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A B S T R A C T   

Sluggish kinetics and structural instability caused by oxygen redox can lead to poor electrochemical performance 
of cathode materials, resulting in a much lower operating voltage during discharging than charging (especially at 
high current densities) and poor power-capability. Additionally, undesirable phase transitions during charge/ 
discharge negatively affect the electrochemical performance of oxygen-redox-based P2-type Mn-based layered 
oxide cathodes. In this study, we demonstrate the successful stabilization of oxygen redox in P2-type Mn-based 
layered oxide cathodes through the synergy of Cu-Co. Particularly, the discharge operation voltage and energy 
density during fast charging are significantly enhanced. The average discharge voltage difference of P2-type 
Na0.67[Cu0.2Co0.2Mn0.6]O2 between 10 and 1000 mA g− 1 is approximately ~0.18 V, respectively, which is 
distinctly different from the case of P2-type Na0.67[Cu0.2Mn0.8]O2 showing differences of approximately ~0.36 V 
under the same conditions. Moreover, after 100 cycles, the discharge capacity of P2-type Na0.67[Cu0.2Co0.2Mn0.6] 
O2 with oxygen redox is retained to ~93% of the initial capacity, due to both a small volume change during 
charge/discharge (~0.6%) and successful suppression of undesirable phase transition of P2-OP4. The outcomes 
of this study underscore the viability of employing oxygen-redox-based P2-type Na-layered oxide as a reasonable 
method for achieving exceptional high-rate and high-voltage performance.   

1. Introduction 

Environmental pollution by the indiscriminate use of fossil fuels has 
been considered as one of the most critical issues in the world.[1,2] 
Consequently, the importance of eco-friendly energy is emerging, and 
the development of effective energy storage systems (ESSs) is pro
gressing.[3–7] Li-ion batteries (LIBs) have garnered great attention as 
one of the most promising EESs owing to their high energy densities. 
[8–12] Nowadays, demands for LIBs are rapidly growing in large-scale 
application such as electronic vehicles (EVs) as well as small, portable 
mobile electronics such as laptops and cellphones. However, the supply 
of LIB is not keeping up with the explosively growing demands for en
ergy storage systems due to the limited and concentrated Li sources in 

the earth, which results in large increase of LIB production cost.[13] 
Thus, the need for new low-cost ESSs is increasing. 

Recently, Na-ion batteries (SIBs) have emerged as one of the low-cost 
alternative to LIBs for large-scale ESSs,[14,15] owing to unlimited Na 
sources in the sea and the alkali-ion-based reaction mechanism similar 
to LIBs.[16–18] At present, many researches have focused on develop
ment of novel cathode materials for SIBs,[19] such as layered oxides, 
polyanion compounds, Prussian blue analogue, etc. Especially, 
prismatic-type (P-type) Mn-based layered oxide materials (NaxMnO2) 
have great attention as a promising cathode for SIBs due to their high 
theoretical capacity.[20] Moreover, it was reported that P2-Nax[Mn1-
yMy]O2 (M = Mg, Zn, Li, Cu, etc.) can exhibit a large available capacity 
and energy density through not only cationic redox reaction of transition 
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metal (TM) ions but also anionic redox reaction of oxygen anions.[21] 
However, the oxygen redox reaction (OR) accompanies negative effects 
on electrochemical properties, such as severely low operation voltage 
during discharge (especially at high current densities), by sluggish ki
netics and structural instability, which should be solved for practical 
application of OR-based P2-Nax[Mn1-yMy]O2 as the cathode for SIBs. 
[22] Moreover, it was reported that most of OR-based P2-Nax[Mn1-yMy] 
O2 experience the undesirable phase transition from P2-type structure to 
octahedral-type (O-type) structure on charging, which can be a reason of 
poor electrochemical performances of OR-based P2-Nax[Mn1-yMy]O2. 
[23] Although it was reported that Cu-based P2-Nax[Mn1-yMy]O2 ma
terials can deliver OR during charge/discharge without P2-OP4 phase 
transition, their OR on discharging occurred at a lower voltage than 
those on charging, and the voltage gap of OR between the charge and 
discharge processes became larger at higher current densities.[24] To 
enhance the OR kinetics during discharging process, we focused on the 
method to improve the electronic and ionic conductivities on fully 
Na-deintercalated P2-Nax[Mn1-yCuy]O2. It was reported that the density 
of states (DOSs) of O 2p and Co 3d orbitals are overlapped in the layered 
oxides, which enables outstanding power capability of LiCoO2.[25] 

Inspired by these previous researches, we expected Cu-Co cation 
synergy can successfully enhance the kinetics of high-voltage OR in P2- 
Nax[Mn1-yMy]O2 with no phase transition of P2-OP4 during charge/ 
discharge, and demonstrated it through first-principles calculation and 
various experiments. At a current density of 10 mA g− 1 within the 
voltage range of 2.0–4.6 V (vs. Na+/Na), P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
exhibited the discharge capacity of ~133 mAh g− 1. In particular, its 
average discharge voltages of ~3.17 V was much higher than P2- 
Na0.67[Cu0.2Mn0.8]O2 (~2.99 V). Furthermore, at the high current 
density of 1000 mA g− 1, the discharge voltage gap between P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 was ~0.36 V. 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 exhibited ~1.4 times higher energy den
sity at 1000 mA g− 1 than P2-Na0.67[Cu0.2Mn0.8]O2. These results clearly 
indicated the enhanced OR kinetics in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, 
which was also backed up through first-principles calculation to 
compare the theoretical DOSs and Na+ diffusion barrier energies be
tween the fully Na-deintercalated P2-Na0[Cu0.2Co0.2Mn0.6]O2 and P2- 
Na0[Cu0.2Mn0.8]O2. In terms of cycle-performances, P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 delivered outstanding capacity retention of above 93% 
for 100 cycles at 100 mA g− 1 with high Coulombic efficiency (>99%) 
despite high-voltage OR during charge/discharge, which is supported by 
the operando XRD results showing well retention of the original structure 
even after OR reaction without P2-OP4 phase transition. In addition, the 
OR occurrence in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 was confirmed through 
first-principles calculation and ex-situ soft X-ray absorption spectroscopy 
(sXAS), etc. 

