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Abstract

Oxygen anion redox (OAR) plays a crucial role on the capacity and stability of oxide
cathodes in sodium-ion batteries but the intrinsic mechanism is poorly understood. How
to trigger and stabilize OAR is challenging, particularly for O3-type transition metal
(TM) oxide cathodes. Herein, we clarify Na/Mn anti-site defects mainly trigger OAR
in O3-NaMnji;sFe1sNii302 cathode, and OAR activity and reversibility can be
enhanced through tuning Na/Mn anti-site defects with Ho doping. Ho>" replacing Fe**
site promotes more Na/Mn anti-site defects, enabling more O lone-pair electrons to
participate in charge compensation. Meanwhile, Ho>" enlarges O-O bond and ~O-
TM-O angle, which maintain the single-electron oxygen hole configuration of (O)-
TM-(O") and inhibit O-O shortening caused by electron loss, avoiding forming (O2)*
dimer. Furthermore, Ho>" induces the splitting of TM 3d orbital energy band above
Fermi level and generates low energy orbitals of Mn e, and Ni e, , which promotes the
transition of O lone-pair electrons and Ni e, orbital electrons, and simultaneously
activates redox activity of anions and cations. After regulation, the capacity rises from
146.8 to 184.9 mAh g and the capacity retention increases from 40.3 to 90.0%. This

study reveals OAR mechanism in O3-type cathode and present insights on how to

trigger and stabilize OAR.

Keywords
sodium-ion batteries, O3-type cathode, oxygen anion redox, Na/Mn anti-site defects,

Ho doping
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1. Introduction

Commercial lithium-ion batteries (LIBs) have been used in electronic device,
electric vehicles and smart grids'~>. However, the shortage of Li resources cannot meet
the rapid market demand for LIBs, and it is highly desirable to find alternatives®”.
Sodium-ion batteries (SIBs) have been widely studied especially for large-scale energy
storage due to the rich sodium resources and the low cost. However, low specific
capacity, inferior rate capability and poor cycling stability of the cathode materials
hinder the practical application'®!#. As for traditional cathode materials (both LIBs and
SIBs), the charge compensation is based on the redox pairs of transition metal (TM)
ions, such as Ni**/Ni**/Ni%*, Co*"/Co**, Fe*'/Fe**, Cu®*/Cu*" and Mn*"/Mn>*. Energy
density of the cathode is mainly limited by the content of variable valence transition
metal ions. In recent years, some studies revealed that the oxygen in the lattice can also
lose electrons under certain conditions which contributes an extra capacity beyond the
theoretical capacity'®. Yabuuchi et al. reported the anionic redox chemistry in a series
of sodium-deficient type SIBs (P2-, P3-type, sodium content < 1) with Li* doping in
the lattice, such as P2-Nass[Lii4Mn34]02'%, P3-Nage[LioaMnos]O2!” 8, P2-
Nag ¢[Lio2Mngs]02!° and P2-Nag 72[Lio24Mno 76]02?. Like lithium rich materials, the
anionic redox activity of these materials is due to the existence of non-bonding O 2p
orbits. In addition to Li", Yabuuchi et al. found the reversible anion redox
characteristics after replacing Li" with Mg?" doping such as P2-
Nag 67[Mgo.2sMng 72]022! and P2-Nag67[Mgo33Mno67]02*2. Moreover, the electronic

structure of Zn is 3d'%, which can also activate the redox activity of lattice oxygen.
y yg
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Rozier et al. reported the anionic redox activity in P2-Nas[ZnzoMn79]02%.
Nau/7[01/7Mne/7]02 (0 = vacancy)?*, which directly introduces vacancies into transition
metals, also has an anionic redox activity. In addition to sodium-deficient system,
Mortemard de Boisse et al. also reported the anion redox in Na;RuOs3 (sodium-rich type)
whose structure is similar to that of LixMnO3?. Recently, the oxygen anion redox (OAR)
has also been reported in some other sodium-rich systems?6-%,

