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Abstract: The complex phase transitions induced by interlayer slide in layered

cathode materials lead to poor cycling stability and rate capability for sodium-ion
batteries. Herein, we design and prepare a new six-component high-entropy oxide
(HEO) layered cathode O3-Na(Fe(,Cog,Nig,Tip,Sng Lip;)O, to enable highly
reversible electrochemical reaction and phase-transition behavior. The HEO cathode
exhibits good cycling performance (capacity retention of ~81% after 100 cycles at 0.5
C) and outstanding rate capability (capacity of ~81 mAh g-! at 2.0 C) due to the higher
sodium diffusions coefficient (above 5.75x10-!! cm? s!) than most reported O3-type
cathodes. Moreover, the high-entropy cathode has superior compatibility to hard carbon
anode and delivers specific capacity of 90.4 mAh g!' (energy density of ~267.5 Wh
kg!). Ex-situ X-ray diffraction proves that the high-entropy designing effectively
suppress the intermediate phase change to achieve reversible O3-P3 phase evolution,
and in turn stabilize the layered structure. X-ray absorption spectroscopy and
Mossbauer spectrum of 3’Fe suggest that Ni%*/Ni>*, Co**/Co3*, and part of Fe3*/Fe3->*
redox reaction contribute the charge compensation. The enhanced performance can be
attributed to the disordered distribution of multi-component transition metals in HEO

suppress the ordering of electric charge and sodium vacancy, thereby inhibiting the
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interlayer slide and phase transition.

Keywords: Sodium-ion batteries, layered cathode, high-entropy oxide, phase
transition

1. Introduction

Sodium-ion batteries (SIBs) have received extensive attention in scientific
research and industrial fields because of the abundant reserves of sodium in the earth's
crust and its low cost, which can meet the demand of large-scale energy storage [!-3].
However, the development of cathode materials seriously lags behind that of anode
materials, which has become one of the limiting factors for future application of
SIBs!*31, Currently, a series of cathode materials have been investigated to improve the
energy/power density and cycling life of SIBs, such as transition metal oxidesl6],
polyanion compounds!”], Prussian blue analogues!®! and organic compounds(®. Among
them, the layered transition metal oxide Na,TMO, (x < 1, TM=transition metal) is
considered as one of the most promising cathode materials because of its high energy
density and concise synthesis method (%19, In recent decades, researchers have prepared
a variety of layered transition metal oxides Na,TMO,, such as environmentally friendly
Fe-based (O3-NaFeO,[!'l) oxides; low-cost Mn-based (P2-Nags;MnQO,) [121 P2-
Nay,9CuyoFe oMn,y30,13)  and  high-voltage Ni-based (0O3-NaNiO,['4l, P2-
Na,3Niy3Te 30,151, 03-NaNi, sMng3Tiy,0,!%)) oxides.

In traditional transition metal oxides (NaTMO.,), the redox reaction is occurred
from the active TM sites, which provides the charge compensation for sodium storage.
Sodium ions transfer from one NaOg octahedral site to another via the adjacent
tetrahedron, resulting in the formation of Na*/vacancy superstructures in Na-poor phase,
which can be observed though the Laue diffraction patterns!!’-1°1. At the same time, this
desodiation process induces strong repulsion of oxygen, and the interlayer distance thus
expands. Meanwhile, the TMO, slabs glides in the vectors of (1/3, 2/3, z) and (2/3, 1/3,
z), progressing with structure transformation of O3 —0'3—P3—P'3 2921l Tuning the
type and ratio of transition metal can reorganize the Na*/vacancy superstructure and

modify the structural evolution, which has a crucial impact on the reversible stability
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and sodium diffusion rate during charge and discharge process?>?4l. What is exciting
is that the electrochemical performance of these multi-component cathodes are
significantly better than that of less-component materials, and it is easier to achieve the
high energy density and long cycling life that researchers expect!>326l. Therefore, in
order to tailor the cathode material with high sodium-storage performance, multi-
component or high-entropy layered oxides have attracted the attention of researchers.
High-entropy oxides (HEOs), as a new type of oxide system, have become a
research hotspot due to its unique structure and excellent performancel?”). Generally,
HEOs is considered as a solid-solution phase composed of five or more elements in
equimolar or nearly equimolar ratios (each element content is between 5% and 35%),
including rock salt, fluorite, spinel, and perovskite structures?®-3%1. Due to the disorder
arrangement of the multiple principal elements, HEOs exhibit excellent properties that
traditional materials do not possess, such as superionic conductivity and excellent
cycling stability [31-33], Recently, the application of high-entropy oxides in the field of
energy storage has attracted the attention of researchers. According to reports, Sarkar
et al. applied the rock salt structured HEO (Mg ,Co,Nip,Cug,Zn;,)O to the anode
material of lithium-ion batteries for the first time, and showed that it has almost no
capacity loss after 500 cycles?’]. In addition, they compared the electrochemical
performance of medium-entropy materials, and revealed that the excellent structural
stability and cycling stability of HEOs were attributed to higher configuration entropy.
Wang et al. prepared a multi-anionic and multi-cationic high-entropy oxide Li(HEO)F
on the basis of (Mgy,Cog,Nig,Cuy,Zng,)O, which was used as cathode material for
LIBs and had excellent capacity retention after 300 cyclesl*#l. Furthermore, Zhao et al.
applied the concept of high-entropy chemistry to the design of cathode materials for
SIBsB3l. They successfully prepared a nine-component O3-type layered high-entropy
oxide NaNig 1,Cug 12Mgo.12Feq.15C0g.1sMng 1 Tig 1Sng 1Sbg 04O, as a cathode material for
SIBs, and the HEO cathode displays superior cycling stability (83% capacity retention
after 500 cycles) and excellent rate performance (80% capacity retention at 5 C).
Moreover, they also demonstrated that the high-entropy structure can delay the phase

