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Fast Na* Kinetics and Suppressed Voltage Hysteresis
Enabled by a High-Entropy Strategy for Sodium Oxide

Cathodes

Xian-Zuo Wang, Yuting Zuo, Yuanbin Qin, Xu Zhu, Shao-Wen Xu, Yu-Jie Guo,
Tianran Yan, Liang Zhang, Zhibin Gao,* Lianzheng Yu, Mengting Liu, Ya-Xia Yin,

Yonghong Cheng,* Peng-Fei Wang,* and Yu-Guo Guo*

O3-type layered transition metal cathodes are promising

energy storage materials due to their sufficient sodium reservoir. However,
sluggish sodium ions kinetics and large voltage hysteresis, which are
generally associated with Na* diffusion properties and electrochemical phase
transition reversibility, drastically minimize energy density, reduce energy
efficiency, and hinder further commercialization of sodium-ion batteries
(SIBs). Here, this work proposes a high-entropy tailoring strategy through
manipulating the electronic local environment within transition metal slabs

to circumvent these issues. Experimental analysis combined with theoretical
calculations verify that high-entropy metal ion mixing contributes to

the improved reversibility of redox reaction and O3—-P3-03 phase transition
behaviors as well as the enhanced Na* diffusivity. Consequently, the designed
03-Na, oNij ,Fe, ,Co, ,Mng , Tij 15Cug 05O, material with high-entropy
characteristic could display a negligible voltage hysteresis (<0.09 V),
impressive rate capability (98.6 mAh g=' at 10 C) and long-term cycling stability
(79.4% capacity retention over 2000 cycles at 5 C). This work provides insightful
guidance in mitigating the voltage hysteresis and facilitating Na* diffusion

of layered oxide cathode materials to realize high-rate and high-energy SIBs.

1. Introduction

Sodium-ion batteries (SIBs) have attracted
increasing attention as a new type of en-
ergy storage technology in recent years.[!]
Compared with commonly used lithium-
ion batteries, SIBs own advantages such
as abundant raw material reserves and low
cost, making them suitable for sustain-
able development of large-scale energy stor-
age and low-speed electric vehicle fields.[”
However, the extraction/insertion of large-
sized Na ions (1.02 A) accompanied with
the change of electronic structure in elec-
trode materials inevitably leads to their ir-
reversible structure changes, thus it is cru-
cial to find suitable cathode material hosts
toward the practical application of SIBs.%]
Among various cathode candidates, layered
transition metal oxides (Na,TMO,, TM =
transition metals), which are categorized
by typical P2 structure (Na' in prismatic
sites) and O3 phase (Na* in octahedral
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sites), are considered promising choices because of their simple
manufacturing process and excellent electrochemical activity.*]
Compared with P2 counterparts, O3-type layered oxide materials
own an adequate initial sodium content with high initial Coulom-
bic efficiency and theoretical specific capacity, making them more
suitable for application in full cells.!

Although demonstrating a high capacity, application-wise, O3-
type oxide materials remain several formidable issues to be fur-
ther resolved. First, complicated phase transitions accompanied
by sluggish sodium ions diffusion kinetics frequently occurred
during repeated Na* extraction/insertion process, leading to un-
satisfactory capacity retention and poor rate performance.[®! Pre-
vious studies showed partial metal substitution in bulk such as
Ti* 71 Cu?* Bl and Fe*+.l) are demonstrated effective to sim-
plify the complex phase evolution. However, for most O3-type
layered materials, the phase transition between O3 and P3 still
exists within the voltage region near 3 V.' The sodium kinet-
ics are closely linked with the electrochemical O3-P3-03 phase
transformation process, which drastically affects rate capability
of SIBs. In addition, because the voltage related to this redox pro-
cess upon Na* extraction cannot be recovered after Na* interca-
lation, large voltage hysteresis and significant loss of energy den-
sity are undoubtedly another challenge that prohibits exploiting
the full potential of O3 materials.['!] Currently, voltage hysteresis
was mainly discovered in Li-rich materials(!?! and some P2 ma-
terials with anionic redox,!*3] while research on voltage hystere-
sis phenomenon is rarely reported for O3-type materials. Since
voltage hysteresis persists throughout the overall electrochemi-
cal cycling, the average discharge voltage showed a continuous
decrease, which is called voltage decay or voltage fade.['*] Voltage
hysteresis accompanied by cumulative voltage decay not only re-
duces energy efficiency and drastically minimizes energy density,
but also hinders further commercialization of SIBs.[*] There-
fore, synchronously addressing the sluggish sodium kinetics and
serious voltage hysteresis issues is of great significance for devel-
oping high-energy and high-rate O3-type layered oxide cathode
materials.

