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ARTICLE INFO ABSTRACT

Keywords: The demand for high energy Na-ion batteries has promoted intensive research on high energy oxygen redox
Sodium-ion batteries chemistry in layered transition metal oxide cathodes. However, most layered cathodes with oxygen redox might
CthO(.ie suffer from irreversible electrochemical reaction, fast capacity decay and underlying O, release. Herein, we
:;1;;12 redox report that copper element with a strong electronegativaty can stablize Na-deficient P2-Nag,

3Mng 72Cug.22Mg0.0602 phase to achieve both cationic and anionic redox chemistry. Hard and soft X-ray ab-
sorption spectra demonstrate that all Mn>*/Mn**, Cu>*/Cu®* and 0%~ /(02)" participate in the redox reaction
upon Na™ ions extraction and insertion. Density functional theory (DFT) calculations confirm that the strong
covalency between copper and oxygen ensures the cationic and anionic redox activity in P2-Nay,
3Mng 72Cug 22Mgo.0602 phase. The P2-Nay,3Mng 72Cug.22Mg0.0602 cathode could deliver stable cycling life with
87.9% capacity retention at 1C during 100 cycles, as well as high rate performance (70.3 mA h g™! cycled at
10C). Our findings not only provide a promising guidelines to enhance the electrochemical performance of
layered oxides based on anionic redox activity, but also explore the potential science behind oxygen redox

Electrochemistry

process.

1. Introduction

Na-ion batteries (NIBs) are known as potential alternatives to the
current Li-ion battery technology for large-scale energy storage appli-
cations owing to the low cost and abundant sodium resources [1-4].
Considerable reports have been focused on the family of Na-based
layered oxide cathode with different transition metal compositions,
denoted as NayMO, (M = transition metal) [5-7]. Inspired by Li-rich
layered manganese based oxides, denoted as xLisMnOs-(1-x)-LiMO3y
[8-11], which can offer high specific capacities of >200 mA h g’1 from
cationic (transition metal valence variation) and anionic (oxygen
valence variation) redox processes, the discovery of oxygen-related
anionic redox activity in Na-based layered oxides might open up a
feasible solution to elevate cathode capacity.

Several Na-rich or Na-deficient materials, such as Na,IrOs [12] and
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Nag.78Nip.23Mng 6902 [13], exhibit anionic redox originating from the
emergence of nonbonding O (2p) orbitals. In Na-rich materials, Na ions
occupy both Na layers and M layers [14,15], as a result, Na'-O-Na™*
interactions tend to form due to the overlap between O 2p orbitals and
Na 3s orbitals in the neighboring Na and M layers. It is well acknowl-
edged that the relatively ionic nature of Na™—-O-Na' interactions is
responsible for the oxygen redox [14,16-18]. Unfortunately, the oxygen
may release from the lattice in these Na-rich compounds. On the other
hand, substituting part of Li, Mg and Zn within the transition metal slabs
in Na-deficient P2-Naj,3sMnO; materials can also create O (2p)
nonbonding orbitals over O valence bond [19-21]. However, many re-
ported oxygen-participated Na-deficient materials face challenges of the
irreversible electrochemical reaction upon charging/discharging. Since
the observed Na-O, Li-O, Mg-O, and Zn-O bond are all ionic, it is
indispensable to explore the effect of bond ionicity/covalency on the
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Fig. 1. (a) Powder XRD pattern and Rietveld refinement plot of the as-prepared P2-NaMCM sample. (b) SEM image (d) HR-TEM image of P2-NaMCM samples. (d)
HAADF-STEM and (e) ABF-STEM images of P2-NaMCM samples at the [010] zone axis. (f) EDS maps of P2-NaMCM samples, demonstrating an even distribution of

sodium, manganese, copper, magnesium and oxygen elements in sample particles.

reversibility of cationic/anionic redox.