It should be noted that most of these studies are focused on P2-type SIBs materials.
The OAR in O3-type oxides, which are regarded as the promising cathode materials®-
31 are rarely reported. If the OAR in O3-type cathode materials is activated the capacity
could be further increased. In a recent study, our group reported the oxygen redox
phenomenon in O3-type NaMni;Fe1sNi1302 (MFEN), but the intrinsic mechanism of
OAR was still poorly understood®. In the previously reported sodium-deficient and
sodium-rich oxide cathode materials, the reversible redox activity of oxygen is
activated mainly due to the existence of non-bonding O 2p orbitals. There are two main
reasons for the formation of non-bonding O 2p orbitals: one is the existence of alkali
metal (AM) or alkaline earth metal (AEM) in the transition metal site (AM/AEM-O-
Na), and the other is the vacancy defect in the transition metal site (Na-O-0). But as for
conventional (non-AM/AEM system) O3-type MFN cathode, the radius of Na ion is
much larger than that of transition metal ions (the radius of Na*, Mn**, Fe** and Ni**
are 1.02 A, 0.53 A, 0.645 A and 0.69 A, respectively), so it is difficult for Na* to enter

the TM sites to form Na-O-Na structure. Therefore, what triggers OAR in O3-type

MFN cathode and how to activate and stabilize OAR through a structure regulation is
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challenging.

In this study, we, for the first time, based on density functional theory (DFT)
calculation, clarify that Na/Mn anti-site defects, which means a fraction of Mn-ion
occupy Na-ion sites leaving transition metal vacancies, trigger the OAR in O3-type
NaMnj;sFe13Ni1302 cathode. We further propose to enhance the activity and
reversibility of OAR through tuning Na/Mn anti-site defects with Ho doping. Ho>" is
adopted as the dopant because of large Ho>" ion radius (0.901 A), great Ho-O bond
energy (627.9 k] mol!) and strong paramagnetism. The regulation mechanism is
unraveled by means of Neutron powder diffraction (NPD)*?, X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), scanning transmission electron microscope
(STEM) and resonant inelastic X-ray scattering (RIXS)**. Ho** doping could modulate
the formation of Na/Mn anti-site defects to enhance the degree of oxygen participating
in the redox reaction and could adjust bond length and bond angle to improve the
reversibility of oxygen redox. Simultaneously, TM 3d orbits energy band splitting
activates the redox activity of both anion and cation, and Mn pinned in Na layer
enhances the crystal structural stability. In addition, the Ho-O bond with strong bond
energy can inhibit the phase transition, stabilize the lattice structure and improve the
redox reversibility of oxygen. After doping 0.01 mol Ho*" to the Fe*" site, the specific
capacity increases from 146.8 to 184.9 mAh g, and the capacity retention rate after
100 cycles at 5 C rises from 40.3% to 90.0%. This study not only reveals the intrinsic
mechanism of OAR in O3-type cathode but also present some insights on how to trigger

and stabilize more OAR for high-performance SIBs cathodes.
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2. Results and Discussion
2.1. Characterization and Analysis of Structure
Using transition metals Mn, Fe, Ni as matrix and Ho2O3 as Ho source, O3-type

cathode materials with different content of Ho>" were synthesized by high temperature

solid state synthesis (NaMnisFe13Ni1302 = MFN, NaMni3Fe1/3-0.005sN113H00.00502
MFNHO, NaMnis3Fei113.0.01Ni13H000102 = MFNH1, NaMnisFei/3.0.02Ni13H00.0202 =
MFNH2, the synthesis method is given in Supplementary Information). In order to
analyze the crystal structure information of synthetic materials, NPD technique and
XRD were used to characterize four groups of materials. The model for the Rietveld
refinement is set according to the inductive coupled plasma mass spectrometer (ICP-
MS) results of the samples. The results of ICP-MS are shown in the Table S1.