Recently, the proposal of high-entropy oxides (HEOs) might
provide guidance in solving the above problems.['] The concept
of high-entropy originated from high-entropy alloys (HEAs),
which have a series of excellent properties compared to tra-
ditional alloys, such as high fracture toughness with high
strength in mechanical properties, and good energy stor-
age performance in thermodynamics.'”] Recent reports of
sodium HEOs  (Nay g5 Lig o7 Ctig 1 Nig 11 Feg sMng 4101 97 Fp 03,
Nay g3 Lip 1 Nig 55C0p, Mg 15Ty 15515,150,_5, ")

NaNi, ,sMg osCu, ; Fe, ,Mn, , Ty Sng ;0,120 etc.) proposed that
the host matrix was stabilized by entropy effect, leading to en-
hanced electrochemical performance as well as thermal stability.
For instance, NaNi, ,Co, ,Fe; ,Mn,;Ti, O, delivered capacity
stabilized at 96.82 mAh g~! after 100 cycles at 2 C, corresponding
to a capacity retention rate of 97.72%.12!! Zhao et al. synthesized
O3-type  NaNi, ;,Cug 4, Mgy, Feg 15Cop1sMny Ty Sng 3 Sby 440,
high-entropy layered material, which exhibited a reversible
specific capacity of 110 mAh g=! at 0.1 C, and a capacity reten-
tion about 90% after 200 cycles at 0.5 C accompanied by O3-P3
phase transition delay.2! However, the fundamental mechanism
especially for reaction kinetics and voltage hysteresis behind the
high-entropy effect currently remains controversial and unclear,
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which might obstruct further development of state-of-the-art
sodium high-entropy cathode materials.

To analyze the entropy effect on the reaction mecha-
nism of cathode materials, we constructed high-entropy
configuration in a series of O3-type materials based on
Nag g1, Niy , ey, Cog ,Mng , Tiy 5 g5, Cig 05,0, model systems,
in which Ni?*/Fe3*/Co**/Cu?* provides charge compensation,
Mn** stabilizes the structural integrity,}! and Ti** raises the
average voltage,?*! forming Na,sNi,,Fe,,Co,,Mn,,Ti,,0,
(NaNFCMTC-0), Nay 9Ni, , Fe, ,Co ,Mn , Tiy 15Cuig 45O,
(NaNFCMTC-1), and  Na,,Ni,,Fe,,Co,,Mn,,Ti,,;Cu,,0,
(NaNFCMTC-2). It is demonstrated that this multi-ion synergis-
tic high-entropy layered oxide NaNFCMTC-1 exhibits high-rate
performance and negligible voltage decay during long-term
cycling, accompanied by highly reversible Ni/Fe/Co/Cu redox
and phase transition behaviors between O3 and P3 phase.
NaNFCMTC-1 contracts TMO, slabs and enlarges Na spacing
distance, rendering fast Na* transport through an expanded Na*
octahedral-tetrahedral-octahedral transport channel and low
Na* migration energy during Na* (de)intercalation process.

2. Results and Discussion

For sodium layered oxides, the number of transition metal ele-
ments has an important influence on the configurational entropy.
Assuming that the stoichiometric ratios of all transition metal el-
ements are equal, and regardless of sodium content and anion
content, the relationship between the configurational entropy in
transition metal framework and the number of transition metal
elements is shown in Figure 1a. It is generally considered that the
configurational entropy of high-entropy materials is higher than
1.5R, which means there are five or more elements contained.*’!
However, excessive types of cations will increase the difficulty
of synthesis, accompanied by impurities and poor crystallinity,
leading to deteriorated performance. Moreover, as the number of
transition metal elements increases, the trend of configurational
entropy gradually slows down. Therefore, blindly pursuing multi-
ple elements to increase configurational entropy is not advisable.
So the Nagg.¢.1,,Nip , Fey ,Cog ;Mg , Ty 5 05, Cltg 05,0, model sys-
tem containing five or six transition metal elements with a con-
figurational entropy of 1.60-1.75R is selected for the following
study.