2. Material and methods 

2.1. Synthesis of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2- 
Na0.67[Cu0.2Mn0.8]O2 

P2-Na0.67[Cu0.2Co0.2-xMn0.6+x]O2 (x = 0, 0.1and 0.2) compounds 
and P2-Na0.67[Cu0.2-xCo0.2Mn0.6+x]O2 (x= 0.1 and 0.2) were prepared 
using the solid-state method. Na2CO3 (Sigma Aldrich, 99.5%), CuO 
(Samchun Chemical, 98%), CoC2O4 (Alfa Aesar, 98%) and Mn2O3 (Alfa 
Aesar, 99%) were used as precursors. 5 mol% of Na2CO3 was addition
ally added to compensate the loss of sodium during calcination. P2- 
Na0.67[Ni0.2Co0.2Mn0.6]O2 was also prepared using the solid-state 
method. Na2CO3 (Sigma Aldrich, 99.5%), Ni(OH)2 (Alfa Aesar, 
96.3%), CoC2O4 (Alfa Aesar, 98%) and Mn2O3 (Alfa Aesar, 99%) were 
used as precursors. 5 mol% of Na2CO3 was additionally added to 
compensate the loss of sodium during calcination. Stoichiometric 
amounts of the precursors were mixed by high-energy ball milling ma
chine at 400 rpm for 12 h with silicon-nitride balls. After mixing, the 
homogenous mixed powder was pelletized using a pressure machine and 

calcined under air atmosphere at 850 ∘C for 12 h (heating rate of 2.5 ∘C 
min− 1). 

2.2. Materials characterization 

The crystal structure of P2-Na0.67[Cu0.2Co0.2-xMn0.6+x]O2 (x = 0 and 
0.2) were analyzed using X-ray diffraction (XRD, PANalytical) with Mo 
Kα radiation (wavelength = 0.70932 Å). The 2θ range was 4.61◦ to 
34.32◦ with a step size 0.01◦. Then, the XRD patterns’ angles were 
transformed using Cu Kα radiation (λ=0.70932 Å) to contrast with 
previous research. The Fullprof Rietveld program was used to analyze 
XRD refinement data. The operando XRD (o-XRD) patterns were ob
tained to monitor structural change during charge/discharge at current 
density of 20 mA g− 1 within the voltage range 2.0–4.6 V (vs. Na+/Na). 
Operando XRD patterns of P2-Na0.67[Cu0.2Co0.2-xMn0.6+x]O2 (x = 0 and 
0.2) were measured using an X-ray diffractometer (PANalytical Empy
rean) with Cu Kα radiation (wavelength = 1.54178 Å) in the 2θ range of 
10◦ to 82◦ with a step size 0.013◦. The atomic ratio of elements such as 
Na, Cu, Co and Mn was measured using an inductively coupled plasma 
emission spectrometer (ICP-AES; OPTIMA 8300, Perkin-Elmer). The FE- 
SEM (Gemini SEM 560, ZEISS) was utilized at 30 keV to ascertain the 
morphology of the materials at the National Center for Inter-University 
Research Facilities (NCIRF) at Seoul National University. TEM images 
and EDS mappings were measured by FE-TEM; JEM-F200 at the Na
tional Center for Inter-University Research Facilities (NCIRF) at Seoul 
National University. Before conducting the measurements, the samples 
were dispersed in ethanol using an ultrasonicator. Subsequently, a drop 
of the suspension was sprayed onto a carbon-coated Cu TEM grid, which 
was allowed to dry at room temperature overnight for the purpose of 
ethanol evaporation. Cu K-edge Co K-edge and Mn K-edge were as 
subjected to ex-situ X-ray absorption spectroscopy (XAS) analysis at the 
8C Nano XAFS beamline located at the Pohang Accelerator Laboratory 
(PAL), Cu, Co and Mn metal foil were used as reference spectra. P2- 
Na0.67[Cu0.2Mn0.8]O2 Cu K-edge and Mn K-edge were as subjected to ex- 
situ X-ray absorption spectroscopy (XAS) analysis at the 10C Wide XAFS 
beamline located at the Pohang Accelerator Laboratory (PAL), Cu and 
Mn metal foil were used as reference spectra. The spectra were collected 
in transmission mode with high electron energy (2.5 GeV) with a 200 
mA current condition encompassing the X-ray absorption near edge 
structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) regions. Soft X-ray absorption spectroscopy (sXAS) spectra for 
the O K-edge were measured at the 4D-PES beamline at PAL with a 
photon energy range of 525-560 eV, utilizing high-energy grating 
(HEG). The data collected from both XAS and sXAS were subjected to 
analysis using the Athena software. The samples were prepared in the 
form of an electrode. X-ray photoelectron spectroscopy (XPS) analysis 
was measured using an Axis SupraTM (Kratos, UK) at the National Center 
for Inter-University Research Facilities (NCIRF) at Seoul National Uni
versity. Continuous-wave electron paramagnetic resonance (CW-EPR) 
spectra was measured on a EMXplus-9.5/12/P/L system (Bruker) spec
trometer with dual mode DM1012 resonator and continuous flow 
cryostat for EPR (ESR900 OXFORD instruments) in X-band The 
perpendicular-mode EPR spectra were recorded with a microwave fre
quency of 9.64 GHz under 50 K using a microwave power of 0.01 mW, 
modulation amplitude of 10 G, and modulation frequency of 100 kHz. 
The ex-situ CW-EPR spectra observed were normalized based on the 
mass of cathode materials and measured Q values. EPR measurement 
samples were sealed in the Ar-filled glove box. 

2.3. Electrochemical characterization 

P2-Na0.67[Cu0.2Co0.2-xMn0.6+x]O2 (x = 0 and 0.2) electrodes were 
produced by combining 70 wt% active material, 20 wt% Super P carbon 
black, and 10 wt% polyvinylidene fluoride (PVDF) using N-methyl-2- 
pyrrolidone (NMP) as the solvent. The mixture was then cast on Al foil 
and dried overnight under vacuum conditions at 100◦C. Once dry, the 
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electrodes were punched into a disk with a diameter of 10π-mm, and the 
electrode had a mass loading of approximately 2 mg cm− 2. To assemble 
the half-cells CR2032-type coin cells were used, which included Na 
metal as the counter electrode, a separator (Whatman GF/F glass fiber), 
and 1 M NaPF6 in propylene carbonate (PC) and fluoroethylene car
bonate (FEC) = 98:2 (v/v) as the electrolyte. The coin cells were 
assembled in an Ar-filled glove box. Galvanostatic charge/discharge 
tests were conducted at various current densities (10, 30, 60, 100, 200, 
300, 500, 700, and 1000 mA g− 1 in the voltage range of 2.0–4.6 V (vs. 

