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ARTICLE INFO ABSTRACT

Keywords: In this study, the effect of Zn doping on the electrochemical properties of P2-Na,,3[Mn; _4Zn,]O, (x = 0.0, 0.1,
Oxygen-redox 0.2, 0.3) is investigated for the first time. The P2-Na,,3[Mng 7Zng 3]0, electrode deliveres a specific discharge
Mn rich capacity of approximately 190 mAh g~ ' based on the oxygen-redox reaction (0%~ /0" 7), after which the Mn**/
E::]:’;’;indple calculation Mn®* redox reaction contributes to the capacity. The cycling performance of the P2-Na,,s[Mng;Zng 3102

electrode is also greatly enhanced compared with that of the P2-Na,,sMnO, electrode (capacity retention of 80%
vs. 30% after 200 cycles). This improved cyclability is due to the suppression of cooperative Jahn-Teller dis-
tortion as well as stabilization of the structure by the electrochemically inactive Zn?>* ions. First-principle cal-
culations and experimental analysis, including X-ray photoelectron spectroscopy and X-ray absorption near edge
structure spectroscopy, clearly confirms that the Zn?" substitution in P2-Na, ,3MnO, enables the 027 /0~ redox
reaction. In addition, time-of-flight secondary ion mass spectroscopy analysis reveals that no sodium carbonates
forms on the electrode surface. Our findings provide a potential new path to utilize cost-effective Mn-rich

Sodium ion battery

cathode materials for sodium-ion batteries via not only cationic redox but also anodic redox.

1. Introduction

The recent construction of Gigafactories in the US and Germany
reflects the significant increasing demand for lithium-ion batteries
(LIBs) [1-3]. In addition, as the Paris Agreement aims to mitigate cli-
mate change by moving toward the generation of electricity from non-
fossil fuels in the upcoming ten years [4], there is an urgent need for
more green power sources. Although LIBs are the most suitable power
sources for both portable and stationary applications, the main recent
issue is that lithium resources are unevenly distributed and can be
politically controlled, thereby affecting their price. One of the best al-
ternative candidates for LIBs is sodium-ion batteries (SIBs), especially
for energy storage applications. Sodium is the sixth most abundant
element on the earth's crust, making sodium resources more cost ef-
fective than lithium resources. Although the chemical potential of Na is
slightly higher than that of Li (approximately 0.3V vs. the standard
hydrogen electrode), their similar chemistries and adoption of inter-
calation, conversion, and alloy reactions make SIBs very attractive al-
ternatives to LIBs [5,6].

Two-dimensional layered sodium transition metal oxides have been
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widely studied because of their high capacities [7]. They are re-
presented as O3- and P2-type structures, where O and P denote the
location of the sodium ion in the structure (P: prismatic site, O: octa-
hedral site) and the numbers indicate the number of transition metal
layers in a unit cell of the structure [8]. P2-type compounds generally
deliver higher discharge capacity than O3-type materials [9]. Among
P2-type materials, manganese-based (Na,,sMnO,) cathode materials
are particularly attractive because of the low cost of manganese re-
sources and the high discharge capacity (> 200mAhg~') of these
materials compared with other P2-type materials [10]. However,
manganese-based cathode materials exhibit poor long-term cyclability
because of the presence of Mn®* ions, Jahn-Teller ions that cause
elongation of the Mn—O bond length along one specific direction. This
asymmetry in the crystal structure results in structural disintegration,
leading to rapid capacity fading during cycling. This anisotropic change
in the structure can be overcome by dilution of the Mn®* concentration
by substituting Mn®* with other electroactive or inactive species
[11-16].

Electro-inactive magnesium has been used to suppress the
Jahn-Teller distortion caused by Mn®" ions in the crystal structure
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[17-20]. Cléments and coworkers reported partial substitution of Mn®*
ions by Mg?™" to stabilize the crystal structure [17]. Improved electro-
chemical performance with a smooth voltage profile was achieved with
only 5% substitution of Mg>* at the Mn>* site. The authors suggested
that the Mg doping was responsible for suppression of the Jahn-Teller
distortion and enhanced the structural stability with cycling [17]. In
earlier work, Yabuuchi and coworkers [18] introduced a high con-
centration of Mg?* (up to 28%) in P2-Na,,sMnO,, substituting almost
all of the Mn®* ions, leading to the formation of Na,,3[Mng 75Mgo 2g]
0O,, with an Mn oxidation state close to 4 + [18]. Unexpectedly, the
inactive material, Na,, 5[Mn3 52 * Mg 5] 0., delivered a charge capacity
of approximately 150 mAh g~ and a discharge capacity of over 200
mAh g~ in the following cycles. Considering the Mn®*/** redox on
charge, delivery of such a large capacity cannot be explained by the
Mn3*/4* redox. This anomalous large reversible capacity was thought
to originate from the oxygen redox during the first charge. The Mn** is
then reduced to Mn®* on discharge in the following cycles and vice
versa, similar to in the Li,MnOs3 system [18]. The large hysteresis be-
tween the charge and discharge curves indicates the possibility of
oxygen redox during the first charge, as oxygen redox exhibit high
polarization. Recently, Maitra and coworkers confirmed that Na,,
3[Mng 72Mgp 28102 undergoes an oxygen redox reaction [21]. Indeed,
the oxygen redox O?~/!~ activated by the oxygen of transition metals
does not require the presence of alkali ions in the transition metal layer.