To assess the multi-ion synergistic effects resulting from the
high-entropy strategy on the electronic structure of NaNFCMTC-
1, density functional theory (DFT) calculations were conducted.
The calculated partial density of states (PDOS) of transition met-
alsisillustrated in Figure 1b. The contribution of Ti 3d to the den-
sity of states (DOS) is predominantly concentrated in the high-
energy region above the Fermi energy level (0.9-1.8 eV), suggest-
ing that Ti exhibits insignificant electrochemical activity and does
not participate in the redox processes during the charge and dis-
charge. In contrast, Ni, Fe, Co, and Cu show contributions around
the Fermi level, indicating their active role in electron transfer
and electrochemical activity. Ni, in particular at the Fermi level,
is significantly involved in charge compensation during the Na*
extraction/insertion.[?®] It is noteworthy that Mn primarily con-
tributes to the stability and structural integrity of the system, as
the peaks of Mn from —2.8 to —1.7 eV represent the elevated
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Figure 1. Structural comparison between high-entropy and low-entropy sodium layered oxides. a) The relationship between configurational entropy and
the number of transition metal elements. b) DOS calculation for NaNFCMTC-1. Schematic diagram of crystal structure and interlayer spacing for c)
NaNFCMTC-1 and e) NaNFM. d) 2D slices of the charge density distribution for NaNFCMTC-1 (left) and NaNFM (right).

redox potential of Mn*/7+, which is typically not addressed in
the investigation of cathodes for SIBs.

The crystal structure and interlayer spacing for NaNFCMTC-
1 and NaNji,;Fe,;Mn,;;0, (NaNFM) are schematically repre-
sented in Figure 1c and Figure le, which can be obtained from
the refined results (Table S1 and Table S4, Supporting Informa-
tion). The interlayer distance of dg_ry_q) for NaNFCMTC-1 is
2.19 A, 0.03 A smaller than the do—tm—o) for NaNFM which
is 2.22 A. However, the d,_y, o, of NaNFCMTC-1 (3.21 A) is
0.10 A larger than that of NaNFM (3.11 A). To understand this
phenomenon, the electronic local function (ELF) for the struc-
tures of NaNFCMTC-1 and NaNFM was evaluated, as depicted
in Figure 1d. The electron localization around oxygen increases
after the substitution of transition metal ions, leading to a sig-
nificant enhancement of the Ti—O bond, which establishes a
stronger transition metal skeleton. This increase in electron lo-
calization also reduces the electron density between Na—O,!*!
thereby minimizing the electrostatic interaction between elec-
trons and interlayer sodium ions, facilitating the rapid diffusion
kinetics of Na* within the system.

X-ray diffraction (XRD) and Rietveld refinement were per-
formed to characterize the crystalline structures of the com-
pounds which were synthesized through a solid-state method.
The results reveal the O3-type stacking crystallization, belonging
to the R3m space group, where all the cations are located at 3b site
with a random distribution (Figures 2a and S1, Supporting Infor-
mation), and the detailed refined crystallographic parameters are
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summarized in Table S1-S6 (Supporting Information). For five
high-entropy materials, scanning electron microscopy (SEM) was
conducted to investigate the morphological structure, where all
the samples exhibit irregular granules within 10 um (Figure 2a
inset and Figure S2, Supporting Information). The actual chemi-
cal compositions of the high-entropy compounds were confirmed
by inductively coupled plasma mass spectrometer (ICP-MS), and
the results were similar to the designed values (Table S7-S11,
Supporting Information).

The precise atomiclevel structural information of
NaNFCMTC-1 was revealed by scanning transmission elec-
tron microscopy (STEM) with annular bright-field (ABF) and
high angle annular dark-field (HAADF). In the ABF image
(Figure 2c), the columns of abvious dark-dot represent TM
(Ni, Fe, Co, Mn, Ti, and Cu) layers and the columns of lighter
dark-dot correspond to sodium layers, which is opposite in
the HAADF image (Figure 2d).?”] From the [010] zone axis,
ABCABC-stacking layered arrangements of atoms are clearly
observed, corresponding to O3 structure. The distance between
TM layers in a unit cell measured from the HAADF image is
16.19 A, well consistent with the ¢ value of the refined crystal-
lographic data. The selected area electron diffraction (SAED)
patterns of NaNFCMTC-1 combined with the bright field images
clearly show the hexagonal arrangement on the direction of
[001] zone axis (Figure 2b and Figure S3a, Supporting Informa-
tion) as well as the layered structure on the direction of [110]
(Figure 2e) and [010] (Figure S3b, Supporting Information)
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Figure 2. Structure characterization of pristine NaNFCMTC-1 powder. a) Rietveld refinement of XRD pattern, the inset shows the SEM image. SAED
patterns projected from the zone axis of b) [001] and e) [110] directions. c) ABF-STEM and d) HADDF-STEM image at the [010] zone axis. f) TEM image
and the corresponding g) EDS elemental mappings of Na, Ni, Fe, Co, Mn, Ti, Cu, and O.