transformation behavior of Na® during the (de)intercalation, which is beneficial to
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increase the specific capacity of cathode materials. The excellent storage performance
of Li* and Na* may be related to the synergy function between multiple components in
HEOs, which preserves the structure of the matrix during the (de)intercalation of Na™.

Inspired by HEOs in electrochemical energy storage, we designed and
successfully prepared a new type of six-component layered HEO O3-Na(Fe,,
Co00,Nig,Tip,Sng 1 Lig1)O;, (denoted as O3-NFCNTSL) for the first time as a cathode
material for SIBs. Herein, two criteria were following to design the HEOs cathode: the
disordering of TM and high electrochemical performance (detailed selection criteria for
elements are given in supplementary information). The ionic radii difference of the
selected element (Fe?*, Ni?*, Co?*, Mn*", Ti*", Sn*") is smaller than 15% as shown in
Table S1, so it is easily to synthesize the disordering of TM. While, the Ni**, Fe3" and
Co*" can provide the charge compensation, which can enhance electrochemical
performance. In addition, we systematically studied the electrochemical performance
of O3-NFCNTSL. This material exhibits excellent cycling stability, and its capacity
retains ~81% after 100 cycles at 0.5 C (1 C=100 mA g''). At the same time, it has
excellent rate performance, with a reversible specific capacity of about 81 mAh g at 2
C. Ex-situ XRD revealed that NFCNTSL not only suppresses the transition of
intermediate phase, but also has a highly reversible O3-P3 phase transition behavior.
Furthermore, the charge compensation mechanism of NFCNTSL was further studied
by ex-situ XAS and Mdssbauer spectrum of Fe. In the initial charge/discharge process,
Ni2*/Ni3>* and Co**/Co*>* redox reactions provide charge compensation while partly
Fe32*/Fe3->* supplies the rest charge compensation. This work provides new insights for
the application of HEOs in electrochemical energy storage.
2. Experimental Section

Materials Synthesis: The HEO Na(Fe(,Co¢,Nig,Tig,Sng Lig;)O, was prepared
through a solid-state method. The raw materials (purchased from Aladdin Chemical
Reagent Co., Ltd) of the synthetic samples are all analytical purity grade without further

purification. According to the stoichiometric ratio of the elements, Na,COj3 (0.5 mol,

99.5%), Fe,05 (0.1 mol, 99%), Co304 (0.067 mol g, 99%), NiO (0.2 mol, 99%), TiO,
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(0.2 mol, 99%), SnO, (0.1 mol, 99.5%), Li,CO; (0.05 mol, 99.7%) powder were well
mixed by a planetary ball mill. The obtained mixture was calcined at 900 °C for 12 h
in a muffle furnace, and then cooling the sample to room temperature naturally. Finally,
the sintered sample was ground to below 200 mesh by an agate mortar and immediately
transferred into an Ar-filled glovebox.

Materials Characterization: The X-ray diffraction (XRD) patterns of the sample
and electrode at various charge states (charging voltage: 2.0, 3.3, 3.5, 3.7, 3.9, 4.1 V;
discharging voltage: 3.8, 3.5, 3.2, 3.0, 2.8, 2.5, 2.0 V) were collected by Rigaku
Smartlab X-ray diffractometer (Cu Ka, A = 0.15406 nm) at 45 kV and 200 mA. The
crystal structure information of O3-NFCNTSL was analyzed by the GSAS- Il . The
elemental composition of the materials were analysed through inductively coupled
plasma optical emission spectrometer (ICPE-9800, ICP-OES). The morphology and
element distribution of O3-NFCNTSL were observed through field-emission scanning
electron microscope (FESEM, ZEISS SUPRASS) and the energy disperse spectroscopy
(EDS) attached to the SEM. The HRTEM image and selected area electron diffraction
(SAED) patterns were examined by transmission electron microscope (TEM, JEM
2100F). X-ray absorption spectroscopy (XAS) was carried out at beamline 7BM (QAS)
of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory (BNL). Ni, Co, Fe, Ti K-edge XAS spectra were measured though
transmission mode, with reference spectrums simultaneously collected using
corresponding metal foil. The XAS data was analyzed using Athena and Artemis
software packages 38491, The Mossbauer spectra were recorded at room temperature
with a MS-96 Mark II spectrometer working in a constant acceleration mode, and the
isomer shift was recorded with respect to the a-Fe metal. The experimentally obtained
spectra were fitted using MOSSWIN software.