Divalent Zn has recently been used as a dopant to stabilize the
structure of P2-Na,,sMnO,. Wu et al. [22] studied the effect of Zn
doping on P2-type Nag gNig.33 - xZnMng 70, (x = 0, 0.07, 0.14). The
overall electrochemical properties of the Zn-doped material improved
even though Zn remained as the electro-inactive species during the
electrochemical reaction. The inactive divalent Zn likely suppressed the
Na ™ /vacancy ordering, producing a smooth voltage profile. Later, these
researchers observed that an additional structural transformation,
mainly a transition from the P2 to P’2 structure, occurred for Zn-free
P2-type Nag ggNig.33Mng 6702, whereas such behavior was suppressed in
Zn-doped Nao.66Ni0.26Zn0.07Mn0.6702 [23]. As a result, the Zn-doped
electrode exhibited better electrode performances over cycles. Aguesse
et al. [24] reported the effect of Zn®>" ion substitution on layered
NazNiySbOg. Ni2™ ions were partially substituted by Zn®* ions in the
structure, and the Zn-substituted material (NasNi; 5ZnysSbOg) ex-
hibited improved electrochemical performance, maintaining 80% of its
initial capacity after 50 cycles, compared with that of the undoped
material. Moreover, the Zn doping affected the phase transition at high
voltage, which led to a smooth voltage profile. Xu et al. [25] showed
that Zn doping can stabilize the structure by comparing P2-type
Nag 6;Mng gFeq 402 and Nag ¢;Mng gFep 3Zn¢ 10,. Zn doping minimized
the polarization and improved the electrochemical properties of
Nag 6;Mng gFeg 40-. In addition, Zn doping suppressed the Jahn-Teller
distortion owing to the dilution of the Mn>* concentration in the
structure by 7Zn?" jons. Kumakura et al. [26] demonstrated the effect of
metal substitution on the electrochemical properties of P’2-Na,,
3Mng gMey ;05 (Me = Mg, Ti, Co, Ni, Cu, and Zn) compounds. Differ-
entiated plots revealed that doping with Zn resulted in a smoother
voltage profile than doping with the other metals.

The above literature review demonstrates the effectiveness of
doping with divalent Zn in stabilizing the crystal structure, which is
promising for retention of the initial capacity during cycling. Motivated
by this review, we, for the first time, studied the effect of Zn doping on
P2-type Na,,3[Mn;_,Zn,]O, over the wide range of 0 < x < 0.3 to
better understand the role of Zn>* on the structure and electrochemical
properties of this system. Because the oxidation state of manganese in
the 30% doped material (Nas,3[Mng ;Zng 3]0-) is close 4 +, it should be
electrochemically inactive as the Mn**/Mn®* redox is not possible
within the normal operation window (1.5 - 5V vs. Na™ /Na). However,
this material delivered a capacity of approximately 120 mAh g~ at the
first charge. First-principles calculations indicated that Zn substitution
at Mn sites in P2-Nay,3sMnO, led to the 0>~ /0"~ redox reaction. In
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addition to the observation of Mn*" ions in the structure, changes in
the local atomic environments and electronic states of O ions arose
when a particular Zn-O-Na configuration replaced the general
Mn-O-Na configuration in P2-Na,,sMnO,. X-ray adsorption spectro-
scopy analysis confirmed that the 0%~ /0!~ redox is reversible, after
which Mn**/Mn®* contributes to the electrochemical activity. More
interestingly, the cycling performance of the P2-type Na,,sMnO, elec-
trode was improved with the presence of Zn?* in the crystal structure.
We herein discuss the effect of Zn>* doping in Na,,3[Mn; _,Zn,]O,,
0 <x = 0.3 on the crystal structure, electrochemistry, and electro-
chemical mechanism.

