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The delivery of cathodes with both high capacity and excellent cycling stability is a great challenge in the
development of sodium-ion batteries (SIBs) for energy storage systems. Here, we exploited a novel potassiumion-intercalated layered iron/manganese-based material (K0.7Fe0.5Mn0.5O2). On the basis of advanced in situ
and ex situ X-ray diﬀraction analysis, we conﬁrm that K0.7Fe0.5Mn0.5O2 can provide highly reversible layer
spacing variations and an ultra-stable skeleton structure during the sodiation/desodiation processes. As a result,
K0.7Fe0.5Mn0.5O2 displays superior performance, with both high capacity and superior cycling stability, as a
cathode for SIBs. A high discharge capacity of 181 mAh g−1 is achieved at 100 mA g−1. Remarkably, even when
cycled at high rate of 1000 mA g−1, 85% of the initial discharge capacity is maintained after 1000 cycles. These
results indicate that K0.7Fe0.5Mn0.5O2 is a promising candidate for high-capacity and long-life SIBs.
Additionally, this work will provide a unique insight into the development of high-performance cathodes for
energy storages.

1. Introduction
Sodium-ion batteries (SIBs) have been investigated for grid-scale
energy storage systems because of the distinct advantages related to the
natural abundance and potentially low cost of sodium resources [1–
12]. Because of their environmentally friendly and high theoretical
capacities, conventional sodium-ions-intercalated layered metal oxide
cathode materials, including cobalt-based materials [13–19], nickelbased materials [20–23], vanadium-based materials [24–27], ironbased materials [28–32], chromium-based materials [33,34], and
manganese-based materials [35–38], have been widely studied for
SIBs. Among these layered materials, the iron/manganese-based
material (Na2/3Fe1/2Mn1/2O2) is considered to be one of most promising candidates because of its high capacity and abundance in the
Earth's crust [39–43]. However, the poor long-term cycling performance of Na2/3Fe1/2Mn1/2O2 has been demonstrated to be caused by
its structural instability upon insertion/de-insertion of sodium ions
[44].
To improve the structural stability of Na2/3Fe1/2Mn1/2O2, nanostructures have been widely constructed in sodium storage systems to
inhibit structural collapse during the insertion/de-insertion of sodium
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ions [6–9]. Many researchers have focused on the development of
ternary/multiple materials to extend the cycling stability through the
transition-metal doping strategy, while this strategy also cut down the
initial discharge capacity [45–50]. Thus, electrodes with both high
capacity and excellent cycling stability are strongly desired [44,51].
Therefore, the development of a superior strategy to improve the
structural stability of layered SIB cathodes with high capacity has
become urgent. Recently, an interesting and novel K+ pre-intercalation
approach has been proposed to enhance the structural stability during
the charge/discharge process [51–58]. Liu et al. adopted a potassiumcontaining compound (K0.27MnO2) by intercalating potassium ions
into manganese oxide to expand the diﬀusion channels, leading to an
improvement in the energy density and cycling stability for SIBs [52].
In our previous study, we demonstrated that K3V2(PO4)3/C bundled
nanowires also exhibited excellent cycling stability for SIBs because of
the highly stable framework [53].
Herein, we designed a novel cathode material (K0.7Fe0.5Mn0.5O2)
and systematically investigated the sodium storage performance of
carbon-coated layered iron/manganese-based nanoparticles intercalated with alkali-metal ions (K+, Na+ and Li+), including
K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2. On the
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2.3. Electrochemical measurements

basis of advanced in/ex situ X-ray diﬀraction (XRD), ex situ X-ray
photoelectron spectroscopy (XPS) and ex situ inductively coupled
plasma (ICP) analyses, the K+ pre-intercalation strategy is clearly
demonstrated to be an eﬀective way to expand ionic diﬀusion channels,
increase ionic diﬀusion coeﬃcients, and stabilize interlayer structures,
leading to a great improvement in the electrochemical performance.
Furthermore, the optimized K0.7Fe0.5Mn0.5O2 exhibits a higher capacity and better cycling stability than Na0.7Fe0.5Mn0.5O2 and
Li0.7Fe0.5Mn0.5O2 when investigated as a cathode material for SIBs,
indicating that K0.7Fe0.5Mn0.5O2 is a promising candidate for highcapacity and long-life SIBs. Additionally, our study highlights that the
K+ intercalation strategy is eﬀective for improving the electrochemical
properties of cathode materials for SIBs.