Electrochemical measurements: The working electrode was prepared by mixing
active material (80 wt%), acetylene black (10 wt%), polyvinylidene fluoride (PVDF,
10 wt%), and an moderate amount of N-methylpyrrolidone (NMP) into a slurry, then
coating the above slurry on the Al foil and drying it in a vacuum oven at 80 °C for 8 h.

Subsequently, the working electrode was rolled and cut into a disc with a diameter of
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14 mm. The average mass loading of active material is about 3.5 mg cm?. The
electrochemical performance of the O3-NFCNTSL cathode was evaluated in the
CR2032 coin cells, which assembled by using O3-NFCNTSL as the working electrode,
Na metal as counter electrode, glass microfiber (Whatman, GF/D) filters as the
separator and 1.0 M NaClO, dissolved in propylene carbonate (PC, 100 Vol%) with 5%
fluroethylene carbonate (FEC) as the electrolyte in an Ar-filled glovebox. The
galvanostatic discharge/charge and galvanostatic intermittent titration technique (GITT)
test were carried out on LAND CT2001Asystem with a voltage window of 2.0~4.1 V.
Cyclic voltammetry (CV) measurements were performed on the CHI1000C
electrochemical workstation at different scan rates from 0.1 to 1.0 mV s'! in a voltage
range of 2.0~4.1 V (vs. Na*/Na). Electrochemical impedance spectroscopy (EIS)
measurements were performed using the Energylab XM electrochemical workstation
with amplitude of 5 mV in the frequency range of 105 ~10-2 Hz. For the full-cell, the
O3-NFCNTSL cathode and hard carbon (HC) anode were firstly assembled into half-
cells and precycled for 3 cycles before assembled to full cells. In the full cell, the
capacity ratio of cathode to anode was set as 1.2, and the weight ratio of two electrodes
was balanced based on the discharge capacity of cathode and the charge capacity of
anode in half-cells. The electrochemical performance of the full-cell was evaluated in

the voltage range of 0.5~4.1 V.

3. Results and Discussion

The inductively coupled plasma atomic emission spectrometry (ICP-OES) was
employed to examine the element ratios of the NFCNTSL. Table S2 shows that the
ratio of Fe, Co, Ni, Ti, Sn is 0.20:0.21:0.22:0.20:0.10, which are almost consistent with
the design ratio of various metal elements in the NFCNTSL. The XRD was performed
to investigate the crystal structure and phase information of the as-prepared HEO
NFCNTSL displayed in Fig. 1a. All the main diffraction peaks in the XRD pattern are
well indexed to the a-NaFeO, structure with R3m space group (JCPDS: 82-1495),
except for trace amount of NiO impurity. Based on the rhombohedral a-NaFeO,

structure, the XRD pattern was analyzed by Rietveld refinement to further determine
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the crystal structure information. Table S3 shows that the refined lattice parameters are
a=bh=2.994 A, c=16.091 A with unit cell volume of 124.94 A3. Fig. 1b displays the
structure schematic of O3-NFCNTSL, in which Fe, Co, Ni, Ti, Sn and Li occupy the (0
0 0.5) sites. The metal cations combine with oxygen to form TMOg octahedrons, and
sodium ions are located at the adjacent TMO, layers. Fig. 1c¢ displays the SEM image
of the synthesized O3-NFCNTSL, which are composed of irregular block particles with
size of 3~5 um. SEM-EDS in Fig. 1d and TEM-EDS in Fig. S1 mapping demonstrates
that various elements of Na, Fe, Co, Ni, Ti, Sn, and O are uniformly distributed on the
O3-NFCNTSL entire particles, without obvious segregation phenomenon. Furthermore,
the results of SEM-EDS (Table S4) show that the measured atomic ratio of each
element is close to the designed stoichiometry (Fe:Co:Ni:Ti:Sn=2:2:2:2:1), which is
consistent with the ICP-OES result. The TEM image (Fig. 1e) also shows that the
morphology of O3-NFCNTSL is micron-scale irregular particles. HRTEM and SAED
measurements were used to further investigate the O3 phase as shown in Fig. 1f and
Fig. 1g, respectively. The interplanar distance between the adjacent lattice fringes is
measured to be 0.53 nm, consistent with the (003) d-space of layered hexagonal
structure. Meanwhile, Fig. S2 shows that the neighboring distance of the (101)
crystallographic plane is 0.256 nm, further confirming the high crystallinity of HEO
O3-NFCNTSL. The bright diffraction rings in the SAED image in Fig. 1g correspond
to (003), (006), (104), and (110) crystal planes, respectively, suggesting that the as-
prepared HEO NFCNTSL has a perfect O3 type lattice structure.