2. Experimental
2.1. Synthesis of materials

The P2-Na,,3[Mn; _,Zn,]O, (x =0, 0.1, 0.2, 0.3) samples were
prepared using a combustion method described in our previous work
[27]. Hereafter, the Nay 3[Mn; _,Zn,]O, samples are denoted as Z0, Z1,
72, and Z3 for x = 0, 0.1, 0.2, and 0.3, respectively. First, appropriate
amounts of sodium nitrate (98%, Aldrich), manganese(II) nitrate hex-
ahydrate (97%, Aldrich), and zinc(II) nitrate hexahydrate (98%, Al-
drich) were dissolved in distilled water and continuously added to an
aqueous citric acid solution with a ratio of 1:0.5 by weight (ni-
trates:citric acid). The solution was heated on a hot plate at 100 °C
overnight under constant stirring to evaporate the used solvents. Then,
the dried powders were further heated to 200 °C for the auto-combus-
tion of citric acid. The powders were then heated at 500 °C for 3h to
decompose the organic compounds, and the obtained powders were
pelletized and heated in a tube furnace at 700 °C (except Z0, which was
heated at 900 °C) for 10h in air and then slowly cooled to room tem-
perature. The obtained powder was transferred to an Ar-filled glove box
to avoid contact with moisture in the air.

2.2. Characterization

X-ray diffraction (XRD; X'Pert, PANalytical) using Cu-Ka radiation
was employed to characterize the crystal structure of the synthesized
powders. The XRD measurements were performed in the 20 range of
10—110° with a step size of 0.03°. The FullProf Rietveld program [28]
was used to analyze the powder diffraction patterns. X-ray photoelec-
tron spectroscopy (XPS; PHI 5600, Perkin-Elmer, USA) measurements
were performed in macro mode (3 X 3 mm?) using an Mg X-ray source.
The samples (pristine, charged, after 1 cycle) were first transferred to a
hermitically sealed transfer chamber (ULVAC) in a glove box and then
transferred to the vacuum chamber of the XPS machine to prevent ex-
posure to air or water molecules during the XPS measurement. The XPS
spectra were fitted using a non-linear least squares fit with a Gaussian
peak shape, and the Shirley method was used to subtract the back-
ground before each fit. The binding energies of the Mn 2p, O 1s, and C
1s levels of the electrodes were calibrated with respect to the C 1s peak
at 284.6eV. To identify the surface states, we analyzed the P2-Na,,
3[Mng ,Zng 3]0, electrode using time-of-flight secondary ion mass
spectroscopy (ToF-SIMS; nanoTOF), equipped with a liquid Ga™ ion
source and pulse electron flooding operated at 10 ~° Torr. During the
analysis, the targets were bombarded by 10-keV Ga™ beams with a
pulsed primary ion current varying from 0.3 to 0.5 pA.

The ex situ XAS measurements for Mn K edge spectra were per-
formed at the 7D beamline at the Pohang Accelerator Laboratory (PAL),
Pohang, South Korea, and have the five energy steps with different
integration time; first energy step and integration time: 5eV and 1s,
second energy step and integration time: 2.5eV and 1s, third energy
step and integration time: 0.2eV and 1s, fourth energy step and in-
tegration time: 0.03keV and 1s, and fifth energy step and integration
time: 0.04 keV and 1 s from 6339.002 eV (Ey). The spectra for the O K-
edge were measured using a synchrotron radiation photoemission
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spectroscopy with the incident X-ray source at 650 eV and have three
energy steps with different integration time; first energy step and in-
tegration time: 0.3 eV and 1 s, second energy step and integration time:
0.2eV and 1s, and third energy step and integration time: 0.4 keV and
1s from 525.000 eV (E,) at the 4D beam line at the Pohang Accelerator
Laboratory (PAL), Pohang, South Korea. The raw XAS data were cor-
rected for pre-edge and post edge background and normalized to unit
step height. The X-ray absorption near-edge structure (XANES) data
were analyzed using the Athena software package [29].

2.3. Electrochemical tests

To fabricate the positive electrode, the prepared active materials
were mixed with conducting materials Super-P and polyvinylidene
fluoride in N-methyl-2-pyrrolidone (NMP) in a weight ratio of 8:1:1.
The obtained slurry (typically 3.0 mg cm~2) was applied on Al foil and
dried at 80 °C overnight under vacuum before use. Electrochemical cell
tests were conducted after assembling a R2032 coin-type cell using
sodium metal as the negative electrode in an Ar-filled glove box. The
electrolyte solution consisted of 0.5M NaPFg in propylene carbonate
and fluorinated ethylene carbonate (PC:FEC, 98:2 by volume). The cells
were charged and discharged between 1.5 and 4.6 V at a current density
of 26mA g~ ! at 25°C. The galvanostatic intermittent titration tech-
nique (GITT) was employed at a pulse of 26 mA g~ ' for 1 h and with 2h
relaxation time between each pulse.

