 4Mn, ;Niy 30, and
Ko.7Mny ;Niy 30, were monitored using in situ XRD measure-
ments to unveil the K" de-intercalation/intercalation mechanism
(Fig. 3 and Fig. S17, ESIf). When changing from open-circuit
voltage (or 2.0 V) to 3.75 V, the (006) peak of K,,Mn, ;Ni; 30,
gradually shifts toward low angle, whereas the (101), (012) and
(015) peaks shift to high angle. These phenomena are attributed
to the expansion of the ¢ axis and the constriction of the a-b
plane, which are caused by the increased electrostatic repulsion
between the O layers when K" is extracted. The peak intensities
of the (101), (012) and (015) planes were weakened but did not
disappear, and a new diffraction peak appeared at 40.5° after
being charged continually to 3.9 V and then discharged to 3.5 V
(green marker in Fig. S17d-f, ESIT). The new peak can be indexed
to the (104) of the O3 phase, corresponding to the phase
transformation between P3 and O3 for K, ;Mn, ;Ni 30, at high
potential.** As K" is being inserted (down to 2.0 V), the (006) peak
re-shifts towards high angle, and the (101), (012) and (015) peaks
re-shift to low angle. At this stage, electrostatic repulsion
between the oxygen layers is decreased when K" is inserted into
the interlayers. The shift behaviour for the first two cycles is
similar and all the peaks could return to the initial state of pure
P3 phase, demonstrating the highly reversible K" de-intercalation/
intercalation process, and thus high cycling stability of
Ko.;Mn, ;Nij 30,. Notably, although the structure evolution of
K,.4Mn, ;Ni, 30, is similar to that of K, ;Mn, ;Ni, ;0,, there are
three main differences: (1) the shift behaviour of the (101),
(012) and (015) peaks of K, 4Mn, ;Ni, 30, is more complicated
when discharging from 2.5 V to 2.0 V and then charging to
2.7 V. They shift to high angle and then towards low angle, and
repeat this process during the charging range (within the blue
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Fig. 3 In situ XRD characterization of Kg 4Mng 7Nig 30, and Ko 7Mng 7Nig 30,. Discharge/charge curves during the first two cycles at 0.05 A g’1 in2.0-
3.9V of Kg.4Mng 7Nip 30, (a) and Ko 7Mng 7Nig 302 (d). (b and ¢) Two-dimensionalin situ XRD patterns at 24-28° and 35-43.5° of Ko 4Mng 7Nig 305. (e and f)
Two-dimensional in situ XRD patterns at 24-28° and 35-43.5° of Kq7Mng7Nig305.

dotted line in Fig. 3a-c). (2) The peak intensities of the (101),
(012) and (015) planes of K,,Mn,,Niy;0, are obviously
weakened during the above-mentioned process. (3) In contrast
with Ko 4Mn, ;Ni, 30,, all the lattice parameters of a, ¢ and cell
volume of K, ;Mn,;Ni,;0, vary along with the slope of the
electrochemical curves (Fig. S18, ESI{). These phenomena are all
caused by the rearrangement of different interlayer K'/vacancy
orderings for K, 4Mn, ;Ni3;0,, corresponding to the voltage
plateaus in the electrochemical curves. In addition, the K/
vacancy disordered structure of K,,Mn, ;Niy 30, remains during
the charge and discharge process, which was proved by the XRD
and SAED patterns at the charged state (Fig. S19, ESIT).

To verify the advantages of K'/vacancy disordering on diffusion
kinetics, the diffusion coefficients of K™ of K, ,Mn,,Ni, 0, and
Ko sMn,;Ni, 30, are revealed by the galvanostatic intermittent
titration technique (GITT) (Fig. S20, ESIt). The theoretical initial
charge and discharge specific capacities of K,;Mny;Nig 30,
are 113 and 129.6 mA h g !, respectively, corresponding to
0.49 mol K" extraction and 0.56 mol K" insertion per unit formula
(Fig. S20a, ESIT). And the corresponding values of K, 4Mn, ;Nij 50,
are 72.5 (0.28 mol) and 98.6 mA h g~* (0.38 mol), respectively
(Fig. S20b, ESIf). The K" diffusion coefficients of

Ko.sMn, 5Nig 30, are calculated to be 10™** to 107'° em? s,

3134 | Energy Environ. Sci., 2020, 13, 3129-3137

one order of magnitude higher than those of K, 4;Mng ;7Nig 30,
(107" to 107" cm® s ') (Fig. S20c, ESIf). In addition,
the K" diffusion coefficient values show no jumps for
Ko.7;Mn, ;Nij 30,, which agrees well with the smooth character-
istic of the charge/discharge curves, a character attributed to
K'/vacancy disordering. The electrochemical impedance
spectroscopy (EIS) plots show a lower charge transfer resistance
and faster K' transport kinetics of K,,Mn, ;Niy;0, than those
of K, 4Mn, ;Ni, 30,, suggesting faster electronic and ion trans-
port for a K'/vacancy disordered structure (Fig. S21, ESIY).