Na+/Na). The charge current density was remained constant at 10.0 mA 
g− 1. The battery cycling tests were performed using an automatic bat
tery charge/discharge test system (WBCS 3000, WonATech). Once the 
initial charge/discharge process was completed, the cycle-performance 
was measured at a current density of 100 mA g− 1. Differential elec
tron mass spectrometry (Hiden Analytical, UK) was employed to identify 
the quantities of O2 and CO2 gases produced throughout the electro
chemical examination. Coin cells featuring an aperture in the casing 
were utilized for the DEMS test and placed inside the DEMS cell to 

Fig. 1. Material characterization of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2: (a) TEM image and (b) TEM-EDS mapping results (atomic ratio of Na: Cu: Co: Mn = 0.335: 1: 1: 
3). (c) XRD pattern and Rietveld refinement results of P2-type Na0.67[Cu0.2Co0.2Mn0.6]O2 (Rp = 5.30%, Rwp = 6.94%, χ2 = 2.98%). (d) Crystal structure of P2-type 
Na0.67[Cu0.2Co0.2Mn0.6]O2. Pristine K-edge of (e) Cu, (f) Co, (g) Mn. 
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facilitate the inflow and outflow of gases. Each cell was connected to the 
DEMS analysis line, which consisted of an argon (Ar) carrier gas, a mass 
flow controller, an inlet/outlet gas line for cell connection, and a mass 
spectrometer. Ar gas (99.999% purity) was employed as the carrier gas, 
and the gas flow rate was adjusted to 2.5 mL min− 1. The internal area of 
the cell was purged with Ar gas to eliminate any residual impurities. 
Following the purging process, the cell underwent charging/discharging 
at a current density of 10 mA g− 1 within the voltage range of 2.0–4.6 V 
(vs. Na+/Na). 

2.4. Computational details 

All of the density functional theory (DFT) calculations of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 were conducted by the Vienna Ab Initio 
Simulation Package (VASP) [26]. The projector-augmented wave (PAW) 
pseudopotentials were adopted through the plane wave basis embedded 
in the VASP.[27] The exchange–correlation functional was expressed 
using the generalized gradient approximation (GGA) of the Per
dew–Burke–Ernzerhof (PBE) parameterization.[28] A 2 × 2 × 1 super
cell structure of P2-Nax[Cu0.25Co0.25Mn0.5]O2 composition was 
constructed to evaluate the intrinsic features of P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2. As the main operation mechanism of cathode materials 
in the battery cell system follows electrochemical reaction pathway, the 
oxidation states of each transition metals were considered as a main 
aspect. The constructed structures were calculated using a 6 × 6 × 3 
K-point grid. The localization of the d-orbital in Cu, Co, Mn ions were 
represented by GGA+U method with Ueff of 4.0, 3.4, and 3.9, respec
tively.[29] The Na+/Va configurations at each composition was gener
ated by CASM software, and maximum of 20 configurations at each 
composition were calculated by the density functional theory (DFT). 
[30] 

3. Result and discussion 

3.1. Morphological and structural properties of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 

P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 was synthesized through a conven
tional solid-state reaction method. Through transmission electron mi
croscopy (TEM) and scanning electron microscopy (SEM) analyses at 
low magnification that depict the overall particle size (Fig. 1a and 
Fig. S1a), it was verified that P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 has the 
average particle size of ~0.9 µm. Additionally, similar to the TEM im
ages, it was observed that plate-like morphology clearly in the SEM 
images (Fig. S2). TEM-based energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping analysis indicates Na, Cu, Co, and Mn elements are 
homogeneously distributed in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 particles 
and their atomic ratio is Na: Cu: Co: Mn = 0.67: 0.2: 0.2: 0.6 (Fig. 1b). 
The atomic ratio was also confirmed through inductively coupled 
plasma (ICP) analysis (Table S1). To investigate the crystal structure of 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, we performed the XRD analysis and 
Rietveld refinement. As shown in Fig. 1c, P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
has a well-ordered hexagonal structure and space group P63/mmc with 
no impurities or second phases. Its lattice parameters are a = b =
2.86712(6) Å and c = 11.1884(6) Å, and the detailed structural infor
mation, such as atomic coordinate, thermal factor (Biso), and occupancy, 
is tabulated in Table S2. The high accuracy of the Rietveld refinement 
results is demonstrated by the low values of the reliability factors (Rp =

5.30%, Rwp = 6.94%, χ2 = 2.98%). Fig. 1d shows the illustration on the 
crystal structure of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 based on the struc
tural information, which indicates the typical P2-type layered structure 
composed of ABBA oxygen stacking sequence. The oxidation states of 
TMs in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 were analyzed through 
synchrotron-based X-ray absorption near edge structure (XANES) ana
lyses (Fig. 1e-g). It was identified that Cu and Co ions in P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 have the oxidation states of approximately 

+2 and +3, respectively. In terms of Mn ions, its oxidation state is close 
to +4. It implies that the cationic redox (Cu2+/Cu3+, Co3+/Co4+ and 
Mn3+/Mn4+) and anionic redox (O2− /O− ) reactions can be occurred in 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 during Na+ de/intercalation. In addition, 
we prepared P2-Na0.67[Cu0.2Mn0.8]O2 as the same synthesis process, to 
compare the various electrochemical properties with P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2. Fig. S3-4 show XRD pattern and SEM image of P2- 
Na0.67[Cu0.2Mn0.8]O2. It was verified the crystal structure of P2- 
Na0.67[Cu0.2Mn0.8]O2 consists of the hexagonal structure and space 
group P63/mmc and its particle size is ~0.95 µm (Fig. S1b), which is 
highly similar to P2-Na0.67[Cu0.2Co0.2Mn0.6]O2.[31] The detailed 
structural information of P2-Na0.67[Cu0.2Mn0.8]O2 was arranged in 
Table S3. In addition, we compared the Mn K-edge XANES spectra be
tween P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 
(Fig. S4). It was verified that P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 exhibited 
higher oxidation state of Mn ion than P2-Na0.67[Cu0.2Mn0.8]O2, which 
indicates that the Co-substitution can result in reducing the amount of 
Mn3+ in P2-type Mn-based layered oxide. It is well matched with the 
previous researches showing that the Co-substitution can help reducing 
the fraction of Mn3+.[32] 

3.2. Enhanced kinetics of oxygen redox in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 

To investigate the synergetic effect of Cu-Co cations for enhanced OR 
kinetics, we performed the various electrochemical tests of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 in the voltage 
range of 2.0–4.6 V (vs. Na+/Na). Fig. S4 shows the initial charge/ 
discharge curve of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 at the current density 
of 10 mA g− 1, and it was verified the initial charge capacity was ~136 
mAh g− 1 corresponding to 0.53 mol Na+ deintercalation by Cu2+/Cu3+, 
Co3+/Co4+ and O2− /O− redox reactions. In case of P2-Na0.67[C
u0.2Mn0.8]O2, it delivered the initial charge capacity of ~125 mAh g− 1 

with Cu2+/Cu3+ and O2− /O− redox reactions (Fig. S5) at the same 
conditions. 