2.4. Computational details

All the calculations were performed using density functional theory
(DFT) calculations and the projector augmented-wave (PAW) method
implemented in the Vienna ab initio simulation package (VASP)
[30-32] and employed a plane wave basis set with energy cutoff of
500 eV. We used PAW pseudopotentials [33] with a plane-wave basis
set as implemented in VASP. Perdew-Burke-Ernzerhof (PBE) para-
meterization of the generalized gradient approximation (GGA) [34] was
used for the exchange-correlation functional. The U value of Mn for the
GGA + U based DFT calculation was 3.9 eV [35]. The lattice parameters
and atomic positions of all the structures were optimized until the re-
sidual forces were smaller than 0.05 eV A— 1. To investigate the oxygen
redox activity of Zn-substituted P2-Nag ¢;MnO,, we used the simplified
crystal structure of P2-Nag sMng 75Zng 250» with a 2 x 2 x 1 supercell.
The Zn/Mn ordering and Na/vacancy ordering for preparation of the
P2-Nag 5 - xMng 75Zn¢ 505 structure were determined by comparison of
the electrostatic energies and DFT energies for 20 Zn/Mn ordering or
Na/vacancy ordering arrangements using CASM software [36]. For
calculation of the density of states (DOS), the Heyd—Scuseria-Ernzerhof
hybrid functional (HSE06) was used, as it has been observed to re-
produce the O 2p states for transition metal oxides.

3. Results and discussion

The calculated XRD patterns of the samples were obtained by
Rietveld refinement using the FullProf software, as shown in Fig. 1a. All
the samples were well matched with the P2-type structure (Fig. 1b)
with P6;/mmc space group, with an acceptable reliability factor (Ryy)
of approximately 10%. An increase in the concentration of Zn?™" ions in
the crystal structure led to a linear increase in the lattice parameters, as
observed in Fig. 1c, obeying Vegard's law. As Zn?* (74 pm) ions have a
larger Shannon ionic radius than Mn®"* ions (64.5 pm) and Mn*™ ions
(53 pm), the linear increases in the parameters are reasonable for Zn-
doped Nay/3[Mn; _4Zn,]O5 (x = 0, 0.1, 0.2, 0.3). In addition, the Zn
ions can be situated at the Mn>" sites rather than the Mn*" sites be-
cause of the preference of ionic size. The XANES data confirm the as-
sumption that the average oxidation state of manganese increased with
Zn doping (Fig. 1d) with minor variations in Mn pre-edge (inset of
Fig. 1d). The chemical compositions of the materials were confirmed
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using ICP, as shown in Table S1.

Fig. 2 shows the electrochemical performance of the P2-Na,,
3[Mn; _4Zn,]O, (x = 0.0, 0.1, 0.2, 0.3) electrodes tested at a constant
current of 26 mA g~ in the range of 1.5-4.6 V. From the voltage pro-
files for the initial cycle (Fig. 2a), it can be observed that the Zn-free
electrode, Z0, delivered a capacity of approximately 90 mAh (g-
oxide) ! on charge (oxidation) and 180mAhg~' on discharge (re-
duction). Unfortunately, the capacity retention was poor, which is most
likely associated with the Jahn-Teller distortion in the oxide matrix.
Notably, the charge profiles of the Zn-doped Na,,[Mn;_,Zn,]O0,
electrodes differed from that of the Zn-free electrode for the initial
cycle. As indicated by the XANES data (Fig. 1d), Zn substitution re-
sulted in an increase in the oxidation state of Mn, which contributed to
the Mn®*/** redox reaction over the entire operation range. This
finding indicates that the charge capacity should be reduced with in-
creasing Zn concentration in Na,,3[Mn; _4Zn,]O,. Such a tendency is
observed until 4V, above which a long plateau that is elongated with
increasing Zn content is observed for the Z1, Z2, and Z3 electrodes. In
particular, the Z3 electrode exhibited a negligible capacity below 4V
but a capacity of 115 mAh g~ ' above 4 V. The resulting discharge ca-
pacity was approximately 190 mAh g~ '. Again, the average oxidation
state of Mn for the Z3 electrode was 3.9+, such that the deliverable
capacity is theoretically expected to be 26 mAh g~ ! in the voltage
range. ICP results of charged Z3 electrode indicated extraction of Na™*
(~0.42 mol) from the crystal structure (Table S2). In addition, dQ/dV
plots for the initial two cycles confirm unusual reversible oxidation
above 4V for the Z1, Z2, and Z3 electrodes (Fig. S1) and reduction
during discharge at 3.1V, 3.0V and 2.75V, respectively, which sug-
gests possibility of oxygen redox. In addition, the smoothening of the
voltage profiles (Fig. 2a and Fig. S2) and dQ/dV curves suggests sup-
pression of the phase transition and Jahn-Teller distortion effect with
increasing Zn concentration in Na,,3[Mn; _,Zn,]O0,, which originates
from the reduced Mn>* concentration in the crystal structure. The Zn
substitution also affects the cycling performance (Fig. 2b). Among the
tested samples, the Z3 electrode exhibited the best cyclability with a
capacity retention of 80% after 200 cycles, whereas the Z0 electrode
only retained 30% of the initial capacity after 200 cycles. In addition,
Z3 electrode illustrated better rate performance than Z0 electrode
(Fig. 2c and d). The cyclability most likely improved because of the
existence of electrochemically inert Zn?* in the crystal structure, which
mitigates the Jahn-Teller distortion by sharing the oxygen connected
with Mn®**, O-Zn?*-0-Mn®*-0O, thereby preventing anisotropic
elongation of the Mn—O bond.