Journal of Materials Chemistry A Page 8 of 24

©  Observed (b)

Calculated

Difference O Na
Background

I Bragg Position

R, (%)=3.143 © ™s

_—
-]
e’
©o (103)
(104)

Intensity (a.u.)

i
| L e A I A A B A [ I c

10 20 30 40 50 60 70 80 t
aa— b
200)

2 1/mm
[

Fig. 1 Structure and morphology of as-prepared HEO O3-NFCNTSL cathode. (a) XRD and

Rietveld pattern. (b) Structure schematic. (c) SEM image. (d) and (¢) TEM and HRTEM image (f)
SAED pattern. (g) SEM-EDS mapping.

The electronic and local structure of transition metal (Fe, Co, Ni, and Ti) in the O3-
NFCNTSL was analyzed by synchrotron X-ray absorption spectroscopy (XAS). Fig.
2a-d reveals the X-ray absorption near edge structure (XANES) spectra of Fe, Co, Ni
and Ti K-edges in pristine O3-NFCNTSL, respectively, along with the standard
reference compounds Fe,O; (Fe**) and Fe;04 (Fe*¢7), LiCoO, (Co’") and Co0304
(Co?¢7), NiO (Ni?*) and LiNiO, (Ni*"), TiO (Ti*") and TiO, (Ti*"), respectively.
Generally, the threshold energy position in the K-edge XANES spectra of the targeted

transition metals is sensitive to their chemical valence states, while the shape of the
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peaks is powerful for determining the coordination environment of the absorbing
element(3%37], Comparing with the metal oxide references, it can be deduced that the
original average valences of Fe, Co, Ni, and Ti in as-prepared O3-NFCNTSL are
primarily determined as 3+, 3+, 2+, and 4+, respectively.

The magnitudes of the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) spectra of various transition metals (TM= Fe, Co, Ni, and Ti) in
O3-NFCNTSL and corresponding least-squares fitting are displayed in Fig. 2e-h. In Fig.
2e-h, there are two main effective scattering paths, the first peak at R~1.5-1.6 A is
indexed as the shortest six-equidistant oxygen around targeted absorbing TM, forming
the nearest TMOg octahedral, and the second peak at R~2.6 A is indexed as the TM-
TMg hexagon in the a-b plane of the second coordination shelll3¥-*°], In fact, because of
not phase corrected, the distance of two atoms in FT-EXAFS spectra is about 0.3-0.4
A shorter than the actual bond lengths 40411, Table S5 shows the detailed structure
information derived from simulating the FT-EXAFS in the model of the hexagonal R3
m space group. In Table S5, Ni-O shows the longest lengthen and highest Debye-Waller
factors (0) for the first TM-O coordination, relating to the large ionic radius and the
activity of low spin Ni?*(#,,%¢,?) ions. It is interesting that both the R and J value for Fe-
O are larger than that of low spin Co3*( #,,%,°). It is well known that the ionic radius of
high spin Fe3* (0.645 A), larger than low spin Fe** (0.55 A) and low spin Co** (5.45
A). It is rational to conclude that Fe in O3-NFCNTSL is dominated by high spin Fe3".
The Mossbauer spectrometer was used to further investigate the properties of Fe?* in

O3-NFCNTSL.
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Fig. 2 XANES spectra of the (a) Fe, (b) Co, (c) Ni, and (d) Ti K-edge of pristine O3-NFCNTSL and
related metal oxide references, including Fe,O;, Fe;04, Co3;04, LiCoO,, NiO, LiNiO,, TiO, and
TiO,. The least-square fits of the calculated FT-EXAFS phase and amplitude functions to the
experimental EXAFS spectra for (¢) Fe, (f) Co, (g) Ni, and (h) Ti in O3-NFCNTSL.

The electrochemical performance of O3-NFCNTSL was evaluated in Na//O3-
NFCNTSL half-cell at 0.1 C (10 mA g!). To further optimize the voltage window,
galvanostatic charge/discharge (GCD) tests at different cut-off voltages (4.0 V, 4.1 V,
and 4.2 V) were performed as shown in Fig. S3, Fig. 3a, and Fig. S4, respectively. Fig.
S3 shows the best cycling stability of O3-NFCNTSL between 2.0 to 4.0 V, but the low
cut-off voltage limits the extraction of Na ions, resulting in a low reversible specific
capacity of 90 mAh g'. Although displaying the highest initial charging specific
capacity of 130.6 mAh g! at 2.0-4.2 V, O3-NFCNTSL cathode leads to the poorest
reversible specific capacity (only 98.3 mAh g'!), corresponding to the initial Coulombic
efficiency (CE) is about 75% (Fig. S4). Moreover, the reversible specific capacity
decreased to 84.4 mAh g'! only after 10 cycles. The large capacity loss may be related
to the irreversible voltage platform above 4.1 V. When the voltage window is set to 2.0-
4.1V, as shown in Fig. 3a, the GCD curves almost coincide, and the initial charge and
discharge specific capacity is 137.7 mAh g-! and 112.7 mAh g'! with an initial CE of
about 81.8 %, which corresponds to ~0.57 Na* extraction and ~0.47 Na" insertion,
respectively. It shows that the O3-NFCNTSL cathode has the best reversible capacity
and excellent cycle stability at 2.0-4.1 V (vs. Na"/Na), and the electrochemical