Moreover, it was revealed the average discharge voltages of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 at 10 mA g− 1 

were ~3.17 V and ~2.99 V, respectively. Interestingly, the difference of 
the average discharge voltage between them was more remarkable at 
higher current densities. Fig. 2a-b show the discharge profiles of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 at the various 
current densities after the charging process at 10 mA g− 1. The average 
discharge voltages of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[C
u0.2Mn0.8]O2 are arranged in Fig. 2c. We confirmed the difference of the 
average discharge voltages between them gets larger and larger with 
increase of the discharge current density. Even at 1000 mA g− 1, espe
cially, the difference was as much as 0.36 V. Moreover, the discharge 
capacity of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 was ~102 mAh g− 1 at 1000 
mA g− 1, which is larger than that of P2-Na0.67[Cu0.2Mn0.8]O2 (~92 mAh 
g− 1) at the same conditions. Conducting repetitive experiments at 
different current densities to measure the power-capability also showed 
similar results. In the case of P2-Na0.67[Cu0.2Mn0.8]O2, the specific 
discharge capacity was 92.15 mAh g− 1 at the current density of 1000 mA 
g− 1, which is just 67.75% of the capacity measured at 10 mA g− 1. On the 
other hand, in the case of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, the discharge 
capacities at 10 and 1000 mA g− 1 were 133.16 and 102.70 mAh g− 1, 
respectively, which indicates the capacity retention of 77.12% at 1000 
mA g− 1 compared to the capacity at 10 mA g− 1. (Fig. S7a-b) 

As shown in Fig. 2d, we arranged the power-capability results of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 based on the 
energy density, which shows the outstanding power-capability of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 more clearly. These results imply P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 exhibited the enhanced kinetics of OR reac
tion (O2− /O− ) than P2-Na0.67[Cu0.2Mn0.8]O2, which is also demon
strated through the various first-principles calculation results. As 
presented in Fig. 2e-f, we investigated the theoretical Na+ diffusion 
motion and the required activation barrier energies of fully Na- 
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deintercalated P2-Na0[Cu0.2Co0.2Mn0.6]O2 and P2-Na0[Cu0.2Mn0.8]O2 
using nudged elastic band (NEB) method based on first-principles 
calculation, to compare the Na+ diffusion based on OR during 
discharge. To investigate the Na+ diffusion kinetics in oxygen redox 
reaction, the transition metal (TM) ions should be fully oxidized, such as 
Cu3+, Co4+ and Mn4+. Thus, to compare the Na+ diffusion kinetics in 
oxygen redox reaction between P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2- 
Na0.67[Cu0.2Mn0.8]O2 more clearly, fully Na-deintercalated phases with 
fully oxidized TM ions were prepared. It was clearly revealed the 
required Na+ diffusion barrier energy in P2-Na0[Cu0.2Co0.2Mn0.6]O2 
(~409.02 meV) is lower than that in P2-Na0[Cu0.2Mn0.8]O2 (~639.88 
meV), which indicates the enhanced OR kinetics in P2-Na0[Cu0.2

Co0.2Mn0.6]O2. 
The enhanced OR kinetics was also confirmed through additional 

first-principles calculation on prediction of theoretical DOSs to verify 
the redox reactions of Cu2+/Cu3+, Co3+/Co4+ and O2− /O− in P2- 

Nax[Cu0.2Co0.2Mn0.6]O2. Fig. 3a-b show the changed DOSs and charge 
densities of P2-Nax[Cu0.2Co0.2Mn0.6]O2 depending on Na contents in the 
structure. It was verified that Cu2+/Cu3+ and Co3+/Co4+ redox reactions 
are occurred during Na+ de/intercalation between P2-Na0.75[Cu0.2

Co0.2Mn0.6]O2 and P2-Na0.5[Cu0.2Co0.2Mn0.6]O2 phases and between 
P2-Na0.5[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.25[Cu0.2Co0.2Mn0.6]O2 phases, 
respectively. The charge densities of O anions neighboring Cu and Co 
cations were also slightly changed by the effects on Cu2+/Cu3+ and 
Co3+/Co4+ redox reactions. And then, OR was occurred during Na+

deintercalation from P2-Na0.25[Cu0.2Co0.2Mn0.6]O2, which is confirmed 
through an unoccupied state of O 2p orbitals in P2-Na0[Cu0.2Co0.2Mn0.6] 
O2. The various redox reactions occurred in P2-Nax[Cu0.2Co0.2Mn0.6]O2 
during Na+ de/intercalation was also demonstrated using the Bader 
charge calculation (Fig. S6). 

Interesting point is the difference of band-gap between fully Na- 
deintercalated P2-Na0[Cu0.2Co0.2Mn0.6]O2 and P2-Na0[Cu0.2Mn0.8]O2. 

Fig. 2. Electrochemical performance of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2: Charge/Discharge profiles of (a) P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
and (b) P2-Na0.67[Cu0.2Mn0.8]O2 in the voltage range 2.0–4.6 V (vs. Na+/Na) at various current densities. (c) Average discharge voltage of P2-Na0.67[Cu0.2Co0.2Mn0.6] 
O2 and P2-Na0.67[Cu0.2Mn0.8]O2 at various current densities. (d) Energy density and power density of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 at 
various current densities. (e) Predicted Na+ diffusion pathway in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 and (f) predicted activation barrier 
energy for Na+ diffusion. 
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The band-gap allows us to predict the intrinsic electronic conductivities 
of materials,[33–36] and it was known the lower band-gap indicates the 
better electronic conductivity.[37,38] Fig. 3c shows the theoretical 
band-gaps of P2-Na0[Cu0.2Co0.2Mn0.6]O2 and P2-Na0[Cu0.2Mn0.8]O2 are 
calculated to be ~0.84 eV and ~1.27 eV, respectively, which indicates 
the electronic conduction for OR in P2-Na0[Cu0.2Co0.2Mn0.6]O2 during 
discharge is better than in P2-Na0[Cu0.2Mn0.8]O2. By these reasons on 
the enhanced Na+ ionic and electronic conductivities, P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 can deliver better OR kinetics than P2-Na0.67[Cu0.2Mn0.8] 
O2 and the difference of their OR kinetics is more remarkable at high 
current densities (shown in Fig. 2a-b). 

3.3. Outstanding cycle-performance and structural stability of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 

In addition, we compared the cycle-performances of P2- 
Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2. As shown in 
Fig. 4a, the capacity of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 was retained to 
~93% of the initial capacity after 100 cycles at the current density of 
100 mA g− 1, which is better than the cycle-performance of P2- 
Na0.67[Cu0.2Mn0.8]O2 showing the capacity retention of ~85% at the 
same conditions. In particular, their main difference during prolonged 
cycling is the degree of voltage-decay. It was reported OR can result in 
the voltage-decay by the structural degradation,[21,39,40] which is 
considered as an important issue that should be solved for real appli
cation of OR-based cathode materials. Fig. 4b shows the average 
discharge voltages of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and 

Fig. 3. Calculated density of states and visualized charge density: (a) Projected density of states (pDOS) of Mn-3d, Co-3d, Cu-3d and O-2p at P2-Nax[Cu0.2Co0.2Mn0.6] 
O2 (0 ≤ x ≤ 0.75). (b) The visualized partial charge data of Mn-3d, Co-3d, Cu-3d and O-2p collected at P2-Nax[Cu0.2Co0.2Mn0.6]O2 (0 ≤ x ≤ 0.75) (electron densities: 
yellow dotted box, hole densities: blue botted box). (c) Projected density of states (pDOS) with band-gap of Mn-3d, Co-3d, Cu-3d and O-2p of P2-type Na0[Cu0.2

Co0.2Mn0.6]O2 and d) Na0[Cu0.2Mn0.8]O2. 
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P2-Na0.67[Cu0.2Mn0.8]O2 for 100 cycles. The voltage decay of 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 after 100 cycles was ~99 mV, which is 
smaller than that of P2-Na0.67[Cu0.2Mn0.8]O2 (~128 mV). Difference of 
the OR voltage decay between P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and 
P2-Na0.67[Cu0.2Mn0.8]O2 was more clearly observed in the differential 
capacity versus voltage (dQ/dV) plots (Fig. S7). These results imply the 
enhanced structural stability in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 can make 

the OR more stably. The difference of cycle-performances between 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 for 100 cy
cles at 100 mA g− 1 was even more evident in comparison of their energy 
densities (Fig. S8). 