To predict the effect of Zn substitution on the oxygen-redox (02~ /
0! ™) reaction in the P2-Na, ,3MnO, structure, the projected density of
states (pDOS) for the O 2p and Mn 3d states of the three P2-
NagsMn; —,Zn, 05 samples (x = 0, 0.125, 0.25) were calculated using
the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional, which pro-
vides an accurate description of the electronic structures. As observed
in Fig. 3a-c, whereas the pDOS on P2-NagsMnO, and P2-
Nag sMng g75Zng 12502 below the Fermi level (Eg) was significantly af-
fected by the 3d orbitals of the Mn ions, the pDOS of the O 2p state
dominantly contributed to the electronic structure of P2-
Nag.sMng 75Zng 2505 below the Er with negligible 3d orbitals of Mn
ions. This finding implies that the O®*~ /0!~ reaction occurs in P2-
Nag sMng 75Zng 2502 because of the existence of the Zn-O-Na config-
uration in the structure. Fig. 3d presents a visualization of the charge
density around the O ion in the energy range between 0 and —1eV,
verifying the large charge density corresponding to the isolated O 2p
orbital along the direction of linear Zn—-O-Na bonding. We supposed
that because the Zn ion cannot provide the electron during the redox-
reaction (similar to Li or Na ions), an increase in Zn—-O-Na bonding may
also result in unstable oxygen electrons for the 0%~ /0!~ reaction with
minimized effect of Mn ions, similar to the oxygen-redox reaction
arising from the Li-O-Li configuration in Li-excess layered structures
such as LisMnOj [35]. Furthermore, Fig. 4 shows that compared with
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P2-Nag sMnyg 75Zn¢ 250, (Fig. 4a), the desodiated P2-NapMng 75Zng 2502
has an unoccupied state of O 2p orbitals above Er and the pDOS of the
Mn 3d orbital near Ey is negligible (Fig. 4b and c), indicating that Na
deintercalation from P2-Nag sMng 75Zng 2505 to P2-NapgMng 75Zng 2504
is dominant for the 0>~ /0!~ reaction.

Operando XRD (O-XRD) analysis of the Z0 and Z3 electrodes was
performed to obtain information on the structural change during the
initial charge/discharge and charge process, as depicted in Fig. 5. For
the ZO electrode, during charge, the P2 (002) and P2 (004) peaks

CTesl<oe =

= = = ==
O /S degree

= = = =
C Koo 260 / degree

Fig. 5. Operando XRD patterns of (a) P2-Na,,sMnO, and (b) P2-Nap,
3[Mng 7Zng 3]0, electrodes.

shifted toward lower angle, whereas the P2 (100) and (102) peaks
gradually shifted toward higher angles (Fig. 5a and Fig. S3). This be-
havior matches well with the calculated lattice parameters, as the c-axis
increased and the a-axis decreased with the extraction of Na™ ions from
the crystal structure (Fig. S4a). The resulting composition can be
written as Nag 33MnO- after charging to 4.6 V. During discharge, the
reversible process occurred at 2.2 V. However, the P2 peak intensities
decreased, and a new phase appeared at 37.5° 20 below 2.2V, which is
associated with the formation of a new P’2 phase when the sodium
content in the structure is higher than 0.7 in Na,MnO,, reaching
Na; oMnO, [37]. In this structure, the Jahn-Teller Mn®* ions are
dominant in the transition metal layer after discharging to 1.5V. The
same tendency as the first charge was observed during the second
charge.