In this work, considering the large Pauling electronegativity differ-
ence of Cu (1.90) with Na (0.93), Li (0.98), Mg (1.33), Zn (1.65),
incorporating a more electronegative Cu element might make Cu-O
bonds more covalent so that electrons are inclined to delocalize on the
copper cations and oxygen anions. P2-Nay,3Mng 72Cug. 22Mgo.0602 phase
is thus synthesized to investigate the anionic and cationic redox activity
in Na-ion cells. P2-Nay,3Mng 72Cug 22Mgo.0602 phase delivers a revers-
ible capacity of 107.6 mA h g%, stable cycling performance (~87.9%
capacity retention at 1C after 100 cycles), high rate capability (70.3 mA
h g~! eycled at 10C) based on Mn®*/Mn**, Cu®*/Cu®" and 0%~ /(0)""
active redox center as evidenced by ex situ hard and soft X-ray absorp-
tion spectroscopy (XAS) characterization. The density functional theory
(DFT) calculations confirm that such cationic and anionic redox chem-
istry is associated with the covalency of Cu-O bond.

2. Experimental section
2.1. Materials preparation

The P2-Nay,3Mng 72Cug 22Mgo.0602 sample were prepared by a solid
state reaction method. The mixing of stoichiometric values of NayCO3
(5mol % excess), Mny03 CuO and MgO were well ground using a mortar
and pressed into pellets, followed by calcination at 1000 °C under air for
15 h and stored in an argon-filled glove box until use.

2.2. Materials characterization

The powder XRD patterns were measured by using a Bruker D8
diffractometer equipped with Cu Ka radiation (A = 1.5418 A). A TOPAS
software was used to conduct Rietveld refinement to obtain crystal
structure parameters. The morphologies of the materials were examined
using a Hitachi SU-70 field-emission scanning electron microscope and
transmission electron microscope (JEOL 2100) with an accelerating

voltage of 200 kV. The HAADF and ABF imaging at atomic resolution
was observed by a JEOL ARM200F (JEOL, Tokyo, Japan) STEM equip-
ped with double hexapole Cs correctors (CEOS GmbH, Heidelberg,
Germany) and cold filed-emission gun at 200 kV. XAS tests were con-
ducted in transmission mode at the beamlines 7-BM of the National
Synchrotron Light Source II at Brookhaven National Laboratory. The
electrode samples with different charged and discharged states were
sealed in water- and air-resistant polymer film in the Ar-filled glove box.

2.3. Electrochemical characterization

The working electrode was prepared by the slurry of 70 wt% active
material, 20 wt% carbon black, and 10 wt% poly (vinyl difluoride)
(PVDF, Aldrich) binder then the slurry were coated onto aluminum foil.
A Coin-type (CR2032) cells were assembled using Na foil as the anode,
the working electrode as the cathode, porous glass fiber (GF/D) as the
separator, and 1 M NaClO4 dissolved in ethylene (EC) and propylene
carbonate (PC) (1:1 in volume, 5% FEC) as the electrolyte. The charge-
discharge measurements were tested using a Land battery testing sta-
tion. CV tests were performed using a CHI electrochemical workstation
at a scan rate of 0.1 mV s~ 1. The batteries were charged for half an hour
and relaxed under open circuit for 10 h at 0.1C for the GITT
measurements.

2.4. DFT calculation

The spin-polarized DFT + U calculations were conducted using
Vienna ab initio simulation package (VASP) [22] The ion-electron
interaction is described with the projector augmented wave (PAW)
[23] pseudo-potentials with an energy cut-off of 520 eV while the
exchange-correlation  energy is described by the Per-
dew-Burke-Ernzerhof (PBE) [24] functional form of the generalized
gradient approximation (GGA) [25]. The geometry optimiztion are
performed using the conjugated gradient methode, and the convergence
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Fig. 2. (a) Galvanostatic charge/discharge voltage profiles of P2-NaMCM electrode in the voltage range of 2.0-4.5 V. (b) Corresponding cycling performance and (c)
rate performance of P2-NaMCM electrodes. Electrochemical performance of full cell system coupling P2-NaMCM as cathode material and hard carbon as anode
material. d) Schematic showing the discharge processes. e) Galvanostatic charge/discharge curves versus specific capacity of P2-NaMCM and hard carbon full cells. f)
Cycling performance of P2-NaMCM and hard carbon full cells and (h) rate performance of full cells at various rates of in the voltage range of 1.4-4.5 V.

threshold is set to be 10> in energy and 0.01 eV/A in force with the
k-grid of 4 x 4 x 2. To obtain the density of states, a larger k-grid of 11
x 11 x 9 is used. The applied effective U correction of 4.0 eV was added
to remove the spurious self-interaction of the Mn d-electrons as previous
work [21].