performance is further studied under this voltage window. The dQ/dV plots (Fig. 3b)
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of the initial three cycles show a similar shape with two pairs of peaks at 3.10/2.99 V
and 3.63/3.55 V, indicating the excellent cyclic reversibility of O3-NFCNTSL.
Furthermore, the small voltage polarization (at ~0.11 V and ~0.08 V) suggests that the
O3-NFCNTSL cathode has good kinetic properties. The cyclic voltammetry (CV) test
in Fig. S5 future indicates that the curves of O3-NFCNTSL cathode are almost coincide
except for the first cycle, exhibiting excellent reversibility. Based on previous
conclusions, the peak couple at 3.12/2.94 V (vs. Na™/Na) could be attributed to the redox
reaction of Ni**/Ni**, and the broad peak couple at 3.7/3.53 V might be assigned to the
redox reaction of Fe¥'/Fe*" and Co’'/Co*'14243] In contrast, Ti*" and Sn*' are
electrochemically inactive in the voltage range of 2.0-4.1 V (vs.Na*/Na) 44,
Therefore, it is preliminarily determined that Fe, Co, and Ni provide charge
compensation during the Na' intercalation/deintercalation. The detailed charge
compensation mechanism will be discussed in the ex-situ XAS section. Fig. 3¢ and Fig.
3d exhibit the rate capability of the O3-NFCNTSL cathode. As shown in Fig. 3¢, O3-
NFCNTSL cathode deliver reversible capacities of 112.7, 103.8, 95.2, 88.5, and 80.8
mAh g'at0.1,0.2,0.5, 1 and 2 C, respectively. It should be noted that the Coulombic
efficiency can be maintained at ~98% at different rates, indicating that O3-NFCNTSL
cathode has outstanding reversibility for sodium storage. In addition, when the current
density returned to 0.1 C, the reversible capacity of O3-NFCNTSL electrode recovered
to 111.0 mAh g’!, revealing superior rate stability and excellent kinetic performance. In
Fig. 3d, it can be seen that the discharge platform of the O3-NFCNTSL electrode
gradually weakens and moves downward as the current density increases. Thus, this as-
synthesized O3-NFCNTSL electrode exhibits superior quick-sodiation performance.
The cycling performance of the O3-NFCNTSL cathode is shown in Fig. 3e and Fig. 3f.
The O3-NFCNTSL cathode exhibits an outstanding cycling stability with a reversible
capacity of 81.4 mAh g! after 100 cycles at 0.1 C (capacity retention of ~72%) in Fig.
3e and 65 mAh g! after 200 cycles at 0.5 C (capacity retention of ~67%) in Fig. 3f. The
excellent electrochemical performance is higher than most cathode materials of SIBs
recently reported, as show in Table S8. It is noteworthy that the O3-NFCNTSL cathode

has not taken any optimization and modification measures (such as coating conductive
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materials, reducing particle size, and surface modifications, etc.), so its electrochemical

performance can be further improved.
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Fig. 3 (a) Galvanostatic charge/discharge profiles of O3-NFCNTSL cathode in voltage range of 2.0-
4.1V at 0.1 C. (b) The dQ/dV plots for first three cycles at 0.1 C derivated from (a). (c) Rate
capability of O3-NFCNTSL cathode at various rates. (d) Galvanostatic charge/discharge curves of
O3-NFCNTSL cathode at different rates. (e and f) Cycling performance of O3-NFCNTSL cathode
at 0.1 Cand 0.5 C.

The Na* transport kinetic properties of O3-NFCNTSL cathode were investigated
by CV measurement and galvanostatic intermittent titration technique (GITT). Fig. 4a
reveals the CV curves for O3-NFCNTSL cathode at different scanning rates from 0.1
to 1.0 mVs-!. With the increase of scan rate, the peaks display a linear shift as shown in
Fig. 4b (the fitting information is shown in Table S9), implying a diffusion-controlled
behavior of sodium-ion transport in O3-NFCNTSL [2l. The Na" apparent diffusion
coefficient (Dy,") of the O3-NFCNTSL cathode is estimated according to the Randles-
Sevcik equation. The values of Dy, are calculated to be 2.86x107!! cm? s-! and 3.44x10
'em? 7! for the charge and discharge processes, respectively (supporting information).
In addition, GITT was used to further evaluate the diffusion coefficient of Na*. Fig. 4c
shows a clear linear relationship between the voltage and the square root of the
galvanostatic time, with the detail galvanostatic titration process in the inset and fitting
results in Table S10. The GITT curves and calculated Dy," in the O3-NFCNTSL

cathode during the first cycle is displayed in Fig. 4d. During the entire galvanostatic