The electrochemical measurements were carried out by assembling
type 2016 coin cells in a glove box ﬁlled with pure argon gas; sodium
discs were used as both the counter electrode and the reference
electrode, 1 M NaClO4 in a mixture of ethylene carbon/dimethyl
carbonate (1:1 w/w) with 2.0 wt% propylene carbonate (electrolyte
additive) was used as the electrolyte, and a Whatman glass microﬁber
ﬁlter paper (grade GF/F) was used as the separator. The cathodes were
prepared with 70% active material, 20% acetylene black, and 10%
PVDF (using N-methyl-2-pyrrolidone as solvent). The cathodes were
cut into square slices with an area and thickness of ~0.49 cm2 and
~0.1 mm, respectively. The loading of the active material was approximately 3.4–3.8 mg cm−2. Galvanostatic charge/discharge tests were
performed over the potential range from 1.5 to 4.0 V vs. Na/Na+ using
a multichannel battery testing system (LAND CT2001A). Cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)
were conducted using an electrochemical workstation (CHI600E and
Autolab PGSTAT 302N).

2. Experimental section
2.1. Synthesis of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and
Li0.7Fe0.5Mn0.5O2
First,
KNO3
(7.0 mmol),
Fe(NO3)3·9H2O
(5.0 mmol),
Mn(CH3COO)2 (5.0 mmol) and H2C2O4·2H2O (4.0 g) were dispersed
in deionized water (20 mL) under vigorous stirring at 25 °C to obtain a
brownish-red solution. Second, this solution was dried at 60 °C, and
baked at 180 °C for 24 h to obtain a loose sponge-like solid. Finally, the
sponge-like solid was pre-sintered in air at 500 °C for 2 h and then
sintered under argon at 600, 800 and 1000 °C for 10 h (5 °C min−1) to
obtain K0.7Fe0.5Mn0.5O2. As control experiments, the KxFe0.5Mn0.5O2
(0.07≤x≤0.56), NaxFe0.5Mn0.5O2 (0.07≤x≤0.7) and LixFe0.5Mn0.5O2
(0.07≤x≤0.7) were synthesized using the same processes, with KNO3
(0.7–5.6 mmol), NaNO3 (0.7–7.0 mmol) and LiNO3 (0.7–7.0 mmol),
respectively, used as the alkali-metal-ion sources. All of the chemical
reagents were of analytical purity and were purchased from Sinopharm
Chemical Reagent Co., Ltd.