3. Results and discussions

Since phase-pure sample cannot be obtained when copper content
surpass 22% in P2-Nay,3sMn; xCuyO9, extra 6% Mg is incorporated to
obtain pure phase P2-Naj/3Mng72Cuo.2o0Mgo.0602 [26]. The X-ray
diffraction (XRD) pattern of the P2-Nag,3Mng 72Cug.22Mgo 0602 (here-
after denoted as P2-NaMCM) material in Fig. 1a can be well indexed to
the hexagonal P63/mmc space group without any impurity. The refined
lattice parameters were a = b = 2.8965 (5) Aandc=11.191 ) A and
detailed crystallographic data are summarized in Table S1. The structure
of the P2-NaMCM phase is illustrated in the inset of Fig. 1a, which is
composed of alternate Na layers (3.559 f\) and MO-, layers (2.036 [o\)
with close ABBA oxygen-ion framework packing along the c-axis direc-
tion (Fig. S1). The refined occupancies of edge-sharing Na. (2d Wyckoff
sites) and face-sharing Na¢ (2b Wyckoff sites) are 0.401 and 0.269,
respectively. This P2-NaMCM compound is consisted of the plate-like
particles with the size distribution of 10-20 pm (Fig. 1b). The neigh-
boring distance of (002) crystallographic planes is measured to be 5.6 A

by the high-resolution transmission electron microscopy (HRTEM)
image (Fig. 1c). The P2 phase was further analyzed by annular bright
field (ABF) and high-angle annular dark field (HAADF)-scanning trans-
mission electron microscopy (STEM) with atomic resolution (Fig. S2).
The enlarged HAADF-STEM image (Fig. 1d) at [010] zone axis demon-
strate that the interslab distance (d.) is 5.59 10\, matching well with the
refined XRD data. From the enlarged ABF-STEM observations of octa-
hedral MO, at the [010] zone axis, the Na and MO layers stack alter-
nately with a distinct ABBA-stacking mode for the O columns. And every
two layers of MOy show a typical P2 phase mirroring symmetry as
inserted in Fig. le for convenient visualization [27,28]. The selected
area electron diffraction (SAED) in Fig. S3 at [001] direction further
confirms that typical hexagonal symmetric arrangement of the transi-
tion metal atoms. Energy dispersive spectroscopy (EDS) elementary
mapping suggests an even distribution of the sodium, manganese, cop-
per, magnesium and oxygen elements in the sample (Fig. 1f).

The electrochemical properties of P2-NaMCM was tested in Na/P2-
NaMCM half cells between 2.0 and 4.5 V at a 0.1C rate (1C = 174
mA g 1). The charge capacity of 108.0 mA h g~! in Fig. 2a, corre-
sponding to 0.42 sodium removal, is much higher than the capacity from
removal of 0.15 Na solely through the oxidation of Mn3 to Mn**
(assuming the average Mn oxidation state is +3.85 derived from
Fig. S4). Therefore, Cu or O might participates in charge compensation
to contribute the extra capacity. Upon subsequent discharging to 2.0 V,
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Fig. 3. (a) In-situ XRD patterns collected during the first charge/discharge of the Na/NaMCM cell under a current rate of 0.1C at voltage range between 2.0 and 4.5 V.
Black asterisks represent peaks from Al window. (b) The corresponding contour map of (002) and (004) peaks of operando XRD patterns. (c) Lattice parameters

evolution of Na,MCM as a function of Na™ content.