Page 12 of 24



Page 13 of 24

Journal of Materials Chemistry A

titration process, the average diffusion coefficient of Na* is about 5.75x10!! cm? 57!,
which is significantly higher than most cathode materials for sodium ion batteries
recently studied, as show in Table S11. The initial decrease of Dy, " value may be related
to sluggish transferring of Na* in O3 structure, which should overcome the energy
barrier at the adjacent tetrahedron. However, sodium ions can quickly go through the
two-dimensional bottleneck formed by oxygen cage in the P3 structure [!7], which
corresponds to the slope region on the GCD curves. It is worth noting that the diffusion
coefficient shows good symmetry during the charge and discharge process, which
implies the remarkable reversibility of sodium ion diffusions. Prominent diffusivity

provides the basis for excellent rate performance for as-synthesized O3-NFCNTSL.
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Fig. 4 The kinetics performance of Na* transferring in O3-NFCNTSL cathode. (a) CV curves of
O3-NFCNTSL at different scan rates from 0.1 to 1.0 mv s’!. (b) Liner relationship of peak currents
with the scanning rate obtained from the CV measurements. (c) The linear relationship between the
voltage and t'? during galvanostatic intermittent titration states. The inset shows the detailed
information for typical titration process. (d) GITT curves and Na* diffusivity as a function of voltage

of O3-NFCNTSL cathode material in the first cycle.
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In order to further uncover the structure evolution of O3-NFCNTSL cathode
during the Na* (de) intercalation, ex-situ XRD patterns were collected at various voltage
states during the first charge/discharge process within 2.0-4.1 V at 0.05 C, as shown in
Fig. 5. Fig. S6 shows the corresponding charge and discharge states where the plots for
ex-situ XRD patterns are collected. Before charging to 3.1 V, although the (003) and
(006) peak continuously shifted to the lower 26 angle, no new phase was observed. So,
NFCNTSL cathode still keeps the O3 phase accompanied by ¢ axis expansion as shown
in Fig. 5¢. Between 3.3 V ~ 3.5 V, both (003) and (104) peaks of the O3 phase gradually
decreases, while the (003) and (015) peaks of the P3 phase grow sharp, suggesting that
O3 phase transfer to P3 structure. With more Na* extracted from the host structure, the
(003) peak of the O3 phase was completely replaced by the (003) peak of the P3 phase
at 3.7 V, revealing that the structure evolved into a single P3 phase. In the range of
3.7~4.1 V, the (003) peak of the P3 phase shift to lower 26 angle without impurity peaks,
indicating that the Na* extraction behavior in this region is a solid solution reaction.
Moreover, the structure evolution during discharging is completely opposite to the
charging process. When discharged to 2.0 V, all diffraction peaks return to the original
O3 phase, indicating that the O3-NFCNTSL structure is completely reversible. With
the deintercalation of Na*, the (003) and (006) shift to lower 26 angle while the (101)
and (012) shift to higher 26 angle, which means that the lattice parameter c is
continuously increases but a(b) is gradually decreases. The opposite change behavior
of a(b) and ¢ compensates for the change of the lattice volume and enhances the
structural stability. The lattice parameters evolution of O3-NFCNTSL as a function of
voltage is shown in Fig. 5b and Fig. 5c. During the charging process, the active elements
are oxidized and their ion radius is reduced, resulting in the contract of the ab-plane.
Meanwhile, the c-axis is expanding due to an increasing of the electrostatic repulsion
between adjacent oxygen layers. In the fully discharged state, however, the values of
the lattice parameters a(b) and ¢ are almost the same as the initial state. The unit cell
volume changes of Na* before and after (de)intercalation is only -0.22% (details in
Table S12), which matches the excellent cycle stability. Notably, O3’, 03", and P3’

phases generally exist in typical O3 cathode [*647], for example O3-NaMnj sNij 50,481,
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While, these phases was not observed in as-synthesized O3-NFCNTSL cathode during
the entire desodiation and sodiation process. It can be concluded that designing HEOs
oxides is conductive to suppressing phase transition and enhancing cycling stability of
layered cathode materials.