3. Results and discussion
K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2 are
synthesized via a simple and smart organic-acid-assisted strategy
(Fig. 1A) [53]. XRD patterns of the three samples which sintered at
800 °C clearly display high crystalline phases (Fig. 1B), however, the
samples pre-sintered at 500 °C do not exhibit the characteristics of a
layered structure (Fig. S1). All diﬀraction peaks of the three samples
are indexed to a hexagonal lattice with the space group of P63/mmc,
which are iso-structural with P2-type NaxCoO2 [13–16]. In addition,
the XRD pattern of K0.7Fe0.5Mn0.5O2 resemble those of
Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2, suggesting a similar structure. The shift of the diﬀraction peaks to lower angles is ascribed to the
larger potassium ions compared to sodium and lithium ions. Moreover,
the 2θ values of the (002) plane for the three samples are 14.8°, 18.4°,
and 21.8° respectively [59,60]. The d-spacing of K0.7Fe0.5Mn0.5O2 is
6.94 Å, which is 1.24 times of that of Na0.7Fe0.5Mn0.5O2 (5.58 Å) and
1.47 times of that of Li0.7Fe0.5Mn0.5O2 (4.73 Å), conﬁrming the
expanded ion diﬀusion channel (Fig. S2). Additionally, the XRD
patterns of KxFe0.5Mn0.5O2, NaxFe0.5Mn0.5O2 and LixFe0.5Mn0.5O2
(0.07≤x≤0.7) are shown in Figs. S3–5. The inductively coupled plasma
(ICP)
results
of
K0.7Fe0.5Mn0.5O2,
Na0.7Fe0.5Mn0.5O2
and
Li0.7Fe0.5Mn0.5O2 are presented in Table S1.
SEM results show that the three samples have similar morphologies
that exhibit a slight aggregation (Fig. 1C, E, G). In addition, the particle
size of K0.7Fe0.5Mn0.5O2 sintered at 800 °C is more uniform than that of
K0.7Fe0.5Mn0.5O2 prepared at 600 °C or 1000 °C (Fig. S6). EDS images
show that K, Na (Li shows no signal under the elemental mapping
system), Fe and Mn elements (Fig. 1D, F, H) are uniformly distributed
on each sample. TEM is used to elucidate the detailed structure of the
three samples. The diameters of the individual nanoparticles of
K0.7Fe0.5Mn0.5O2 are in the 400–1000 nm range (Fig. 2A, B), whereas
those of the Na0.7Fe0.5Mn0.5O2 (Fig. 2F, G) and Li0.7Fe0.5Mn0.5O2
(Fig. 2K, L) are in the 300–900 nm and 100–700 nm ranges, respectively. Carbon layers with thicknesses of ~5 nm (Fig. 2C), ~13 nm
(Fig. 2H) and ~2 nm (Fig. 2M) are observed on the surfaces of the
K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2 nanoparticles, respectively. High-resolution TEM images show that the lattice
fringes of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2
are ~0.54 nm (Fig. 2D and inset of Fig. 2D), ~0.45 nm (Fig. 2I and
inset of Fig. 2I) and ~0.18 nm (Fig. 2N and inset of Fig. 2N),
respectively. The single-crystalline nature of these three samples is
demonstrated by their selected-area electron diﬀraction (SAED) patterns (Fig. 2E, J, and O). Thermogravimetric analysis (TGA) and
Raman spectroscopy curves of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2
and Li0.7Fe0.5Mn0.5O2 are shown in Fig. S7.

2.2. Material characterization
In situ X-ray diﬀraction experiments during electrochemical testing
of batteries were performed on a D8 Discover X-ray diﬀractometer
equipped with a non-monochromated Co Kα X-ray source; samples
were scanned over the 2θ range from of 23° to 45°. For in situ XRD
measurements, the electrode was placed immediately behind an X-raytransparent beryllium window that also served as the current collector.
The in situ XRD signals were collected using a planar detector in a still
mode during the charge/discharge processes; each pattern required
120 s to acquire. Cathodes were obtained with 50% active material,
40% acetylene black and 10% polyvinylidene diﬂuoride (PVDF), with
N-methyl-2-pyrrolidone solvent used as the solvent. A 1 M NaClO4
solution in a mixture of ethylene carbon/dimethyl carbonate (1:1 w/w)
with 2.0 wt% propylene carbonate (electrolyte additive) was used as the
electrolyte, and Whatman glass microﬁber ﬁlter paper (grade GF/F)
was used as the separator. The cathode was then cut into square slices
with an area of ~0.49 cm2 and a thickness of ~0.1 mm. The loading
mass of the active material was approximately 2.4–2.7 mg cm−2.
X-ray diﬀraction (XRD) measurements were performed to obtain
crystallographic information using a Bruker D8 Discover X-ray diffractometer equipped with a non-monochromated Co Kα X-ray source.
Field-emission scanning electron microscopy (FESEM) images were
collected using a JEOL-7100F microscopy. Energy-dispersive X-ray
spectroscopy (EDS) was performed using an Oxford EDS IE250.
Transmission electron microscopic (TEM) and high-resolution TEM
images were recorded using a JEOL JEM-2100F STEM/EDS microscope. Thermal Gravity Analysis (TGA) was performed on an STA449C. X-ray photoelectron spectroscopy (XPS) analysis was performed
using a VG Multilab 2000. Raman spectra were obtained using a
Renishaw INVIA micro-Raman spectroscopy system.
72