To confirm the structural stability of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, 
we performed the operando XRD analysis and investigate the structural 
changes during Na+ de/intercalation. As shown in Fig. 4c-d, the P2-type 

Fig. 4. Structure stability of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2: (a) Cycle-performance of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Mn0.8]O2 in the voltage 
range 2.0–4.6 V (vs. Na+/Na) during 100 cycles at 100 mA g− 1

. (b) Average discharge voltages for 100 cycles at 100 mA g− 1 between P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
and P2-Na0.67[Cu0.2Mn0.8]O2. (c) Operando XRD patterns, (d) voltage profile, magnified views of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 during charge/discharge. (e) Vari
ation of unit cell parameters c (blue points), a/b (green points), and volume (red points). 
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layered structure was well retained without any phase transitions such 
as P2-OP4 during charge/discharge in the voltage range of 2.0–4.6 V. 
Through Rietveld refinement, it was also verified the changes in the c 
and a(=b) lattice parameters of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 during 
charge/discharge were ~1.2% and ~0.9%, respectively, and the total 
volume change was just ~0.6% (Fig. 4e). It was reported the strong 
covalence of Cu-O mitigates the anisotropic changes of other TM-O 
bonds in the structure,[24,41–43] enabling the maintenance of stable 
TM-O lattice integrity.[44] Thus, Cu cation can play a crucial role in the 
suppressing undesired phase transitions within the structure. In case of 
P2-Na0.67[Cu0.2Mn0.8]O2, it also showed the suppressed phase transition 
of P2-OP4 during charging to 4.6 V, like P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 

(Fig. S9). However, the volume change of P2-Na0.67[Cu0.2Mn0.8]O2 
during charge/discharge was ~1.8%, which is larger than that of 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2. Moreover, it was observed that 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 showed the slight change in the XRD 
pattern even after 100 cycles and its morphology was well-preserved, 
whereas P2-Na0.67[Cu0.2Mn0.8]O2 lost much of its initial XRD pattern 
after 100 cycles and the intensities of the XRD peaks, especially (002) 
plane, also highly deteriorated. (Fig. S10-11). These results on the 
suppression of undesirable phase transitions and the small structural 
changes indicate the high structural stability of P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 by the Cu-Co cation synergy, enabling the stable occur
rence of OR . 

Fig. 5. Redox reaction mechanism of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2: Ex-situ (a) Cu, (b) Co and (c) Mn K-edge XANES spectra of various state of P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2. (d) O K-edge sXAS spectra of Na0.67[Cu0.2Co0.2Mn0.6]O2 using total fluorescence yield (TFY) mode. (e) O K-edge difference spectra obtained by 
subtracting ex-situ O K-edge spectra. (f) Ex-situ Mn K-edge EXAFS analyses of various charge/discharge state of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and (g) P2- 
Na0.67[Cu0.2Mn0.8]O2 
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3.4. Detailed redox reaction mechanism and local structural environment 
in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 

Through ex-situ synchrotron-based XANES analyses, we investigated 
changes of the valence stats on Mn, Cu and Co in P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 during charge/discharge. In the Cu K-edge XANES 
spectra (Fig. 5a), it was observed that the oxidation process of Cu2+/ 
Cu3+ was occurred in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 during charge/ 
discharge. Upon charging up to 4.2 V, the oxidation state of Cu cation 
was changed from +2 to +3, and it was retained without further 
oxidation during charging from 4.2 V to 4.6 V. Upon discharging back 
down to 2.0 V, Cu cation was reversibly reduced back to its original +2 
oxidation state. In case of the Co K-edge XANES spectra (Fig. 5b), the Co 
cation was oxidized from +3 to +4 during charging to 4.2 V. And, upon 
further charging to 4.6 V, the oxidation state of Co4+ was retained. 
During discharge to 2.0 V, the oxidation state of Co was slightly reduced 
compared to the as-prepared state of +3. As shown in Fig. 5c, it was 
verified that there is no further oxidation of Mn4+ during charging to 4.6 
V. Since XANES is known to be greatly influenced by the electronic and 
structural characteristics of neighboring elements in the local environ
ment,[45,46] the slight change of the Mn K-edge spectrum (especially at 
the edge-crust) after charge was attributed to the local environmental 
changes in MnO6 octahedra by OR.[47,48] 

Moreover, soft X-ray absorption spectroscopy (sXAS) O K-edge 
spectra and corresponding difference plots were used to verify the 
reversible OR in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 (Fig. 5d-e). The unoc
cupied TM 3d-O 2p t2g hybridized orbitals correspond to the pre-edge 
peak at approximately 529 eV, while the eg orbitals are situated near 
531.4 eV. During charging to 4.6 V, an increase in absorbance at 530.4 
eV was observed in the difference plot, which indicates OR occurrence as 
originating from the localized feature of the oxidized oxygen state. 
[49–52] Furthermore, an increase in absorbance at 530.4 eV was 
observed first in the difference plot during charging from the 
as-prepared state to 4.2 V. Owing to the strong covalence between Cu 
and O, hybridization occurs between the Cu 3d and O 2p states, which 
leads to the onset of OR phenomena from the voltage range of 4.2 V. This 
is a result of the formation of highly extended TM-O bonds through the 
strong Cu-O covalence, which in turn strengthens the oxygen lattice and 
increases the stability of oxidized oxygen intermediates, ultimately 
enhancing the reversibility of the lattice OR. 