To further valuate to the cycling stability, the structure and morphology of O3-
NFCNTSL electrode after 100 cycles was characterized as shown in Fig. S7. In Fig.
S7a, it is clearly observed the characteristic peaks of O3 phase in the XRD pattern, but
no other impurity peaks. So, the O3-NFCNTSL cathode has robust structural stability
after 100 cycles. However, due to the continuous evolution of O3-P3 phase transition,
there are some cracks appearing on the surface of O3-NFCNTSL particles in Fig. S7b,
which may be the main reason for the deterioration of electrochemical performance.
Fig. S7c shows the EDS-mapping of O3-NFCNTSL electrode after the 100 cycles,
where the elements Na, Fe, Co, Ni, Ti, Sn, and O are still evenly distributed, suggesting

that the HEOs material has excellent structural stability.
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Fig. 5 (a) Ex-situ XRD patterns of the O3-NFCNTSL electrode during the initial charge/discharge
processes and the corresponding voltage profiles during XRD data collections; (b and c¢) The
evolution of lattice parameters a(bh) and ¢ along with the voltage, derived from the XRD data
according to the R3m (O3 and P3 phase) space groups.

In addition to structure changes, the charge compensation of and the evolution of

local structure upon Na ions extraction/insertion of O3-NFCNTSL was also
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investigated using ex-situ XAS spectra collected at K-edge of Fe, Co, and Ni. Fig. S8
shows the charge-discharge curves and the corresponding states where the plots for
XAS scans are collected. Because the potential of Ti**/Ti*" and Sn*"/Sn’>" redox reaction
low to 2.0 V149301 X ANES spectra for Ti and Sn K-edge are ignored. Fig. 6a-f displays
the normalized XANES spectra of Fe, Co and Ni K-edges at different charge and
discharge states during the initial charge and discharge process. For the initial charge
process, the white line of Ni K-edge in Fig. 6¢ continue to shift toward high energy at
entire charge, suggesting Ni cations is oxidized to higher valence states. Because the
white line of Ni K-edge at 4.1 V is higher than that of the standard reference of LiNiO,
(Ni3%), it is estimated that Ni** is oxidized to about +3.5 state in Fig. 6¢ at 4.1 V. The
results show that about 0.3 e is extracted from low spin Ni**(ty,%e,?), providing about
72 mAh g! capacity at the charging process. Besides, in Fig. 6a and b, the XANES

spectra of Fe and Co are distorted during the whole desodiation process, with slight K-

edge shifted. Thus, both Fe and Co provide the charge compensation for partial capacity.

Thus, both Fe and Co are oxidized to +3.5, total providing 48 mAh g'! capacity.
Therefore, during initial charge process, Ni**, Co*, and Fe?* are oxidized to Ni3-**,
Co*3" and Fe**, providing about 72, 24, and 24 mAh g! capacity, respectively.

In the first sodiation process (Fig. 6d-f), Ni3>*, Co3>* and Fe3-" are reduced, with
all three metal’s K-edge shift back to low absorbed energy. After discharge to 3.0 V,
the energy of Ni K-edge continues to shift to low energy until to discharge to 2.0 V.
However, from 3.0 V to 2.0 V, the white line of Co and Fe does not move or distort. It
can be estimated that Ni3>* is reversibly reduced to Ni?*, providing about 0.3 e for
charge compensation. From 4.1 V to 3.0 V, an average of 0.1 e~ was provided though
Co reducing reaction during discharge, total supplying about 24 mAh g-! discharge
capacity. Although, Fe3* is oxidized to Fe3* at first charge process correspongding 24
mAh g!, only part Fe3>* was reduced to Fe** with the final average valence about +3.2,
sacrificed about 9.6 mAh g'! capacity during the first discharge. From 3.0 V t0 2.0 V,
no Fe or Co is reduced, only Ni ions are reduced. Therefore, a total number of 0.46 mol
Na* is inserted into per mole of O3-NFCNTSL during the first discharge process, which

agrees well with the initial discharge capacity of ~112 mAh g-!.
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In order to exactly analyze the charge compensation by Fe, Mdssbauer spectrum
of YFe was performed. The Mdssbauer spectrum of the original O3-NFCNTSL
electrode is fitted using only a doublet, which is mainly assigned to Fe** located at
octahedral site (coordination number 6). When charged to 4.1 V (Fig. 6h), the
extraction/insertion of Na* upon charging yields an asymmetry of the doublet with
increased spectral weight at velocity of about 0, revealing part of Fe3* is oxidized to
Fe*", which is consistent with XANES results in Fig. 6a and d. It further indicates that
the Fe** in HEO O3-NFCNTSL structure is electrochemically active based on the
Fe3*/Fe*" redox couple and involved in the charge compensation. In the discharged
HEO O3-NFCNTSL cathode (Fig. 6i), there is no significant evidence of high spin Fe**
O¢ and most of the Fe*' ions are reduced. However, there is a clear difference in
spectrum between the fully discharged electrode (Fig. 61) and the original sample (Fig.
6h), manifesting the electronic structure of Fe in HEO O3-NFCNTSL cathode has not
recovered completely after the first cycle. This change in Mdssbauer spectrum may be
due to two aspects. On the one hand, a small amount of Fe*" has not been reduced after
the first cycle and resulted in the initial irreversible capacity. On the other hand, a slight
lattice distortion occurred in HEO O3-NFCNTSL structure induced by Na*
extraction/insertion, as shown in Fig. 5b and c.