the material uptake the almost identical sodium (0.42) with a high
initial Coulombic efficiency of 99.6% and a reversible capacity of 107.6
mA h g~ (Fig. 2a). The cause of obvious voltage hysteresis between the
initial charge and discharge curve is likely to be caused by partial O loss
during oxygen oxidization and reduction [17]. Cyclic voltammograms
(CV) charaterization at a scan rate of 0.1 mV st (Fig. S5) manifest four
pairs of redox peaks. The three peaks at 2.12/2.01, 2.51/2.40, 2.88/2.80
refer to Mn®>*/Mn** for three Na-vacancy ordering induced peaks be-
tween 2.0 and 3.0 V and the peak at 3.97/3.41 is attributed to
Cu®*/Cu*. An extra peak located at 4.23 V might imply possible oxygen
oxidization during overcharge process. The insertion of extra sodium in
P2-Naz/gMIl()_72CU0_22Mg0_0602 is hlghly reversible, leading to a stable
specific capacity of ~93 mA h g~! at 1C rate and maintain almost 87.9%
of initial capacity after 100 cycles (Fig. 2b). In addition, the structure
and morphology integrity of P2-NaMCM material are also well main-
tained after 100 cycles (Fig. S6). P2-Nay,3Mng 72Cug.22Mg0.0602 cath-
odes also show very small polarization (Fig. S7), ensuring a high rate
capability with 107.6, 97.3, 91.0, 90.5, 87.4, 80.7 and 70.3mA h g ! at
0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 10C, respectively (Fig. 2c). When
P2-Nay,3Mng 72Cup.22Mgo.0602 was deeply discharged to 1.5 V, a large
capacity of 158.8 mA h g~! was achieved (Fig. S8). However, this ma-
terial shows poor cycling stability with only 32.9% capacity retention
after 50 cycles at 0.1C, which can be ascribed to more Jahn-Teller active
Mn>* ijons incorporated into this structure after deep discharge [29,30].

By coupling with hard carbon anode, the electrochemical perfor-
mance of P2-NaMCM cathodes were also evaluated in P2-NaMCM/C full
cells (Fig. 2d). Before assembling the full batteries, the carbon anode was
evaluated. The microstructure of and mophology of hard carbon was
charaterized using XRD, Raman (Fig. S9) and SEM (Fig. S10), while the
electrochemical properties of hard carbon anodes was evaluated in Na/C

half cells with metallic sodium foil as counter electrode (Fig. S11). To
determin the full cell charge/discharge voltage window and mass ratio
of P2-NaMCM cathode to carbon anode, CV and galvanostatic charging/
discharging profiles of P2-NaMCM and hard carbon in half cells were
intergrated in Fig. 2e. The electrochemical properties of P2-NaMCM/
hard carbon full cells were ultimately tested at 0.1C in the voltage
range of 1.4-4.5 V. The P2-NaMCM/hard carbon full cell with P/N ca-
pacity ratio of 1.3 exhibits a discharge capacity of 106.9 mAh-g ! in the
first cycle (Fig. S12). The initial Coulombic efficiency of 75.3% can be
attributed to the formation of a solid electrolyte interphase (SEI) on the
hard carbon anode [31]. As displayed in Fig. 2f, the reversible capacity is
around 101.0 mA h g~! during the sequent cycles, and the capacity
retention approaches 62.2% on the next 50 cycles (Fig. 2g). The
P2-NaMCM/hard carbon full cell also shows superior rate performance,
as demonstrated in Fig. 2h, P2-NaMCM can still deliver 66.8 mA h g~!
even at a relatively high rate of 2C (348 mA g™1).