Nano Energy 35 (2017) 71–78

X. Wang et al.

Fig. 1. (A) Schematic illustration of the fabrication process for K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2. (B) XRD patterns of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2
and Li0.7Fe0.5Mn0.5O2. SEM image (C) and EDS mapping images (D) of K0.7Fe0.5Mn0.5O2. SEM image (E) and EDS mapping images (F) of Na0.7Fe0.5Mn0.5O2. SEM image (G) and EDS
mapping images (H) of Li0.7Fe0.5Mn0.5O2.

Fig. 2. (A-E) TEM images (A, B), high-resolution TEM images (C, D) and SAED pattern (E) of K0.7Fe0.5Mn0.5O2. (F-J) TEM images (F, G), high-resolution TEM images (H, I), and SAED
pattern (J) of Na0.7Fe0.5Mn0.5O2. (K-O) TEM images (K, L), high-resolution TEM images (M, N), and SAED pattern (O) of Li0.7Fe0.5Mn0.5O2. Insets of (D), (I) and (N) are the interplanar
crystal spacing statistical tables for K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2, respectively.
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Fig. 3. Electrochemical performance of K0.7Fe0.5Mn0.5O2 (denoted as K0.7), Na0.7Fe0.5Mn0.5O2 (denoted as Na0.7) and Li0.7Fe0.5Mn0.5O2 (denoted as Li0.7). (A) Charge/discharge curves.
(B) Cyclic voltammograms of K0.7Fe0.5Mn0.5O2 at diﬀerent scan rates in the electrochemical window from 1.5 to 4.0 V vs. Na/Na+. (C) Rate performance of these three cathode materials
at various rates ranging from 100 to 1000 and back to 100 mA g−1. Cycling measurements for the three cathodes tested at 100 (D) and 500 (E) mA g−1. (F) Long-term cycling
performance.

(Fig. 3C). K0.7Fe0.5Mn0.5O2 delivers a high initial discharge capacity of
181 mAh g−1at 100 mA g−1 (Fig. 3D), which is substantially higher
than those of Na0.7Fe0.5Mn0.5O2 (102 mAh g−1) and Li0.7Fe0.5Mn0.5O2
(20 mAh g−1). Notably, the capacity retention of K0.7Fe0.5Mn0.5O2 is as
high as 93% (a small capacity decay of 0.07% per cycle) after 100
cycles. By contrast, the Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2 retain
only 76% and 56% of their initial capacities, respectively. When tested
at 200 mA g−1, K0.7Fe0.5Mn0.5O2 shows the best electrochemical performance compared with Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2
(Fig. S12).
Remarkably, when measured at 500 mA g−1, K0.7Fe0.5Mn0.5O2
exhibits a discharge capacity of 134 mAh g−1. Moreover, 96% of the
initial discharge capacity is retained after 100 cycles, corresponding to
a small capacity fade of 0.01% per cycle. By contrast, the capacity
retentions of Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2 are only 70%
and 71%, respectively (Fig. 3E). Even at the high rate of 1000 mA g−1,
the K0.7Fe0.5Mn0.5O2 delivers an initial discharge capacity of
117 mAh g−1 with 85% of the initial capacity retained after 340 cycles,
and it can stably operate for 1000 cycles with a capacity of 99 mAh g−1,
suggesting the outstanding cycling stability (Fig. 3F). To the best of our
knowledge, the K0.7Fe0.5Mn0.5O2 in this work exhibits the best electrochemical performance among layered oxides SIB cathodes in terms of
the reversible capacity, cycling stability and rate capability (Table S3).
Nyquist plots analysis and Na+ diﬀusion kinetics results show that
K0.7Fe0.5Mn0.5O2 exhibit lowest charge transfer resistances (Rct) and
highest Na+ diﬀusion coeﬃcient compared to Na0.7Fe0.5Mn0.5O2 and
Li0.7Fe0.5Mn0.5O2 (Fig. S13).
To validate the structural stability of K0.7Fe0.5Mn0.5O2 during the
charge/discharge processes, ex situ XRD experiments are carried out;
the obtained patterns are presented in Fig. 4A-C. For K0.7Fe0.5Mn0.5O2
(Fig. 4A) and Na0.7Fe0.5Mn0.5O2 (Fig. 4B), the (002) diﬀraction peak