FT-EXAFS spectra present the characters of element-dependent property, which
further observes the short-range local structure evolution for the targeted absorbing
atom. The local environment changes near Fe, Co, and Ni ions in O3-NFCNTSL are
shown in Fig. S9-S13. The first peak at about 1.6 A is indexed as the distance of TM-
O bond in TM-Og octahedra, while the second peak at about 2.5 A presents the TM—
TM interaction of TM—TMg hexagon in the a-b plane. As shown in Fig. S9-S13 (Table
S5-S7), it is easily observed that the distance for the first coordination of Co-O, Fe-O
and Ni-O all decreases during charge process, and increase for discharge process,
suggesting the structural evolution of d and p hybrid orbital between transition metal
and oxygen. It is noted that the two peaks for Ni reflecting the first and second
coordination shells are more significant than those for Co and Fe, suggesting

remarkable Jahn-Teller effect of Ni**. During the charge process, both TM-O and TM-
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TM distances decrease, implying that Ni**, Co**, and Fe3" are oxidized to shrink TM Oy
octahedra. While, the bond of TM-O and TM-TM are increased reversibly because of
the reducing reaction, consisting with the results of XRD in Fig. 5b. The change of

short-range TM-O and TM-TM strong reflects the evolution of crystal parameter of a

and b.
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Fig.6 Ex situ XANES spectra at the (a, d) Fe K-edge, (b, ¢) Co K-edge, and (c, f) Ni K-edge of O3-
NFCNTSL electrodes collected at different charge/discharge states. (g-i) Mossbauer spectrum of
Fe.

In addition, to further reveal the practical potential of the O3-NFCNTSL cathode,
the full cell was assembled with O3-NFCNTSL as cathode and hard carbon (HC) as
anode. The structure and morphology of HC are shown in Fig. S14 and Fig. S15
respectively. Fig.7a exhibits the working mechanism schematic of sodium-ion full cell.
Fig. 7b shows that the HC anode delivers ~293 mAh g'! reversible capacity and the
capacity retention is ~95% after 50 cycles (Fig. S16) at 20 mA g'!, indicating that HC
has excellent sodium storage performance. As shown in Fig. 7c, the O3-NFCNTSL//HC

full cell delivers a reversible specific capacity of 90.4 mAh g!, which corresponds to
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energy density of 267.5 Wh kg (calculated based on the mass of the cathode active
material) in 0.5-4.1V voltage at 5 mA g!. Fig. 7d suggests that O3-NFCNTSL/HC full
cell exhibits excellent the capacity retention stability (about 71% after 50 cycles at 20
mA g!), demonstrating that the as-synthesized O3-NFCNTSL have superior

compatibility to HC anode for practical prospects.
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Fig. 7 Electrochemical properties of the O3-NFCNTSL//HC full cell systerm. (a) Working
mechanism schematic of the full cell. (b) Galvanostatic charge/discharge curves of the O3-
NFCNTSL cathode and HC anode vs. Na*/Na. (c) Galvanostatic charge/discharge curves of the full
cell at a current density of 5 mA g in the voltage window of 0.5-4.1V vs. HC. (d) Cycling

performance of the full cell at a rate of 20 mA g-! in the voltage window of 0.5-4.1V vs. HC.
4. Conclusion

In this paper, a novel high-entropy O3-Na(Fe(,Co¢,Nig,Tig,Sng L 1)O, cathode
has been successfully synthesized for sodium-ion batteries, which can effectively
suppress the structure change and enhance the reversible capacity and stable cycling
capability. The high-entropy oxide O3-NFCNTSL composes six elementals, which can

achieve the transition metal disordering, charge disordering and Na*/vacancy
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disordering. The resulted high-entropy oxide O3-NFCNTSL cathode delivers about
112.7 mAh g'! reversible capacity at 0.1 C, long cycling stability (~72% of capacity
retention after 100 cycles), and the outstanding rate capability (~71.7% of capacity
retention at the rate of 2.0 C). Both CV and GITT measurements prove that the O3-
NFCNTSL has much higher sodium diffusion rate (about 5.75x10-!! cm? s°!), which is
higher than the most reported O3-type layered oxides. Our synthesized O3-NFCNTSL
has superior compatibility to HC anode, which delivers 90.4 mAh g'! specific capacity
(energy density of about 267.5 Wh kg!). The high-entropy designing can effectively
suppress the inferior intermediate phase change to achieve O3-P3 phase evolution,
enhancing the structure stability and achieving superior long-cycling stability.
Furthermore, the ex-situ XAS and Mssbauer spectrum of 3’Fe indicate that Ni*/Ni3-*,
Co*/Co?3*, and part of Fe3*/Fe35" redox reaction contributes the charge compensation.
Our work manifests that multi-metal high-entropy design is an effective strategy to

develop high-performance cathode materials for SIBs.
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