The structure evolution of P2-NaMCM cathodes during Na™ extrac-
tion/insertion were investigated using operando XRD in the Na/P2-
NaMCM half-cells (Fig. 3a). Upon Na extraction (charge), the P2 (002)
and (004) diffraction lines move toward a lower angle due to the
enlarged electrostatic repulsion between neighboring MO, slabs, while
(100), (102), and (103) peaks consecutively shift to a higher angle with
the contracted ab plane. After further extraction of 0.42 Na to the end of
charge, no extra peaks beyond the P2 phase are detected, suggesting the
extraction of the 0.42 Na at a high potential accompany with a solid
solution reaction mechanism [32]. Noting that the rearrangement of the
different in-plane Na*t-vacancy orderings make the shape of the (004)
peak become asymmetric broadening during Na removal (Fig. 3b) [33,
34]. Upon the subsequent discharge to 2.0 V, the characteristic peak of
the charged phase (00l peak) recovers and moves toward higher angles
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Fig. 4. Ex situ XANES spectra at the (a, b) Mn K-edge and (c, d) Cu K-edge of Na,MCM electrodes collected at different charge/discharge states. (e) Ex situ XPS O 1s
spectra of NayMCM samples upon the first charge. (f) sXAS O K-edge spectra collected at different states in PFY mode.

manifesting a sequential decrease of the interlayer distance until (002)
Bragg peak reach the diffraction angle of the P2-type structure for the
composition x = 0.67. Accompanied by more Jahn-Teller active MnlIII
(tgg—eé) incorporated into this structure, P2 phase formed when further
deep discharged to 1.5 V, incurring an obvious voltage plateau around
1.9 V (Fig. S8b) [35,36]. Lattice parameters evolution of NayMCM as a
function of Na content is shown in Fig. 3c. The a lattice parameter is
contracting due to reduced ionic radius of Cu?>* and Mn>" during oxi-
dization upon Na* extraction. The c axis is expanding due to an increase
in electrostatic repulsion between adjacent oxygen layers [37]. At the
fully charged state, the intensity of the (002) diffraction line appeared at
15.9° and the unit cell volume variation of P2-NaMCM before and after
Na removal is only —0.68%, matching well with the stable cycling
performance at 0.1C.

In addition to structure change, the charge compensation of Na,MCM
upon Na ions extraction/insertion was also investigated using hard X-
ray absorption spectroscopy at Mn and Cu K-edges. As displayed in
Fig. 4a, the original Mn oxidation state is slightly lower than tetravalent.
The X-ray absorption near-edge structure (XANES) spectrum at Mn K-
edge shows a shift toward high-energy edge position, which is consistent
with the complete oxidation to +4. Besides, the suppressed shoulder
feature located at 6551 eV suggests that the Mn electronic density of
states is redistributed [21]. Upon Na intercalation, the Mn XANES
spectra maintains the shape and edge position until the sample
discharge to 2.7 V. Then the Mn is reduced after fully discharged to 2 V,
which is evidenced by the restored shoulder feature and a shift toward
lowest energy (Fig. 4b). The Cu K-edge XANES spectrum show a slight
shift toward higher energy region after deep charge to 4.5 V and move
back to pristine position upon Na insertion (Fig. 4c and d), indicating
that divalent copper is oxidized to a higher Cu®* valence state. The
shoulder peak located at 8995 eV also shows an obvious variation,
which implies that the Cu-O local environment is largely changed due to
the mitigated Jahn-Teller effect of Culll (tgg—eg) and MnIV (tgg—eg) during
charge [38]. XANES results confirm the electrochemical reaction is
mainly compensated by reversible Mn and Cu changes. Extended X-ray
absorption fine structure (EXAFS) spectra (Fig. S13) indicate constant
Mn-O and Cu-O distances around 1.50 A. Shorter ones characteristic of
larger oxidation state of Mn/Cu in the full charged sample are observed.