The NPD data and refinement results for MFN, MFNHO, MFNH1 and MFNH2
are presented in Figure 1(a), 1(b), 1(c) and 1(d), respectively. The XRD data and
refinement results for MFN, MFNHO, MFNH1 and MFNH?2 are presented in Figure S1.
Different from XRD, NPD can accurately determine the position of Na element in the
crystal structure of SIBs materials. Guo et al. have compared the structural
characterization results of NPD and XRD of sodium ion electronic cathode materials
and the result of NPD is more reliable than XRD?®. Full-pattern Rietveld refinement is
carried out using the GSAS programs with the EXPGUI interface. The refined results
of NPD are shown in Table S2. The atomic occupation information of MFN, MFNHO,
MFNH1 and MFNH2 are shown in Table S3, S4, S5 and S6, respectively. The

refinement results of XRD are shown in Table S7. The refined results of NPD and XRD
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are within the error range, and the refined results of both show that the lattice change
law is the same, which can be mutually verified. All these ensure the credibility of the
refined results.

By analyzing the experimental results of NPD, the following conclusions can be
obtained. Firstly, in four groups of materials, each obvious diffraction peak in the
patterns can be well indexed to O3-type structure with space group of R3m (n0.166),
indicating the a-NaFeO> phase. In addition, the NPD results of MFNHO, MFNH1 and
MFNH2 do not show any observable diffraction peak of Ho2O3; or NaH0O», indicating
that Ho>" has been doped into the MOg lattice.

Secondly, there are Na/Mn anti-site defects in all four groups of materials (the
NPD refinement results show that when the doping amount of Ho*" is 0%, 0.5%, 1%
and 2%, 1.34%, 1.80%, 2.07% and 2.23% defects are generated in the structure,
respectively), that is, Mn ions occupy Na ion sites, leaving transition metal vacancies.
It is also found that Na/Fe or Na/Ni anti-site defects do not appear in the refinement
process. Furthermore, the results also show that, with the increase of doping Ho element,
more Mn occupies the Na site, resulting in more Mn vacancies. The reason for this
phenomenon is that Ho®" ([Xe]4£1°) is rich in single electrons, it would repel the Mn
ions with abundant single electrons. Therefore, the more Ho doped, the more mixed Mn
cations appear in Na site.

Thirdly, with the increase of the amount of doped Ho element, the values of lattice
parameters a and b gradually increase, and the value of ¢ gradually decreases. The

lattice parameters a and b increase because the radius (0.901 A) of Ho®" is larger than
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Mn*" (0.53 A), Fe*" (0.645 A) and Ni** (0.69 A). The decrease of c is because doping
Ho" will promote the migration of Mn ions into the sodium layer. The radius of Mn**
(0.67 A) is smaller than Na* (1.02 A). The more Mn ions occupy the Na site, the smaller
cis. Figure S2 is XRD diagram of normalized intensity of four groups of samples: MFN,
MFNHO, MFNH1 and MFNH2. The value of intensity (003)/(104) gradually decreases
with the increase of Ho doping. This comes from two main reasons. Firstly, Ho doping
affects the preferred orientation of the particles, which is demonstrated by the scanning
electron microscopy (SEM) images (Figure S3). Secondly, the occupation of increasing
Mn into Na layer will also decrease the of (003)/(104) ratio. In addition, there is an
interesting phenomenon. XRD results show that when the doping amount of Ho
increases to 2%, a superstructure ordering of Na‘/vacancy is detected. As shown in the
dotted line area in Figure S2.