Additionally, we have proceeded XPS to further confirm the oxygen 
redox reaction, and attached O 1s XPS spectra data (Fig. S14). The peaks 
appeared in the O 1s XPS spectra at 529.5 eV corresponds to O2− anions 
within the crystalline network, and the signals at 531.7 eV and 533.0 eV 
are attributed to weakly absorbed species on the surface. These main 
characteristics of O 1s XPS spectra slightly shifted upon charging to 4.2 V 
(vs. Na+/Na). However, a noticeable change occurs in further charging 
process to 4.6 V. A series of spectral analysis and fitting procedure of the 
acquired curves showed the presence of an additional component 
around 530.5 eV, which is the strong signal of the formal O2

n− species or 
under-coordinated oxygen atoms, already reported as an evidence of 
oxygen redox.[53] 

Furthermore, we performed the continuous-wave electron para
magnetic resonance (CW-EPR) spectra measurement (based on 
perpendicular-mode under 50 K) in X-band to further detect the occur
rence of oxygen redox reaction during Na+ de/intercalation. It was 
verified that the EPR signal of as-prepared P2-Na0.67[Cu0.2Co0.2Mn0.6] 
O2 electrode exhibits a single Lorentzian line shape centered at g ≈
2.000 (Fig. S15), which results from antiferromagnetically coupled 
Mn4+–O cluster.[54,55] The Mn4+ EPR signal was highly broadened 
during charging to 4.6 V (vs. Na+/Na) and its intensity was decreased, 
which results from the following phenomena: 1) strong 
electron-electron dipolar interaction between Mn4+ and oxidized oxy
gen (O2)n− , 2) Mn4+–O–[TM]4+ (such as Co4+) super-exchange cou
plings. Furthermore, it was verified that the new signal at g ≈ 2.007 
gradually appears during charging to 4.6 V, which implies the formation 

of oxidized (O2)n− by anionic redox reaction of oxygen anion.[56] The 
EPR signal after discharging to 2.0 V was restored similarly to that of 
as-prepared P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 and the new signal was dis
appeared, which is related to the reversible reduction of the O anion and 
the TM cations during the discharging process.[57] Also, it was 
confirmed that O2 and CO2 gas were released in the high-voltage range 
by differential electrochemical mass spectrometer (DEMS) (Fig. S16). It 
is known that the occurrence of oxygen redox reaction in the cathode 
materials with 3d transition metal (TM) accompanies the structural 
instability and O2 evolution during charging to the high voltage region, 
which leads to the poor electrochemical performances of the 
oxygen-redox-based cathode materials.[8] In the case of 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, CO2 gas emission was observed at the 
high voltage region, which is due to electrolyte decomposition. In 
particular, it was clearly revealed that O2 gas was negligibly evolved 
during charging to 4.6 V (vs. Na+/Na), which is attributed to the 
enhanced structural stability of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 by strong 
covalency of Cu-O bonding. These results can support the reason on 
superior electrochemical performances of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
with reversible and stable oxygen redox reaction.[58] 

In addition, we found the following interesting point from Mn K-edge 
spectra; the returned Mn K-edge spectra to the as-prepared (OCV) state 
without further reduction to Mn3+ after discharging to 2.0 V, which 
implies that the negative effect by Jahn-Teller distortion of Mn3+

considered as one of the main problems of Mn-based cathode materials is 
negligible in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2.[59,60] On the other hand, 
P2-Na0.67[Cu0.2Mn0.8]O2 experienced different redox reaction of Mn 
during charge/discharge from P2-Na0.67[Cu0.2Co0.2Mn0.6]O2. As shown 
in Fig. S17, Mn cation in the 2.0 V-discharged P2-Na0.67[Cu0.2Mn0.8]O2 
was more reduced than that in the as-prepared P2-Na0.67[Cu0.2Mn0.8]O2 
with Mn4+. Thus, the additional reduction of Mn ions in 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 during discharging to 2.0 V (vs. Na+/Na) 
is more difficult than that in P2-Na0.67[Cu0.2Mn0.8]O2. These Mn K-edge 
XANES results of P2-Na0.67[Cu0.2Mn0.8]O2 and P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 can support the difference of their initial Coulombic ef
ficiencies (Fig. 5c and S17). We also performed the extended X-ray 
absorption fine structure (EXAFS) analyses to investigate the variation of 
the Mn-O bond length and confirm the preservation of Mn4+ in 
P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 (Fig. 5f). As the charging process pro
gressed, the Mn-O bond length in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 slightly 
decreased and the Mn-O peak intensity changed due to local environ
mental changes by redox reactions of Cu, Co and O. However, upon 
discharging to 2.0 V, it was identified that the Mn-O bond mostly 
returned to its as-prepared state. In case of P2-Na0.67[Cu0.2Mn0.8]O2, 
however, it was observed that the Mn-O bond length after discharging to 
2.0 V was obviously higher than that in the as-prepared state (Fig. 5g), 
which indicates larger local environmental change of Mn-O in 
P2-Na0.67[Cu0.2Mn0.8]O2 due to Jahn-Teller distortion of Mn3+ than that 
in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2. 

3.5. Cu-Co synergy in P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 

To explore the substitution effects and synergetic effect of Cu and Co 
in detail, we synthesized additional compounds of P2-Na0.67[Cu0.1

Co0.2Mn0.7]O2, P2-Na0.67[Cu0.2Co0.1Mn0.7]O2, and P2- 
Na0.67[Co0.2Mn0.8]O2. All three materials were synthesized using the 
conventional solid-state reaction method, similar to P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 and it was confirmed that they possess a perfect P2 phase 
without any impurities. As shown in Fig. S18-20, P2-Na0.67[Cu0.1

Co0.2Mn0.7]O2, P2-Na0.67[Cu0.2Co0.1Mn0.7]O2, and P2- 
Na0.67[Co0.2Mn0.8]O2 have a well-ordered hexagonal structure and 
space group P63/mmc with no impurities or second phase, and the 
detailed structural information is tabulated in Table S4-6. 

We conducted various electrochemical tests on P2-Na0.67[Cu0.1

Co0.2Mn0.7]O2, P2-Na0.67[Cu0.2Co0.1Mn0.7]O2, and P2- 
Na0.67[Co0.2Mn0.8]O2 within a voltage range of 2.0–4.6 V (vs. Na+/Na). 

B. Ku et al.                                                                                                                                                                                                                                       



Energy Storage Materials 62 (2023) 102952

10

Fig. S21a illustrates the charge/discharge curves of P2-Na0.67[Cu0.1

Co0.2Mn0.7]O2 at various current densities, confirming an initial charge 
capacity of approximately 112 mAh g− 1, corresponding to the dein
tercalation of 0.44 mol Na+. Similarly, P2-Na0.67[Cu0.2Co0.1Mn0.7]O2 
exhibited an initial charge capacity of around 116 mAh g− 1, corre
sponding to 0.45 mol Na+ deintercalation (Fig. S22a). Finally, P2- 
Na0.67[Co0.2Mn0.8]O2 displayed an initial charge capacity of approxi
mately 120 mAh g− 1, corresponding to 0.46 mol Na+ deintercalation 
(Fig. S23a). Furthermore, Fig. S21b illustrates that P2-Na0.67[Cu0.1

Co0.2Mn0.7]O2 retains approximately 90% of its initial capacity after 100 
cycles at a current density of 100 mA g− 1. P2-Na0.67[Cu0.2Co0.1Mn0.7]O2 
showed around 92% of the initial capacity after 100 cycles, while P2- 
Na0.67[Co0.2Mn0.8]O2 exhibited approximately 83% of the initial ca
pacity after 100 cycles at a current density of 100 mA g− 1 (Fig. S22b and 
S23b). 