zone axis. Figure S4 (Supporting Information) exhibits the high-
resolution transmission electron microscopy (HRTEM) images
of NaNFCMTC-1, where the interplanar distance is measured
to be 5.39, 2.53, 2.45 and 2.16 A, respectively, corresponding to
the (003), (101), (012) and (104) lattice plane of O3 phase. The
uniform distribution for the elements of Na, Ni, Fe, Co, Mn, Ti,
Cu, and O is demonstrated using energy-dispersive spectroscopy
(EDS) elemental mapping (Figure 2f-g and Figure S5, Sup-
porting Information). To determine the valence states of each
transition metal element in NaNFCMTC-1, X-ray photoelectron
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spectroscopy (XPS) measurements were performed for the fresh
powder, where the result of Ni?*, Fe3*, Co**, Mn**, Ti**, and
Cu?* is consistent with the expected oxidation states (Figure S6,
Supporting Information).[28]

The electrochemical performance was evaluated using Na
metal as anode in half cells. Na,Ni,,Fe,,Co,,Mn,,Ti,,0,
(NaNFCMTC-0) and  Na,,Ni,,Fe,,Co,,Mn,,Ti,,Cu,,0,
(NaNFCMTC-2') are selected for comparison to balance the
influence of Na content on the performance of cathodes. Gal-
vanostatic charge/discharge (GCD) curves of five samples at a
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Figure 3. Electrochemical performance of NaNFCMTC-1 cathode. a) Galvanostatic charge—discharge curves at 0.1 C. b) Voltage decay within 100 cycles
at 0.1 C. c) Rate performance of five cathodes at different current densities. Long-term cycling performance of five cathodes at d) 1 C rate and e) 5 C
rate. f) The initial three charge—discharge curves of NaNFCMTC-1||HC full-cell at 0.1 C. g) Cycling performance of the full cell at 1 C.

current density of 0.1 C (1 C = 220 mA g') within the volt-
age range of 2.2-4.1 V (vs. Na*/Na) are shown in Figure S7
(Supporting Information). The NaNFCMTC-0, NaNFCMTC-0’,
NaNFCMTC-1, NaNFCMTC-2’, and NaNFCMTC-2 exhibit initial
discharge capacities of 93.2, 98.9, 117.8, 111.5, and 117.7 mAh
g7!, respectively. NaNFCMTC-1 achieves superior reversibil-
ity with a high initial Coulombic efficiency (ICE) of 99.7%,
while the other four samples (NaNFCMTC-0, NaNFCMTC-0’,
NaNFCMTC-2’, and NaNFCMTC-2) get ICEs of 92.9%, 87.3%,
92.5%, and 90.6%, respectively. As a consequence, the voltage
hysteresis of NaNFCMTC-1 is less than 0.09 V (Figure 3a). When
the cutoff voltage comes to 4.3 V, a significant voltage hysteresis
reaches 0.23 V due to the phase transition in the high voltage
region beyond 4.2 V (Figure S8, Supporting Information).
During 100 cycles at 0.1 C, the average working voltage remains
~3.20 V (Figure S9, Supporting Information), and the overall
voltage decay is only 0.04 V (Figure 3b), with a capacity retention
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of 94.5% (Figure S10, Supporting Information) in the voltage
range of 2.2-4.1 V. From the suppressed voltage hysteresis and
voltage decay, it can be inferred that high-entropy structure
might inhibit cation migration and enhance the reversibility
of redox reactions, thus achieving a highly reversible phase
transition.