Unlike for the Z0 electrode, the relative intensities of the P2 phase
peaks for the Z3 electrode decreased abruptly above 4.2V, which is
associated with the formation of another phase (Fig. 5b, Figs. S3 and
S4b). Ex situ XRD measurements of the charged electrode revealed that
the formed phase was an OP4 phase, Nag 24[Mng 7Zng 3]10,, after charge
to 4.6 V (Fig. S5). Because of the very low intensity of the OP4 phase, it
was not possible to detect the OP4 phase during the O-XRD measure-
ment. However, it is not possible that the average oxidation state of Mn
was 4.51 + after charging to 4.6 V because the oxidation state of Mn
cannot exceed 4+ in this operation range. This issue will be discussed
in detail in the XPS analysis section. During discharge, the OP4 phase
transformed to the original P2 phase (2.2V), and the resulting in-
tensities increased. Upon further discharging, the P2 peaks
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progressively shifted toward higher angle, and the phase was split into
two phases: the P2 phase, though not evident at the end of discharge,
and the P’2 phase with relatively low intensity compared with that for
Z0. At the end of discharge, the composition was approximately
Nag.97[Mng ,Zng 3]0, (average oxidation state of Mn: 3.5+ ), for which
the amount of sodium was lower but the oxidation state of Mn was
higher than those of Z0, Na; oMn®*0,. Note the difference in the oxi-
dation states of Mn for both fully discharged Na; Mn®>*0O, and
Nag.97[Mng 7Zng 3]05. The high oxidation state of Mn is likely to have
less affect on the elongation of the Mn—O bond in the crystal structure
because of the low concentration of Jahn-Teller Mn>" ions. As ob-
served in Fig. 2a, the delivered capacity for the second charge was
approximately 190 mAh g_l for Nag 24[Mng ;Zng 3]0,, for which the
average oxidation state of Mn is theoretically 4.51 +. Again, we cannot
explain the variation of the oxidation for Mn above 4+ on charge;
specifically, the oxidation state of Mn is given as 4.51 + at the second
charge, which is not valid considering the oxidation limit of Mn**
based on the Mn®*/4* redox pair. The P’2 phase was gradually trans-
formed into the P2 phase and finally to the OP4 phase at higher voltage
(4.6 V) during the second charge, demonstrating the reversible phase
transition: P’2 <= P2 <= OP4. The high oxidation of Mn on discharge is
advantageous to avoid deterioration of the crystal structure resulting
from anisotropic variation of the Mn-O bond by Mn®* during pro-
longed cycling. It is apparent from the ex situ XRD analysis after the 1st,
5th, and 10th cycles (Fig. S6 and Table S3) that the P2-type layered
structure remained stable over cycles. In addition, the ICP and TOF-
SIMS results (Table S2 and Fig. S8) confirm that both zinc and man-
ganese ions remained in the structure.

The Z0 and Z3 electrodes were further analyzed using XPS and
XANES to understand the surface and chemical states (Fig. 6 and Fig.
S7). Fig. S7a shows the carbon 1s, oxygen 1s, and manganese 2p regions
for the Z0 electrode. In the OCV state, the Cls spectra contained the
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usual peaks corresponding to the C-C bond at 284.6 eV from the con-
ductive agent and C=O and C-O bonds from surface deposited species
[38]. For the O1s spectra, a sharp peak is observed at 529.5 eV, which is
associated with O~ from the crystal structure of Na,,3MnO,. The two
other peaks are related to the surface deposited moieties related to
oxygen. The Cls and Ols spectra did not change during charge/dis-
charge, indicating that they do not participate in the electrochemical
reaction. Based on the results of chemical composition obtained from
ICP and XANES in which the K edge spectrum of Mn for the Na,,3MnO,
locates more close to Mn,03, we assume that the average oxidation
state of Mn is close to 3.33+ for the fresh Nag ¢;MnO, (Table S1). As
anticipated, the oxidation state of Mn shifted to higher energy when
charging to 4.6V (Fig. 6a). Upon discharging to 1.5V, the corre-
sponding Mn spectrum overlaid that of the Mn,O3 reference; however,
the state was lower than that of the fresh electrode, indicating that the
oxidation state of Mn was close to Mn®*. This finding agrees with the
O-XRD data presented in Fig. 5a, which shows that Na; (MnO, has the
oxidation state of Mn®" and that the full sodiation stabilizes the P’2
structure. These variations in the Mn K-edge reveal that the related
reaction is the Mn®*/#* redox reaction accompanied by Na™ de-/in-
tercalation.