The synthesized K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and
Li0.7Fe0.5Mn0.5O2 are tested as cathodes in SIBs. In the case of the
K0.7Fe0.5Mn0.5O2 samples, the sample sintered at 800 °C exhibits the
best sodium storage performance (Fig. S8). Therefore, 800 °C is
considered as the optimized sintering condition. The charge/discharge
curves of K0.7Fe0.5Mn0.5O2 show that no obvious plateau appears
during the charge and discharge processes (Fig. 3A). However,
Na0.7Fe0.5Mn0.5O2 exhibits a pair of weak plateaus (near 3.82 and
1.94 V), and Li0.7Fe0.5Mn0.5O2 exhibits poor charge and discharge
characteristics. The CV curves for K0.7Fe0.5Mn0.5O2 (Fig. 3B) show a
large hysteresis loop and no obvious cathodic/anodic peaks at diﬀerent
scan rates, unlike the results of Na0.7Fe0.5Mn0.5O2 and
Li0.7Fe0.5Mn0.5O2 (Fig. S9). The Coulombic eﬃciency of the three
samples is presented in Fig. S10. The ﬁrst charge capacity can achieve
~220 mAh g−1, corresponding to the extraction of 1.18 Na+/K+ per
formula unit. We observe that 1.18 Na+/K+ is extracted even though
K0.7Fe0.5Mn0.5O2 contains only 0.7 K+. To explain this discrepancy, ex
situ ICP measurements were conducted. The ex situ ICP results show
that ~0.41 Na+ are pre-intercalated from the electrolyte into the
K0.7Fe0.5Mn0.5O2 prior to charging (Table S2). During the charge
process, ~0.41 Na+ and ~0.6 K+ are extracted from the pre-sodiated
K0.7Fe0.5Mn0.5O2. After 50 and 100 cycles, the number of Na+ involved
in this electrochemical reaction remains stable at ~0.98. To elucidate
the reaction mechanism of K0.7Fe0.5Mn0.5O2, we carried out ex situ
XPS measurements to examine the changes in the oxidation states of
Fe and Mn at diﬀerent charge/discharge states (Fig. S11).
When tested at various current densities in rate measurements,
K0.7Fe0.5Mn0.5O2 exhibits a higher initial discharge capacity
(182 mAh g−1) and better rate recovery (~98%) than those of
Na0.7Fe0.5Mn0.5O2 (102 mAh g−1, 85%) and Li0.7Fe0.5Mn0.5O2
(21 mAh g−1, 80.8%), demonstrating the prominent rate performance
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Fig. 4. (A-C) Ex situ XRD patterns collected at diﬀerent electrochemical states: the evolution of the (002) diﬀraction peaks for K0.7Fe0.5Mn0.5O2 (A) and Na0.7Fe0.5Mn0.5O2 (B) during
the ﬁrst cycle at 100 mA g−1, respectively, and (C) the evolution of the (002) diﬀraction peaks of Li0.7Fe0.5Mn0.5O2 during the ﬁrst cycle at 50 mA g−1. (D-F) In situ XRD patterns
collected during galvanostatic charge/discharge: (D) image plot of the diﬀraction patterns of K0.7Fe0.5Mn0.5O2 at 25–43° during the charge/discharge cycles at 100 mA g−1, (E) image
plot of the diﬀraction patterns of Na0.7Fe0.5Mn0.5O2 at 27–45° during the charge/discharge cycles at 100 mA g−1, (F) image plot of the diﬀraction patterns of Li0.7Fe0.5Mn0.5O2 at 23–45°
during the charge/discharge cycles at 50 mA g−1. (G-I) Schematic of the sodiation/desodiation processes of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7 Fe0.5Mn0.5O2, respectively.