O (1s) XPS spectrum is an effective tool to identify the oxygen-related
species, crystalline network of layered oxides commonly exhibits a
characteristic 0%~ anions peak at 529.5 eV (Fig. 4e) [39]. Additional
peaks mainly originate from contamination at the surface of the sample
by hydroxyl-like or oxygenated species [40]. Obviously, an additional
component at 530.5 eV is need to introduce to fit the asymmetric shape
of the O (1s) main peak correctly after full charge. This additional O (1s)
component might be ascribed to the participation of the 0%~ anion
during the redox process, resulting in a decreased negative charge for an
“oxidized” oxygen (02)" [41]. O K-edge soft X-ray absorption spec-
troscopy (sXAS) spectra were collected using partial fluorescence yield
(PFY) mode to further confirm the anionic redox (Fig. 4f). The edge peak
near 530 eV originate from the transitions between transition metal 3d
and O 2p orbitals, and the edge peak at 534 eV refers to vacancy O. The
edge of the hybridized peaks show a slight shift to the lower energy
region and the oxygen vacancy peak disappeared for the charged sam-
ples, which is ascribed to the induced electron filling and extraction
within O 2p band by oxygen redox [42,43]. Therefore, above results
demonstrate that Mn3+/Mn4+, cu?t/cu® and 0% /(0)™ redox cou-
ples are involved in the charge compensation during the electrochemical
process in agreement with the observed 0.42 e™ transfer.

To further explore the nature of anionic redox activity observed in
P2-NaMCM, we performed DFT calculations. On the basis of the pro-
jected density of states of P2-NaMCM, Cu 3d orbitals is largely over-
lapped with O (2p) states at the highest occupied states, suggesting O 2p
orbital a exhibits significant orbital hybridization with the Cu 3d orbital
at the Fermi level [16,44]. Thus redox couple involving losing
(oxidizing) or adding (reducing) electrons in the Cu 3d and O 2p orbital
become available. Compared with the Mg-O [20] or Zn-O [21] bonds
reported by Bruce and Tarascon et al., Cu will have its non-flled d° band
with the oxygen states so that Cu 3d orbitals can interact with the ox-
ygen (O) because of its large electronegative character as compared with
Mg, Zn. Therefore a larger covalence of the Cu-O bond is obtained with
respect to Zn-O and Mg-O bond, leading to oxidation of the O (2p) states
during charge and discharge [21,45]. The redox chemistry can be
further reconciled by using the relationship of energy versus density of
states (Fig. 5b and c). During the first charging from the open-circuit
voltage to 3.0 V, Mn®" (t3,-e3) oxidizes to Mn*" (t3,-J) by losing an
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Fig. 5. (a) The calculated density of states (DOS) of P2-NaMCM. (b) Schematic that illustrates the energy versus density of states in the sodium-deficient phase of P2-
NaMCM. (c) Charge compensation of different elements’ contribution during the charge and discharge process.

electron in eg orbital. Then cu®* (tgg-eg) began to participate in charge
compensation on charging from 3.0 to 4.0 V. On further charging from
4.0 to 4.5 V, the electrons will lose in oxygen valence bond. Upon first
discharge, partial oxygen ions are reduced from 4.5 V to 4.0 V; then Cu®*
ions and Mn*" ions are reduced within the voltage range of 4.0-3.0 V
and 3.0-2.0 V, respectively. In the subsequent charge/discharge process,
the valence states of Mn, Cu, and O undergo reversible changes, thus
promoting the following reversible electrochemical reaction.

4. Conclusions

In summary, we have studied a Na-deficient layered P2-Nag,
3Mng 72Cug 22Mg0.0602 phase having a strong electronegative copper
element within the transition metal slabs that shows both cationic and
anionic redox activity. Mn>*/Mn*", cu®'/Cu®t and 0% /(0x)" all
contribute to the redox reaction upon Na* ions extraction and insertion
by the combined analysis of hard and soft X-ray absorption spectra. The
existence of strong covalency between Cu 3d and O 2p orbitals promises
cationic and anionic redox chemistry in this material by DFT calcula-
tions. In situ XRD technique confirmed a solid solution reaction mech-
anism accompanied by some Na ordering rearrangement during battery
cycling. As a result, the P2-Nay,3Mng 72Cug 22Mgo 0602 cathode exhibi-
ted a reversible discharge capacity of 107.6 mA h g ! with good capacity
retention (=87.9% at 1C after 100 cycles) in Na half cells. This study
provides us a solid platform to clearly decipher the relationship between
redox chemistry and molecular orbital in layered Na cathode materials.
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