For the Z3 electrode, the Mn K-edge spectra reveal that the average
oxidation state of Mn is close to 4+ in the fresh state (Fig. 6b). Sur-
prisingly, there was no evident change in the oxidation state of Mn
during charge, although a capacity of 120mAhg~! was delivered.
Compared with the fresh electrode, there was almost no difference in
the oxidation state of Mn for the charged electrode, except for the slight
variation in the pre-edge (inset of Fig. 6b). Similar tendency was ob-
served in Li[Nig 17Lig 2C00.07Mng 56102 (~300 mAh g~ ! on charge in
which oxygen redox contributed to ~ 200 mAh g~ ') reported by Ito
et al. [39], although the evolution of the pre-edge was less noticible
than that of Li[Nig 17Lip.2C00.07Mng 56102 because of the small charge
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capacity 120 mAh g~ ' for the present Na,[Mng,Zng 3]0, The
charged electrode can be expressed as Nag >4[Mng 7Zng 3105, for which
the average oxidation state of Mn is theoretically 4.51 +. Note that the
Mn cannot be oxidized above the oxidation state of 4+ in the range of
1.5-4.6 V vs. Na*/Na. After discharging to 1.5V, the Mn spectrum
shifted to lower photon energy, although the energy was still higher
than that of Mn,03 and the sodiated Na; (MnO,. This finding validates
the high oxidation state of Nag ¢7[Mng,Zng 3]0, (average oxidation
state of Mn: 3.5 +) even after discharge to 1.5V, whereas that of the
Mn for Na; yMnO, was 3 + . The discrepancy in the oxidation state of
Mn at the first charge arises because the charge capacity should have
been less than 26 mAh g~ ! based on the oxidation state of Mn, 3.9+,
for Na,,3[Mng 7Zng 3]0, with consideration of the Mn3*/4* redox. In
addition, the obtained capacity was approximately 120mAhg~?,
giving Nag 24[Mng3! ¥ Zng 510, after charge to 4.6 V. An anomalous
capacity was delivered by the oxygen redox, as observed from the O K-
edge spectrum of the Z3 electrode (Fig. 6¢). The data indicate that there
was a change in the pre-edge of oxygen as the shoulder peak at ap-
proximately 536 eV disappeared during charge and reappeared fol-
lowing the discharge process, which is reversible. The variation in
oxygen can explain the initial capacity delivered by the oxygen redox
(0%~ /0' 7). As observed in the XPS spectra, there was a change in the
Cls and Ols regions unlike for the Z0 electrode. In the O1s spectrum,
there are three peaks such as for the Z0 electrode at the OCV; however,
peak separation resulted in a new peak at 530eV for the charged
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electrode. This new peak is assigned to superoxygen (03 ), which is
produced by the oxidation of oxygen bonded with Mn and Zn elements
in the structure. As a result, the relative intensity of the MO (M: Mn and
Zn) binding was reduced (Fig. S7). Therefore, the contraction of the
unit cell during desodiation is responsible for the formation of the
M-0'~ bond from the M—0?~ bond (Figure 4Sb). Because the ionic
radius of O?~ is larger than that of O'~ (O: 1.52A, 0®>: 1.44, O':
smaller than that of 0% ~) because of the smaller number of electrons, it
is possible to understand such variation in the lattice parameters. The
above results reveal that the delivered first charge capacity is generated
by oxidation of oxygen from O®~ to O' . The reversible reaction, re-
duction of oxygen from O'~ to 0?7, is evidenced in the XPS spectrum
during discharge, as the new peak at 530 eV disappeared but MO (M:
Mn and Zn) binding became strong again at 529 eV. A similar tendency
was previously observed in the LiRug sSng 503 system, called oxygen
redox activated by the 0=/~ pair [40]. Not only the reduction of
oxygen from O' ~ to 0%~ but also Mn**/3* contributes to the discharge
capacity because the shift of the Mn K-edge is evident in the photon
energy during discharge, even though the oxidation state of Mn remains
higher than Mn®°™", which agrees with our discussion in Fig. 5b. We
also compared the EXAFS for the Mn to see the local change in the
structure resulted from the oxygen redox (Fig. 6d). Compared to the
fresh electrode, the slight variation in the EXAFS spectrum after the
charge is due to the local structural change caused by the oxidation of
oxygen in the MOg environment.
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In our earlier work on Li-rich Li[LigsNig 13C00.13Mng 54]02 (or
0.5Li,MnO3-0.5Li[Co; ,3Ni; ,3Mn; ,3]05), which releases oxygen at the
first charge above 4.4 V versus Li* /Li, we observed sediment of Li,CO5
on the surface of the active materials when discharged to 3V [38]. For
the Nay,/3[Mng,Zng 3]0, activated by O?>~/'~ and Mn®**/** redox
pairs, fragments related to Na,CO5 as NaC,* (m = 46.99) were not
detected for the first charge and discharge (Fig. S8). However, Na,0O ™"
(m = 61.98) was detected in the discharged electrode. This result
supports the idea that the Na,,3[Mng ;Zng 3]0, undergoes a reaction,
not oxygen release, from the crystal structure that is activated by 0%~/
1~ and Mn®**/** redox pairs.