It was reported that a structural transition from P-type to O-type 
leads to a shorter O-O bond length.[61] Consequently, the energy level 
of the antibonding orbitals associated with the O-O bond increases, 
bringing it closer to the Fermi level. This activation stimulates the for
mation of O-O dimers, thereby further enhancing the activation of the 
oxygen redox reaction, which enables the large available charge ca
pacity of the oxygen-redox-based cathodes with phase transition of 
P2-OP4-O2.[53,61,62] However, the phase transition also accompanies 
large structural change during charge/discharge, which is the reason on 
the poor electrochemical performances of the oxygen-redox-based 
cathodes with the phase transition.[63] On the other hand, 
Cu-substituted P2-type Mn-based layered oxide cathodes don’t undergo 
phase transitions to the O-type, resulting in a relatively small charge 
capacity compared to the oxygen-redox-based cathodes materials 
composing of Li and Mg with the phase transition.[64,65] Moreover, the 
strong Cu-O covalency can enhance structural stability, leading to a 
stable oxygen redox reaction in Cu-substituted P2-type Mn-based 
layered oxide cathodes. However, due to high covalency of Cu-O, 
redox reaction of Cu ions is highly affected by hybridized orbital of Cu 
3d and O 2p states,[24] which implies that perfect oxidation from Cu2+

ions to Cu3+ during charge may be difficult. 
For a deeper understanding for the advantages of Cu and Co effect 

into the crystal structure, we compared the electrochemical perfor
mances with the previously mentioned materials. When Co is doped into 
the structure, it is known that it leads to an increase in electrical con
ductivity.[66] This offers the advantage of significantly improving both 
rate performances and structural stability, while simultaneously 
observing a significant rise in initial discharge voltage. On the other 
hand, when Cu is doped into the crystal structure, it promotes the 
covalency of TM-O bonds due to its high electronegativity among 3d 
transition metals. This suppresses structural distortion and simulta
neously activates oxygen redox.[24] Although the initial discharge 
voltage is slightly decreased due to the Cu substitution, the average 
discharge voltage is increased according to the maintenance of 
discharge capacity induced by reduction of oxygen atoms (Fig. S21a and 
S23a). This is attributed to the enhanced structural stability in the 
high-voltage region resulting from Cu substitution.[32] 

When comparing the average discharge voltage at different current 
densities to better elucidate the synergistic effect of Cu-Co, it can be 
observed from Fig. S24 that the average discharge voltage increases with 
higher current densities as Cu is doped into the structure. Upon 
comparing P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, P2-Na0.67[Cu0.2Co0.1Mn0.7] 
O2, and P2-Na0.67[Cu0.2Mn0.8]O2, it can be observed that the initial 
voltage drop gradually decreases as the amount of doped Co increases 
(Fig. 2a-b and Fig. S22a). Especially, whereas P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 and P2-Na0.67[Cu0.2Co0.1Mn0.7]O2 initially have similar 
average discharge voltages, a significant decrease in the average 
discharge voltage at high current densities can be observed (Fig. S25), 
which implies Co substitution results in better kinetics for oxygen redox 
reaction in P2-type Mn-based layered oxide cathode at fast discharging. 
Among them, P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 exhibits the most 

outstanding performance in all aspects, demonstrating excellent synergy 
effects through the optimal Cu-Co substitution ratio. Moreover, to 
confirm the particular characteristics of Cu-Co synergy, we synthesized 
P2-Na0.67[Ni0.2Co0.2Mn0.6]O2 by substituting Cu with Ni and conducted 
a comparison. P2-Na0.67[Ni0.2Co0.2Mn0.6]O2 exhibits a well-ordered 
hexagonal structure with the space group P63/mmc, free from impu
rities or second phases (Fig. S26), and its detailed structural properties is 
represented in Table S7. P2-Na0.67[Ni0.2Co0.2Mn0.6]O2 exhibits large 
charge/discharge capacity due to the Ni2+/4+ redox reaction (Fig. S27a). 
However, the structural instability induced by the phase transition of 
P2-O2 results in the poor cycle-performance with the capacity retention 
of ~81% after the initial 20 cycles (Fig. S27b). Moreover, the average 
discharge voltage was highly decreased when the discharge current 
density was increased (Fig. S27a). These results highlight that the Cu-Co 
synergy exhibits distinct characteristics compared to Ni-Co synergy.[65] 
Furthermore, compared to the energy densities of other P2-type 
Mn-based layered oxide cathodes,[63,66–71] P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 demonstrates exceptional power capability (as illustrated 
in Fig. 6 and Table S8). These results indicate that P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 has potential as a promising cathode material for SIBs. 

Conclusion 

In this study, we demonstrate that P2-Na0.67[Cu0.2Co0.2Mn0.6]O2, 
based on oxygen redox (OR), can achieve high discharge voltages and 
energy densities at both low and high current densities due to the 
enhanced OR kinetics by Cu-Co combination. The average discharge 
voltages of P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 were ~3.17 V and ~2.99 V at 
10 and 1000 mA g− 1, respectively, with a gap of just ~0.18 V, which is 
much smaller than the voltage gap of P2-Na0.67[Cu0.2Mn0.8]O2 under the 
same conditions (~0.36 V). These results on enhanced OR kinetics were 
also supported by first-principles calculations, which showed that fully 
Na-deintercalated P2-Na0[Cu0.2Co0.2Mn0.6]O2 exhibited both lower 
activation barrier energy required for Na+ diffusion and lower band gap 
energy than fully Na-deintercalated P2-Na0[Cu0.2Mn0.8]O2. Through 
comparison with other P2-type Mn-based layered oxide cathodes, the 
excellent power-capability of OR-based P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 
was clearly revealed. Moreover, P2-Na0.67[Cu0.2Co0.2Mn0.6]O2 deliv
ered the outstanding cycle-performance, such as the capacity retention 
of ~93% after 100 cycles with high Coulombic efficiency (>99%), 
which is attributed not only to small volume change during charge/ 
discharge (~0.6%) but also to suppression of undesirable P2-OP4 phase 
transition during charge/discharge. We believe that this research rep
resents a meaningful discovery that can contribute to improving OR 
kinetics for stable high-voltage operation even on fast charging in SIBs. 

Fig. 6. Comparison of energy and power densities among P2-Na0.67[Cu0.2

Co0.2Mn0.6]O2 and other reported Mn-based P2-type layered oxide cathodes 
for SIBs. 
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[27] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B. 50 (1994) 
17953–17979, https://doi.org/10.1103/PhysRevB.50.17953. 

[28] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/ 
PhysRevLett.77.3865. 