Rate capability at various current densities was further investi-
gated (Figure 3c). NaNFCMTC-1 delivers discharge capacities of
117.4,116.6, 114.9, 113.3, 110.8, 106.1, and 98.6 mAh g~! at 0.1,
0.2,0.5,1,2,5,and 10 C rates, respectively, maintaining 84.0% ca-
pacity ratio of 10 C to 0.1 C, which is most exceptional among the
five high-entropy cathodes. When it comes back to 0.1 C, the ca-
pacity of 116.6 mAh g! can be still obtained by NaNFCMTC-1, al-
most back to the initial state, revealing its outstanding structural
stability and accelerated transport kinetics of sodium ions. For
long-term cycling performance, NaNFCMTC-0, NaNFCMTC-
0’, NaNFCMTC-1, NaNFCMTC-2’, and NaNFCMTC-2 exhibit

© 2024 Wiley-VCH GmbH

858017 SUOWWOD BAIEa.D 3(edl|dde ayy Aq pausenob ale sajoiie O ‘SN JO San. 10y Afeiq18UIUO /8|1 UO (SUONIPUOD-PUE-SWBI 00" AB | M Aleiq| Ul UO//Schy) SUOIPUOD Pue SWwd 1 8Ly 88S *[7202/2T/6T] Uo AriqiTauliuo Ao|im ‘AiseAiun Buoiceir telx Aq 00EZTEZ0Z BWPe/Z00T 0T/I0p/L0o" A8 1M ARIq 1 pul|Uo// Sy Wolj papeoiumod ¥Z ‘%202 ‘G60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Pristine Ni
- Char. 4.1V
—— Dis. 2.2V

-
(3}

-
o

Normalized Intensity (a.u.) &

0.5
0.0f . X
8340 8344
8340 8350 8360
Energy (eV)
Pristine
15+ - Cr:arl. 4.1V Co

—— Dis. 2.2V

-
o

Normalized Intensity (a.u.) o

0.5
0.0f /a .
7718 7720
7710 7720 7730 7740

Energy (eV)

www.advmat.de

Pristine Fe
- Char. 4.1V
—— Dis. 2.2V

-
(3]

-
o

S
o

Normalized Intensity (a.u.) o

0.0 . .
7122 7124
7120 7130 7140
Energy (eV)
Pristine
1.5 Cl:arl. 4.1V Cu

—— Dis. 2.2V

-
o

o
3

o
o
L)
N

Normalized Intensity (a.u.) Q

8985 8987
8980 8990 9000
Energy (eV)

Figure 4. Charge compensation mechanism of NaNFCMTC-1 cathode during sodium (de)intercalation. Normalized ex situ XANES spectra of a) Ni
K-edge, b) Fe K-edge, c) Co K-edge, and d) Cu K-edge at pristine, fully charged (4.1V), and fully discharged (2.2 V) states.

capacities of 50.3, 45.6, 80.1, 39.1, and 44.9 mAh g™! after
1000 cycles at 1 C, corresponding to the retentions of 59.4%,
51.6%, 70.7%, 39.6%, and 41.0%, respectively (Figure 3d). Par-
ticularly, because of high average efficiency of Na||Na cell and
the sufficient sodium anode (Figures S11 and S12, Supporting
Information), NaNFCMTC-1 still gains a capacity of 80.8 mAh
¢! even at the high current density of 5 C (1100 mA g~') after
2000 cycles,!?! which is equivalent to the capacity retention of
79.4% (Figure 3e). NaNFCMTC-1 also delivers satisfactory fast-
charge and slow-discharge performance as well as good cycle sta-
bility and rate capability with high mass loading (Figures S13 and
S14, Supporting Information). This indicates that rationally high-
entropy regulated transition metal ions improve the rigidity of the
framework, and thus enhance the structural stability during the
repeated Na*t (de)intercalation process. The performance of O3-
type high-entropy cathodes reported recently is summarized in
Table S12 (Supporting Information), where our work manifests
significant advantages.
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Full cells with NaNFCMTC-1 cathode and presodiated hard
carbon (HC) anode (Figure S15a, Supporting Information), were
assembled to demonstrate practicability. As shown in Figure 3f,
the NaNFCMTC-1||HC full-cell exhibits a pretty high ICE of
99.2% with a reversible capacity of 116.9 mAh g™, enabling the
average operating voltage to reach about 3.1 V accompanied by
an energy density of 265.8 Wh kg=! (calculated based on the
total loading mass of cathode and anode). Due to the inferior
rate performance of HC, the full cell shows capacity decay con-
tinuously at relatively high current densities, but it can still de-
liver a stable capacity of 98.3 mAh g™ at the rate of 2 C (Figure
S15b, Supporting Information). Nevertheless, the full cell obtains
a capacity retention of 82.9% after 200 cycles at the rate of 1 C
(Figure 3g), which suggests the promising application potential
for high-entropy NaNFCMTC-1 cathode.