Molecular dynamic simulation calculations were also performed
to calculate K™ transport properties in the K'/vacancy disordered
Ko7Mny;Niy 30, and K'/vacancy ordered K, Mn,Ni,;0,, respec-
tively, as shown in Fig. 4a and c. Two-dimension diffusion paths are
confirmed for the K" migration in the K layer of the crystal structure.
The corresponding top views of the K" migration trajectories in a
single K layer show that the K' transport trajectory of
Ko7Mn, ;Niy 30, is more interconnected and homogeneous than
that of Ky4Mn,,Niy;0,. This result suggests that K'/vacancy dis-
ordering provides interconnected and continuous channels for the
K' transport and reduces the energy difference of K" sites, which
endows K, ;Mny;Nig 0, with fast K™ transport kinetics and more K
storage sites.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Molecular dynamic simulation calculations and K*/vacancy structure illustration of Ky 4Mng 7Nig 305 and Kq 7Mng 7Nig 30,. Trajectories simulation
of K* in Kg4Mng7Nip3O, (a) and Ko7Mng-Nig3O; (c), the right panel figure is the top view of each K* layer. K*/vacancy structure illustrations of

Ko.4Mng 7Nig 30, (b) and Ko 7Mng7Nig 30, (d). The purple balls represent K*.

On the basis of the structure characterization, electrochemi-
cal measurement, electrochemical mechanism and K" transport
kinetics analysis, the K'/vacancy structure of Ko 4MngNig;0,
and K, ;Mn, ;Nij 30, can be illustrated as shown in Fig. 4b and
d. For K, 4Mng-Niy;0,, the distribution of K" and vacancies
exhibits an obvious periodicity and their positions are fixed,
which forms the K'/vacancy ordered structure (Fig. 4b). In
contrast, the location and arrangement of K and vacancies in
Ko.,Mn,;Niy 30, are random, suggesting the K'/vacancy dis-
ordered structure (Fig. 4d).

To demonstrate its practical application, the K-ion full battery
has been fabricated using soft carbon as an anode and
Ko,Mn,;Niy 30, as a cathode (Fig. 5). The XRD pattern, SEM
image, Raman spectrum, and electrochemical performances of soft
carbon are presented in Fig. S22 (ESIt). Before full cell assembly,

the soft carbon anode was pre-cycled at 0.01 to 1.50 V (vs. K'/K)
to form the stable solid-electrolyte interphase (SEI) layer and
activate the electrode material for 20 cycles. The capacity ratio
between the anode and cathode is adjusted to be 1.2 to
eliminate the irreversibility. The charge-discharge voltage pro-
files at 0.1 A ¢~ in 1.1-3.5 V exhibit that the initial charge and
discharge specific capacities are 87.5 and 95.1 mA h g~ * (based
on the mass of the cathode), respectively (Fig. 5a). A slightly
increased discharging capacity in cycling is ascribed as the pre-
potassiation process of the soft carbon anode before fabricating
the full battery. The reversible discharge capacity reaches
82.2 mA h g~" after 100 cycles, which equals to 86.4% of the
initial discharge capacity (Fig. 5b). The full cell delivers a
considerable rate performance with the discharge capacity of
92.6, 85.9, 80.0, 73.4, and 65.3 mA h g~ at 0.1, 0.2, 0.3, 0.4,
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Fig. 5 Electrochemical performance of the K-ion full battery based on Kg;Mng7Nig3O,/soft carbon in 1.1-3.5 V. (a) Charge/discharge curves at
0.1 A g (b) Cycling performance and the corresponding Coulombic efficiencies tested at 0.1 A g~*. Rate performance (c) conducted at 0.1, 0.2, 0.3,
0.4, and 0.5 A g~* and the corresponding discharge/charge curves at different rates (d). (e) Long-term cycling capability at 0.3 A g%,

This journal is © The Royal Society of Chemistry 2020

Energy Environ. Sci. , 2020, 13, 3129-3137 | 3135


https://doi.org/10.1039/d0ee01607a

Published on 08 August 2020. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 10/26/2020 2:54:40 AM.

Paper

and 0.5 A g~ ', respectively (Fig. 5c¢ and d). When tested at
0.3 A g7, the full cell also exhibits good cycling stability with
62.5% capacity retention after 300 cycles (Fig. 5e), showing
great potential in commercial applications.

Conclusions

By simply modulating the K* contents in a series of K,Mn,,Nig 30,
layered oxides, an ordered-to-disordered structural change
has been identified. The interlayered structure configurations
of K,Mn, ;Ni, 30, evolve from a K'/vacancy ordered structure to
a K'/vacancy disordered structure when the K’ content
increases from 0.4 to 0.7. The high K" content affects inter-
layered K'-K" electrostatic repulsion and reduces the energy
difference of the K" sites, thus breaking the K'/vacancy ordered
structure. As a result, the K'/vacancy disordered P3-type
Ko.7Mn, ;Nip 30, as a PIB cathode exhibits outstanding rate
capability (67.8 mA h g™* at 2 A g ") and high discharge
capacity (125.4 mA h ¢" at 0.1 A g~ *). The enhanced electro-
chemical performance is attributed to the fast K transport
kinetics (~10""" em” s™') and more reversible active K* storage
sites provided by the K'/vacancy disordered structure. More-
over, the K, ,Mn,,Nij3;0, also exhibits excellent rate perfor-
mance and cycling stability when used as a cathode in K-ion full
batteries. Our discovery opens a simple and effective route to
design K'/vacancy layered oxide cathode materials for practical
application of high-rate and capacity PIBs.
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