distortion. The diﬀraction peak at ~31.6° also exhibits a slight shift
toward higher angles during the charge processes. However, the peaks
at ~35.0°, ~36.5° and ~41.0° shift in the opposite direction.
Furthermore, none of the peaks are able to shift back to their original
positions in the subsequent discharge processes, indicating that the
severe distortion of the Fe-O or Mn-O octahedra is irreversible and
leads to poor structural stability (Fig. 4H) relative to that of
K0.7Fe0.5Mn0.5O2. In the case of Li0.7Fe0.5Mn0.5O2, the in situ XRD
patterns show that no peaks ﬂuctuate or change in the ﬁrst cycle or
subsequent cycles (Fig. 4F, Fig. S14A). This behavior is attributed to
the fact that Na+ can hardly insert into the small interlamellar space of
Li0.7Fe0.5Mn0.5O2 (0.98 Å). A few Na+ may insert into the edge of the
layer structure or may be adsorbed onto the material surface (Fig. 4I),
but these processes do not lead to structural changes during the
sodiation/desodiation processes.
To clearly present the eﬀects of three diﬀerent alkali-metal ions in
layered iron/manganese-based materials, we summarize the electrochemical, ex situ and in situ results as follows: Firstly, the ex situ XRD
results show that the (002) plane of K0.7Fe0.5Mn0.5O2 shifts to the
higher angles with increasing charge voltage and nearly returns to its
initial position with the decreasing discharge voltage (Fig. 5A, red
symbols), corresponding to the opposite tendency of d-spacing
(Fig. 5A, blue symbols). Secondly, the Na0.7Fe0.5Mn0.5O2 exhibits a
similar change behaviors; its (002) plane shifts to the higher angles
with increasing charge voltage and also returns to its initial position
with decreasing charge voltage (Fig. 5B, red symbols), corresponding to
the tendency opposite that of the d-spacing (Fig. 5B, blue symbols).
The reversibility of the d-spacing of Na0.7Fe0.5Mn0.5O2 is clearly
superior to that of K0.7Fe0.5Mn0.5O2, which is attributed to the
diﬀerence in the ionic sizes of two species (K+ > Na+). Finally, the
(002) plane of Li0.7Fe0.5Mn0.5O2 shifts to a higher angle with increasing
charge voltage (Fig. 5C, red symbols), corresponding to a d-spacing
decrease (Fig. 5C, blue symbols). However, the (002) plane and dspacing cannot return to their initial positions and instead remain