In order to preliminarily investigate the redox reactions in
high-entropy system, the cyclic voltammetry (CV) measurements
were carried out at the scan rate of 0.1 mV s7! for the five
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Figure 5. Coordination environment changes of NaNFCMTC-1 cathode during sodium (de)intercalation. Ex situ EXAFS spectra for a) Ni K-edge, b) Fe
K-edge, c) Co K-edge, and d) Cu K-edge at pristine, fully charged (4.1V), and fully discharged (2.2 V) states.

cathodes (Figure S16, Supporting Information). All these curves
are smooth with only two pairs of redox peaks at ~2.7-3.0 and
3.5-3.8 V, respectively. Based on the DOS result, the obvious
peaks at 2.7-3.0 V may be the redox of nickel because of the domi-
nant position of Ni, which is also related to the O3-P3 phase tran-
sition. The less pronounced peaks at 3.5-3.8 V can be assigned to
the redox couples of Fe** /Fe**, Co** /Co**, and Cu?* /Cu’*, given
their electrochemical activity. It is worth noting that the inten-
sity of the redox peaks for nickel in NaNFCMTC-1, NaNFCMTC-
2’, and NaNFCMTC-2 is higher than that in NaNFCMTC-0 and
NaNFCMTC-0’, while the intensity for the redox peaks at 3.5-
3.8 V are similar in five samples, suggesting that the addition of
Cu might promote the Ni redox reaction in the system, thereby
increasing the electrochemical capacity. The excellent redox re-
versibility in high-entropy cathodes is achieved, as all the CV
curves for each sample show a high degree of coincidence.

Ex situ X-ray absorption near edge structure (XANES) was per-
formed to further understand the charge compensation mecha-
nism in NaNFCMTC-1. From the previous DOS analysis and XPS
results, tetravalent Mn** and Ti*" have no electrochemical activ-
ity in our selected testing voltage range,*"! so we only character-
ize the remaining transition metal elements Ni, Fe, Co, and Cu.
Comparing the position of K-edge for NaNFCMTC-1 electrode in
pristine state with the reference compounds (NiO, Fe,0;, Co,;0,,
and CuO), the valence states of Ni**, Fe3*, Co**, and Cu?* are
further identified (Figure S17, Supporting Information), which
is in good agreement with XPS results. During the charge pro-
cess (Na* extraction), the Ni K-edge (Figure 4a) shifts more than
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2 eV toward the higher energy, which may indicate the complete
oxidation of Ni?* to Ni**, considering ~#117 mAh g=' capacity
of NaNFCMTC-1. Meanwhile, the K-edge spectra of Fe, Co, and
Cu only exhibit a slight edge shift (Figure 4b—d), indicating the
partial oxidation of Fe**/Fe**, Co**/Co**, and Cu?*/Cu’*. Upon
the discharge process (Na* insertion), the absorption edge of Ni
moves to lower energy and finally returns to the pristine position
at the fully discharged state, suggesting the redox of Ni?*/Ni**
is completely reversible during the electrochemical process in
NaNFCMTC-1, corresponding to a specific capacity of 96 mAh
g1, In the same way, the absorption edges of Fe, Co, and Cu shift
back to the initial position, delivering ~21 mAh g~! discharge ca-
pacity.

Extended X-ray Absorption Fine Structure (EXAFS) at dif-
ferent electrochemical states can be obtained through Fourier-
transform (Figure 5), where the first peak at about 1.5 A repre-
sents the TM—O coordination shell and the second peak at about
2.5 A is attributed to the TM—TM coordination shell. The varia-
tion in the coordination environment can be easily observed from
the position and intensity of peaks in EXAFS spectra.[*!] At the
fully charged state, the TM—O bonds of the four cations become
shorter based on their charge compensation contribution due to
oxidation, where the length of Ni—O bond changes most promi-
nently, while the variation in Fe—O, Co—O, and Cu—O bonds
is not obvious. The intensities of the Ni—O, Co—O, and Cu—0O
bonds increase while a decrease is observed for the intensity of
Fe—O bond after charge, which can be attributed to Fe*t by its
Jahn-Teller distortion.[?®¢) Cu—O undergoes significant changes
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calculated from the in situ XRD data. c) Schematic diagram of O3 and P3

in intensity but minimal changes in length, indicating that a
stronger redox reaction occurred around it, proving the excita-
tion of Cu on the reaction activity of the system. Based on the
XANES and EXAFS results, the redox reaction in NaNFCMTC-1
cathode is highly reversible, in which Ni significantly contributes
to capacity while Fe and Co dedicate partially, Cu provides a little
charge compensation but stimulates the reactivity. The excellent
stability of the NaNFCMTC-1 can be assigned to the structural
pillars served by the inactive elements (Mn and Ti) in TM layers
during sodium extraction/insertion.[3?]