Fig. 7a further validates our finding concerning the reaction process
for Na,,3[Mng 7Zng 3]0,. As we discussed in the introduction part, Zn
has recently been used as a dopant to stabilize the structure of P2-type
sodium cathode materials such as Nag ggNig 33— xZNMng 6705 [22,23],
Nag ¢7Mng ¢Feg 3Zng 105 [25], and NasNi; 5Zng sSbOg [24]. However, in
all the reported works, the capacities were was generated by only
transition metal redox, not by the oxygen redox which is inactive in
those mentioned compounds. Different from those works, the in-
troduction of Zn in Na,/,3Mn; 4Zn,O, compound resulted in oxygen
redox followed by the transition metal redox. Although the first charge
is mainly related to the O>~/*~ redox pair, voltage plateaus are ap-
parent. Specifically, the lower voltage plateau is attributed to the
Mn®*/4* redox reaction and the upper one is attributed to the 0>~/*~
redox pair. Note that the capacity in the low-voltage region coincides
with the oxidation of Mn from 3.5+ toward 4+. The reversible reac-
tion is observed below 2.2V, associated with the formation of the P2
phase from the P2 phase. In contrast, the length of the upper voltage
plateau gradually shortened with cycling. The oxygen redox reaction is
likely to be interrupted by surface resistance of the electrode caused by
the many types of sediment produced by oxidative decomposition of the
electrolytic salt and solvents and dissolution of manganese during
prolonged high-voltage operation. The above operando and ex situ XRD,
XPS, XANES, and TOF-SIMS results are summarized in the reaction
scheme for Na,,3[Mng ,Zng 3]0, in Fig. 7a.

Because the average oxidation state of Mn is close to 4 +, elec-
trochemical oxidation of oxygen in the compound generates a capacity
above 4V at the first charge, which gradually transforms the structure
from P2 to OP4 though with low crystallinity. On discharge, the re-
duction of oxygen progresses to 2.2V, and the OP4 phase is progres-
sively recovered to the original P2 phase. Further reduction activates
additional reduction of Mn**/3*  which results in another phase
transition from the P2 to P’2 phase. Then, the phase transition P’2 <= P2
<> OP4 occurs reversibly throughout the cycles. As can be seen from
Fig. 7b and Table S4 that compare recent oxygen-redox cathodes for
sodium ion batteries, our material presented excellent cycling perfor-
mance for 200 cycles. There are several works on oxygen redox reaction
in Na,,3MnO, compound doped with either Li [12] or Mg [18,21]. The
differences of our work from those are that we use earth abundant Zn to
activate the oxygen redox. Unlike Nay,3Mn; 4LiyO5 in which extraction
of lithium is obvious during charge, Zn ions do not migrate from the
transition metal layer during cycles for our Na,,3Mng ;Zng 30, com-
pound, which was proven by ex situ XRD and ICP analysis (Fig. S5 and
Table S2). More interestingly, compared to Nay,3Mng 75Mgp 2802 com-
pound, the electronegativity of Zn (1.65 [41]) is higher than Mg (1.31
[41]), which, we believe, enhances the stabilization of the structure due
to the covalent character of zinc with oxygen rather than magnesium
with oxygen. As a result, our material displayed improved long-term
performance for 200 cycles retaining 80% of its initial capacity that is
the highest capacity retention among other oxygen redox-based cath-
odes for SIBs. In addition, compared with ruthenium [42,43] and ir-
idium [44] based compounds our cathode is more earth-abundant.

The long-term structural stability was investigated using ex situ XRD
of the extensively cycled Z0 and Z3 electrodes (Fig. S9). For the Z0
electrode, a new peak appeared at 34° 26, which can be assigned as
Mn30,4. From the disassembled cells, it was confirmed that the
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separator turned a yellowish color because of the dissolved manganese
in the electrolyte. The dissolution of Mn occurred because of HF attack
of the active materials, especially at high voltage, such that Mn®* was
disproportionated into Mn?* and Mn**, 2Mn®** — Mn?" and Mn**,
which is typically observed in spinel LiMn,O,4 [45]. However, for the Z3
electrode, no additional peaks were observed in the XRD data and the
separator remained colorless. Moreover, the HF attack was presumably
prevented by the high oxidation state of Mn. Structural disproportion
caused by the Jahn-Teller active Mn>* ion was also suppressed by the
electrochemically inactive Zn®* ion in the structure.

4. Conclusion

In summary, we investigate the effect of Zn doping on P2-Na,,
sMnO, in an effort to improve its electrochemical properties. Our study
reveal that Zn®* ions substitute for Mn>* ions, as they have similar
ionic radius, and suppress the Jahn-Teller distortion. Moreover, the
addition of Zn®* ions increases the overall oxidation state of manga-
nese. Notably, the initial charge profile of the Zn-doped electrodes
differs from that of the Zn-free electrode, which is associated with
oxygen redox. Ex situ XPS and XANES analyses reveal that the delivered
capacity originates from a mixture of cathodic and anodic redox.
Operando XRD analysis shows that the Zn-doped electrode undergoes a
phase transformation of P’2 <= P2 <= OP4 during the initial cycle. Ex situ
XRD analysis of the Z3 electrodes after different cycles shows that no
structural arrangements occurs, unlike in the Li-rich system. In addi-
tion, ICP analysis of the pristine and charged electrodes confirms that
Zn ions are not extracted from the structure. Our findings will thus
guide researchers in considering oxygen redox to achieve increased
capacity.
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