Raman spectrums are shown in Figure S4. The characteristic vibration of the MFN
MFNHI1 and cathode at about 580 and 495 cm™ belongs to ai and e; modes,
respectively. The former originates from two adjacent oxygen layers moving against
each other along the c-axis, whereas the latter roots from the atomic displacements
along the a-b plane direction. Comparing MFN and MFNH1, the peak at 575 cm™! shifts
to 585 cm’!, which is attributed to the strengthening of force between the transition
metal layer and sodium layer upon the increase of Na/Mn anti-site defects. The peak at
490 cm! shifts to 500 cm™ which is caused by the expansion of the a-b plane. These

results coincide well with the NPD refinement results>®.
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the materials. According to previous reports, in MFN cathode, Mn ion exists in the form
of Mn*" in MnOg (TM layer)*2. This difference may be related to our use of MnO (Fm-
3m) as a manganese source. In most studies, the raw material of Mn used to prepare
Na-ion cathode is MnyO3, while here we use MnO. Due to the atomic arrangement of
Mn for MnO, Mn?" need to overcome the migration energy to form the TM layered
oxide. And some of the Mn that fail to migrate eventually form the mixed Mn?" cations
occupied in Na site. And for the requirement of charge balance, some O defects are
simultaneously generated. This is supported by the Electron paramagnetic resonance
spectroscopy (EPR) results and NPD refinement in the following. Therefore, we infer
that the detected Mn?" exists in the Na layer, due to a closer radius between Mn?* (0.83
A) and Na* (1.02 A), both of which are larger than that of Mn** (0.53 A).

XAS can characterize the coordination of transition metals®’. Hence, the Mn K-
edge XAS of MFN and MFNH1 materials were measured to characterize the structure
of Na/Mn anti-site defects. XANES spectrums at Mn K-edge region of MFN and
MFNHI1 are shown in Figure 1(e). The results show that Mn mainly exist with +4
valence in the two materials. EXAFS spectrums in R-space at Mn K-edge of MFN and
MFNHI1, as shown in Figure 1(f). After the R-space analysis with Artemis software, it
is concluded that the coordination of Mn mainly has four shells, namely Mn-O (TM
layer), Mn-O (Na layer), Mn-TM and Mn-Na. The R-space and g-space fitting results
of MFN and MFNHI1 are shown in Figure S6 and S7, respectively. Four paths were
added to fit R-space. In MFN, the coordination number N of the second path (Mn-O Na

layer) is 5.49, and R factor is 0.0138. In MFNH1, N =5.16, R factor =0.0115. It shows

11
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that the atomic coordination number of Mn’s second shell should be 6, and the fitting
result is within the error range. It is reported that second Mn-O peak is attributed by the
Mn-O (Na layer) coordination shell which is caused by the disordered Mn cations>®. It
declares that there is a small amount of Mn in the Na layers. The fitting results are
consistent with the bond length results obtained by NPD refinement. However, the
occupation of Mn in Na site promotes the precipitation of Na. Therefore, a large
occupation of Mn in Na site is not conducive to the performance of the cathode
materials.

The XANES spectra at Fe K-edge of MFN and MFNHI is shown in Figure S8,
this shows that Fe is mainly +3 valence state. The XANES spectra at Ni K-edge of
MFN and MFNHI1 is shown in Figure S9, which shows that Ni mainly exist with +2
valence in the two materials. The XANES spectra at Ho L3-edge of MFNH1 is shown
in Figure S10. The R-space transformation of EXAFS spectra of Fe K-edge, Ni K-edge
and Ho Ls-edge for MFN or MFNHI1 are shown in Figure S11. The results show that
there is no second TM-O (Na layer) coordination shell in the coordination environment
of Ni, Fe and Ho, which is consistent with the results of NPD refinement. In addition,
the first coordination shell information of Ho reflects that Ho occupies the site of
transition metal, which proves that Ho is successfully doped into the lattice and
occupied the transition metal site instead of Na site.