To investigate the structural evolution upon electrochemical
Na* (de)intercalation, in situ XRD measurements were con-
ducted on the first cycle of NaNFCMTC-1 cathode (Figure 6a),
where the diffraction peak of aluminum foil at 20 = 44.6° is in-
variant. Upon Na* extraction, shifting toward a lower angle can
be observed for the (003) and (006) peaks, indicating the increase
of lattice parameter ¢ due to the interlayer expansion which is
caused by the enhanced electrostatic repulsion of O?~. Further-
more, the (101) and (012) peaks move to a higher angle, suggest-
ing that the reduced radius of oxidized ions shrinks the inter-
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structure with their sodium ion transport channels.

planar spacing, leading to the decrease of lattice parameter a.
When the extraction of Na* reaches 0.13, P3 phase with a space
group of R3m starts appearing, implied by the generation of new
peaks of (003) and (006) at a lower position with the peaks of
(101), (012), and (105) at a higher position. There is a coexistence
of O3 and P3 phases in the region of 0.68 < x < 0.77, after which
the diffraction peaks of O3 phase disappear, indicating the com-
plete conversion from O3 to P3 phase at 0.22 extraction of Na*.
The reflections of P3 phase continuously shift without any new
peaks appearing until the end of charge, demonstrating a solid-
solution reaction. During discharge, as the sodium ions are in-
serted constantly, all the diffraction peaks undergo an opposite
process and eventually return to the initial O3 state. The changes
of XRD patterns during charge—discharge obtain a high degree
of symmetry, indicating that modulating configurational entropy
stabilizes the transition metal skeleton, thus achieving a highly
reversible phase transition of 03-P3-03.

Corresponding lattice parameters were acquired by refin-
ing the in situ XRD data using Rietveld method (Figure 6b),
where the tendency is in good agreement with the analysis. The
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significant increase and decrease for lattice parameters ¢ and
a can be observed during the forming of P3 phase, which is
linked to the gliding of TMO, slabs caused by O3-P3 phase
transition.?*] The increased lattice parameter ¢ in P3 phase
means the expansion of interlayer spacing, which accelerates the
transport of sodium ions. It is worth noting that the P3 phase oc-
curs at the sodium ion extraction ~0.13, and rapidly transitions
into the complete P3 phase thereafter until the late stage of dis-
charge, which makes NaNFCMTC-1 cathode maintain a wider
range in P phase of the tri-prism structure with fast Na* kinetics
rather than O phase of the octahedral structure with poor Na* ki-
netics during electrochemical cycling (Figure 6¢),1*! contributing
to its excellent rate capability. Moreover, compared with the ini-
tial state, the volume change of the unit cell at the fully charged
state is only 1.15%, revealing remarkable structural stability of
the high-entropy cathode, which accounts for the high capacity
retention during long-term cycling.

In view of the outstanding rate performance exhibited by the
cathodes, CV tests were performed at different scan rates from
0.1to 1.0 mV s~! to make a quantitative comparison of Na* trans-
port capacity. The most obvious redox peaks are selected for cal-
culation (Figures 7a and S18, Supporting Information), where
peak a and peak b represent the typical sodium ion diffusion in
the charge and discharge stages, respectively. The linear relation-
ship of peak currents with the square root of scan rate was fit-
ted due to the positive correlation between D,,, and the slope
of the I, /v'/? curves (Figure 7b,c). The Cu containing cathodes
(NaNFCMTC-1, NaNFCMTC-2’, and NaNFCMTC-2) are deter-
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mined to have higher absolute slope values with larger apparent
Na* diffusion coefficients (Table S13, Supporting Information)
than the cathodes without Cu (NaNFCMTC-0 and NaNFCMTC-
0’) both at peaks a and b, indicating that the addition of Cu not
only stimulates the redox activity in the system but also pro-
motes the kinetics of sodium ions. Electrochemical impedance
spectroscopy (EIS) was conducted to get an insight view of Na*
diffusion impedance (Figure 7d), and the results were fitted us-
ing the equivalent circuit in Figure S19 (Supporting Informa-
tion). Both Nyquist plots (Figure S20, Supporting Information)
and impedance results (Table S14, Supporting Information) in-
dicate the least overall resistance of NaNFCMTC-1, which is also
demonstrated to obtain the lowest R, suggesting the excellent
diffusion performance of Na* inside the material.*’]
Galvanostatic intermittent titration technique (GITT) mea-
surements were performed to further understand the sodium
ion diffusion throughout the whole charge and discharge pro-
cess (Figure S21, Supporting Information), from which the dif-
fusion coefficient of Na* at different states can be calculated
(Figure 7e). Along with the charge progressing, there is an ob-
vious drop occurring on each curve, corresponding to the phase
transition of O3-P3. As the materials completely convert into P3
phase, the diffusion rates of Na* increase. During discharge, P3
structure provides a good diffusion channel for sodium ions until
the cathodes undergo a phase transition and return to O3 phase.
It should be explained that there is a decrease in diffusion co-
efficient upon the end of the charge state, which is not related
to the P3 structure, but caused by the weakening of electrostatic
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Figure 8. Na* kinetics of NaNFCMTC-1 revealed by FPMD simulations. Trajectories of sodium ions at 900 K from 2 to 8 ps in a) O3 and c) P3 phase.
The right panel provides a top view of the Na* layer. Corresponding Arrhenius plots of diffusion coefficients in NaNFCMTC-1 are presented in b) O3
and d) P3 phase, from which Nat migration energy barriers of 0.24 and 0.17 eV are obtained, respectively.