shifts to higher angles during the charge processes, corresponding to
the decrease of the interlamellar d-spacing. This trend is reversed
during the sodiation processes, corresponding to the insertion of the K+
and Na+, corroborating the high reversibility of the layer structure of
both K0.7Fe0.5Mn0.5O2 and Na0.7Fe0.5Mn0.5O2 [53,55,61–63]. For
Li0.7Fe0.5Mn0.5O2, the (002) diﬀraction peak also exhibits slight shift
toward higher angles during the charge processes. However, it hardly
shifts back to its original site in the subsequent sodiation processes,
indicating an irreversible insertion/extraction of ions (Fig. 4C) [64].
To further elucidate the structural evolution during the insertion/
de-insertion of Na+, we carried out electrochemical in situ XRD
experiments; the results are displayed in Fig. 4D-F and Fig. S14. The
main peaks of K0.7Fe0.5Mn0.5O2 remain constant throughout the
electrochemical processes, except for the gradual shifts of the peak
positions and the changes in the peak intensities (Fig. 4D, Fig. S14A).
No strong signals of additional peaks associated with other types of
structure are observed during the electrochemical cycling, demonstrating that the crystal structure of K0.7Fe0.5Mn0.5O2 is electrochemically
stable. However, tiny changes are observed at ~35.0° and ~36.0°,
verifying the weak deviation of lattice parameters of the Fe-O or Mn-O
octahedra during the charge/discharge processes [44]. Interestingly,
the two peaks that shift to high angles during the charge processes can
shift back to their original location in the subsequent sodiation
processes, demonstrating a highly reversible expansion/contraction of
the corresponding lattice distance for the Fe-O or Mn-O octahedra
[34]. The slight shift of the position and the intensity variation in the
processes of in situ test results provide evidence that neither severe
phase transition nor a serious structural rearrangement occurs during
the ions insertion/extraction process, conﬁrming the highly reversible
and stable structure of K0.7Fe0.5Mn0.5O2 (Fig. 4G) [44,55].
However, the Na0.7Fe0.5Mn0.5O2 exhibits a diﬀerent behavior during the charge/discharge processes. The peaks at ~31.6°, ~35.0°,
~36.5° and ~41.0° clearly change during the ﬁrst cycle (Fig. 4E, Fig.
S14B), showing that the Fe-O or Mn-O octahedra suﬀer serious
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Fig. 5. (A-C) Voltage vs. (002) peak locations and corresponding d-spacings of K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2, respectively. Discharge capacity (D),
capacity retention (E) and capacity fading per cycle (F) vs. the d-spacing for K0.7Fe0.5Mn0.5O2, Na0.7Fe0.5Mn0.5O2 and Li0.7Fe0.5Mn0.5O2 at a current density of 100 mA g−1. (G)
Schematic illustration of the K0.7Fe0.5Mn0.5O2 crystal structure with an enlarged diﬀusion channel, an increased Na+ diﬀusion coeﬃcient and a reinforced interlayer structure. (H)
Schematic illustration of carbon-coated K0.7Fe0.5Mn0.5O2 particles with a continuous conductive network and excellent internal stress buﬀering.

SIBs, the K0.7Fe0.5Mn0.5O2 exhibits superior electrochemical performance in terms of high-capacity and ultra-high cycling stability.
Therefore, our study highlights that designing layered oxides with
stable structures is a promising strategy to achieve both high energy
density and long-term stability for SIB cathode materials.

unchanged during the discharge processes. Their discharge capacities
and capacity retentions increase with increasing interlamellar spacing
increase (Fig. 5E-F).
4. Conclusions
In conclusion, K0.7Fe0.5Mn0.5O2 nanoparticles are constructed by a
simple and smart organic-acid-assisted method. On the basis of in situ
and ex situ XRD characterizations, we conﬁrm that K0.7Fe0.5Mn0.5O2
can provide highly reversible layer spacing variations and an ultrastable skeleton structure during the charge/discharge processes.
Meanwhile, the K+ can act as interlayer pillars, eﬀectively protecting
the layered structure from collapse in the vertical direction (Fig. 5G).
Moreover, the surface carbon layer can eﬀectively buﬀer the internal
stress, leading to the attractive morphological structure stability
(Fig. 5H). In addition, analysis of the diﬀusion kinetics reveals that
large-sized K+ in the interlayer also expands the interlayer structure,
leading to a greatly increased Na+ diﬀusion coeﬃcient in the horizontal
direction. As a consequence, when tested as a cathode material for
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