[29] A. Jain, G. Hautier, S.P. Ong, C.J. Moore, C.C. Fischer, K.A. Persson, G. Ceder, 
Formation enthalpies by mixing GGA and GGA + U calculations, Phys. Rev. B - 
Condens. Matter Mater. Phys. 84 (2011) 1–10, https://doi.org/10.1103/ 
PhysRevB.84.045115. 

[30] A. Van der Ven, J.C. Thomas, Q. Xu, J. Bhattacharya, Linking the electronic 
structure of solids to their thermodynamic and kinetic properties, Math. Comput. 
Simul. 80 (2010) 1393–1410, https://doi.org/10.1016/j.matcom.2009.08.008. 

[31] J. Liu, R. Qi, C. Zuo, C. Lin, W. Zhao, N. Yang, J. Li, J. Lu, X. Chen, J. Qiu, M. Chu, 
M. Zhang, C. Dong, Y. Xiao, H. Chen, F. Pan, Inherent inhibition of oxygen loss by 
regulating superstructural motifs in anionic redox cathodes, Nano Energy 88 
(2021), 106252, https://doi.org/10.1016/j.nanoen.2021.106252. 

[32] E.J. Kim, T. Hosaka, K. Kubota, R. Tatara, S. Kumakura, S. Komaba, Effect of Cu 
substitution in P′2- and P2-type sodium manganese-based oxides, ACS Appl. Energy 
Mater. 5 (2022) 12999–13010, https://doi.org/10.1021/acsaem.2c02581. 

[33] Y. Zhuo, A. Mansouri Tehrani, J. Brgoch, Predicting the band gaps of inorganic 
solids by machine learning, J. Phys. Chem. Lett. 9 (2018) 1668–1673, https://doi. 
org/10.1021/acs.jpclett.8b00124. 

B. Ku et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.ensm.2023.102952
https://doi.org/10.1126/SCIENCE.1139792/ASSET/0AA48701-6C62-4B1E-98A7-5C5586A2EE43/ASSETS/GRAPHIC/737-2.GIF
https://doi.org/10.1126/SCIENCE.1139792/ASSET/0AA48701-6C62-4B1E-98A7-5C5586A2EE43/ASSETS/GRAPHIC/737-2.GIF
https://doi.org/10.1126/SCIENCE.1139792/ASSET/0AA48701-6C62-4B1E-98A7-5C5586A2EE43/ASSETS/GRAPHIC/737-2.GIF
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0002
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0002
https://doi.org/10.1126/science.1212741
https://doi.org/10.1126/science.1212741
https://doi.org/10.1038/s41928-018-0048-6
https://doi.org/10.1002/aenm.202000982
https://doi.org/10.1002/aenm.202000982
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0006
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0007
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0007
http://refhub.elsevier.com/S2405-8297(23)00330-6/sbref0007
https://doi.org/10.1002/adfm.202204354
https://doi.org/10.1002/adfm.202204354
https://doi.org/10.1039/c5ee03048j
https://doi.org/10.1038/s41560-019-0338-x
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1002/aenm.202102311
https://doi.org/10.1002/aenm.202102311
https://doi.org/10.1038/s41560-020-00748-8
https://doi.org/10.1038/s41560-020-00748-8
https://doi.org/10.1038/natrevmats.2018.13
https://doi.org/10.1038/natrevmats.2018.13
https://doi.org/10.1021/acsenergylett.9b02190
https://doi.org/10.1021/acsenergylett.9b02190
https://doi.org/10.1002/adfm.202201816
https://doi.org/10.1002/adfm.202201816
https://doi.org/10.1002/aenm.201200026
https://doi.org/10.1021/cr500192f
https://doi.org/10.1021/cr500192f
https://doi.org/10.1016/j.ensm.2022.01.023
https://doi.org/10.1149/2.0201514jes
https://doi.org/10.1038/s41560-018-0097-0
https://doi.org/10.1038/s41560-018-0097-0
https://doi.org/10.1149/1945-7111/abf96e
https://doi.org/10.1002/anie.201602202
https://doi.org/10.1002/adma.202201152
https://doi.org/10.1021/ja3091438
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.84.045115
https://doi.org/10.1103/PhysRevB.84.045115
https://doi.org/10.1016/j.matcom.2009.08.008
https://doi.org/10.1016/j.nanoen.2021.106252
https://doi.org/10.1021/acsaem.2c02581
https://doi.org/10.1021/acs.jpclett.8b00124
https://doi.org/10.1021/acs.jpclett.8b00124


Energy Storage Materials 62 (2023) 102952

12

[34] G. Ceder, Y.M. Chiang, D.R. Sadoway, M.K. Aydinol, Y.I. Jang, B. Huang, 
Identification of cathode materials for lithium batteries guided by first-principles 
calculations, Nature 392 (1998) 694–696, https://doi.org/10.1038/33647. 

[35] J.P. Perdew, W. Yang, K. Burke, Z. Yang, E.K.U. Gross, M. Scheffler, G.E. Scuseria, 
T.M. Henderson, I.Y. Zhang, A. Ruzsinszky, H. Peng, J. Sun, E. Trushin, A. Görling, 
Understanding band gaps of solids in generalized Kohn-Sham theory, Proc. Natl. 
Acad. Sci. U. S. A. 114 (2017) 2801–2806, https://doi.org/10.1073/ 
pnas.1621352114. 

[36] F. Tran, P. Blaha, Accurate band gaps of semiconductors and insulators with a 
semilocal exchange-correlation potential, Phys. Rev. Lett. 102 (2009) 5–8, https:// 
doi.org/10.1103/PhysRevLett.102.226401. 

[37] A.J. Garza, G.E. Scuseria, Predicting band gaps with hybrid density functionals, 
J. Phys. Chem. Lett. 7 (2016) 4165–4170, https://doi.org/10.1021/acs. 
jpclett.6b01807. 

[38] A. Shaheen, J. Alam, M.S. Anwar, Band structure and electrical conductivity in 
semiconductors, Mater. Eng. (2010) 1–26. 

[39] M. Sathiya, A.M. Abakumov, D. Foix, G. Rousse, K. Ramesha, M. Saubanère, M. 
L. Doublet, H. Vezin, C.P. Laisa, A.S. Prakash, D. Gonbeau, G. Vantendeloo, J. 
M. Tarascon, Origin of voltage decay in high-capacity layered oxide electrodes, 
Nat. Mater. 14 (2015) 230–238, https://doi.org/10.1038/nmat4137. 

[40] M.M. Rahman, F. Lin, Oxygen redox chemistry in rechargeable Li-ion and Na-ion 
batteries, Matter 4 (2021) 490–527, https://doi.org/10.1016/j.matt.2020.12.004. 

[41] L. Wang, Y.-G. Sun, L.-L. Hu, J.-Y. Piao, J. Guo, A. Manthiram, J. Ma, A.-M. Cao, 
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