repulsion of Na—Na as the diminution of sodium concentration
in the lattice.” The voltage polarization (Figure S22a,b, Support-
ing Information) and Ohmic polarization (Figure S22c¢,d, Sup-
porting Information) during the charge-discharge process can
also be acquired from GITT data, where NaNFCMTC-1 exhibits
a lower polarization compared to others, corresponding to its in-
conspicuous voltage hysteresis.

To gain a more profound understanding of the diffusion dy-
namics of NaNFCMTC-1, first-principles molecular dynamics
(FPMD) calculations were employed for both O3-type and P3-
type phases. The mean square displacement (MSD) curves, ex-
tracted from stable data covering the time span of 2 to 8 ps
(Figures S23 and S24, Supporting Information), demonstrate
minimal variations in the motion of ions, excluding Na*, across
the temperature range of 600 to 900 K. This suggests remark-
able thermal stability with the high-entropy framework of both
03 and P3 structures, effectively impeding the migration of
cations and mitigating voltage hysteresis. In contrast, Na* ex-
hibits substantial diffusion, with a noticeable increase at elevated
temperatures, as evidenced by the diffusion coefficient Dy, de-
rived from the slope of the MSD curves. Furthermore, Figure 8a
and Figure 8c emphasize a notable disparity in Na* diffusion
behavior between O3 and P3 phases. In the O3-type, Na* per-
meates adjacent sodium sites through tetrahedral vacancies lo-
cated between octahedra, while in the P3-type configuration,
it traverses 2D channels within tri-prisim sites.?®] Simultane-
ously, Figure 8b and Figure 8d reveal a lower diffusion barrier
(0.17 eV) and a significantly higher diffusion coefficient (1.49
x 1078 cm? s7!) at 300 K for the P3 phase compared to the
03 phase (0.24 eV, 1.19 x 107® cm? s71), as deduced from the
Arrhenius equation,*”] which augurs well for the fast sodium
ion diffusion. Therefore, the transition of NaNFCMTC-1 from
the O3 phase to the P3 phase results in superior Na* kinetic
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performance without compromising the thermal stability of the
system.

3. Conclusion

In summary, a series of high-entropy layered oxides were se-
lected and synthesized toward application for SIBs. The high-
entropy configuration within transition metal slabs helps to reg-
ulate electronic structure, strengthen TMO, skeleton and en-
large the sodium ion diffusion channel, leading to the higher re-
versibility of TM redox, more mitigatory phase evolution from
O3 to P3 phase, lower Na' migration energy barrier of 0.17
eV, thus faster sodium ions diffusion (~1071° cm? s71) during
Na* (de)intercalation process. Therefore, suppression of voltage
hysteresis, enhancement of rate capability and prolongment of
cycling stability for this high-entropy material are achieved in
SIBs. The target NaNFCMTC-1 material exhibits a very small
voltage hysteresis of 0.09 V, ~80% of capacity retention after
2000 cycles and a distinguished rate capability with almost 84%
of capacity retention at 10 C. This work highlights the signif-
icance of high-entropy configuration design within TMO, lay-
ers of the layered oxide cathode materials for SIBs, which will
undoubtedly facilitate their future implementation in practical
applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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