Explanations on why Ho occupies the TM site and Mn occupies the Na site are
provided. The occupation of the doped element is not only determined by its ionic

radius, but also by the valence state, bond energy and other factors. Although the ionic

12
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radius of Ho*" (0.901 A) is closer to Na* (1.02 A) than Mn?* (0.83 A), Mn*" is closer to
Na' from the perspective of valence state. In addition, Mn-O bond energy (402 kJ mol
1) is smaller than Ho-O bond energy (627.9 kJ mol™!). The bond length (~1.9 A) of Ho-
O at the transition metal layers meets the conditions for covalent bond formation. The
occupation of Ho in the transition metal site increases the structural stability of the
cathode by forming Ho-O bonds with large bond energy. But when Ho is in Na site, the
ionic property of Ho-O bond is increased due to the elongated bond length (~2.4 A).
This reduces the Ho-O bond energy and weakens the functions of Ho in stabilizing
structure. However, Mn-O bond has a small bond energy and has a reduced effect on
enhancing the structural stability than Ho. In the process of synthesis, the material tends
to form the most stable structure. Therefore, compared with the location of Ho at Na
site, the location of Mn at Na site is more conducive to the structural stability of the
material.

In order to characterize the Na/Mn anti-site defects structural phenomenon more
intuitively, MFNH1 samples were characterized by STEM. Figure 1(g) shows the
atomic lattice diagram, along [100] zone axis. Figure 1(h) is an enlarged view of the
red rectangle area of Figure 1(g). In Figure 1(h), the red rectangle area shows the
vacancy in the transition metal layer, and the blue rectangle area shows the transition
metal ions migrating to the Na site. The intensity diagrams of atomic sections are made
along the directions of 1, 2, 3 and 4, respectively. The intensity diagrams of atomic
sections along directions of 1, 2, 3 and 4 is shown in Figure 1(i), 1(j), 1(k) and 1(1),
respectively. It can be clearly seen that the transition metal ions have migrated to the

13
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Na site, and the transition metal vacancy formed. The result from the STEM image is
consistent with that of NPD refinement and XAS results. High resolution-transmission
electron microscopy (HR-TEM) results (Figure S12, S13, S14 and S15) declare that no
coating is formed in the Ho doped materials. The selected area electron diffraction
(SAED) demonstrates only one clear set of spots for R3m space group. The results of
transmission electron microscopy-energy dispersive spectrometer (TEM-EDS) and line
scanning show that all elements are uniformly distributed in the lattice, and Ho elements
do not aggregate on the surface to form Ho,O3 or NaHoO». These data support that Ho
element is successfully doped into the lattice. We attribute the successful
implementation of Ho doping to the following points. Firstly, the doping amount is
small, which is only 1-2%. Secondly, our materials have some structural defects, which
have been proved by the neutron diffraction and EXAFS. The structural defects can
largely increase a material’s ability to dissolve heterogeneous elements®>*’.  This is
the most important reason why Ho can be doped into transition metal sites.
2.2. Revealing the Redox Mechanism of Oxygen

In order to study the oxygen redox mechanism for O3-type transition metal-based
SIBs, the O3-type MFN cathode material with Na/Mn anti-site defects crystal structure
diagram was constructed, shown in Figure 2(a). Both Na and TM atoms occupy the
center of oxygen octahedron, which are arranged in the way of ABCABC. As shown in
Figure 2(a), there is a Na/Mn anti-site defect in the designed MFN crystal structure, that

is, a Mn ion occupies a Na site, leaving a transition metal vacancy.

14
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Figure 2. (a) The crystal structure diagram of MFN with Na/Mn anti-site defect. (b)
The structural diagram of the Na-O-TM bonding mode in traditional O3-type cathode.
(c) The structural diagram of the Na-O-0 bonding mode in O3-type MFN with Na/Mn
anti-site defect. (d) The crystal structure and Fermi level diagram of traditional O3-type
cathode. (e) The crystal structure and Fermi level diagram of O3-type MFN cathode

with Na/Mn anti-site defect.

For traditional O3-type SIBs cathode (O/TM = 2), when octahedral coordination
occurs, the extranuclear electrons of O undergo hybridization, and six electrons
participate in bonding. After bonding, the energy band of O can be divided into a pair
of 2s energy bands and three pairs of 2p energy bands. Since the 2s energy band is far
away from the Fermi level (EF), it has no electrochemical activity. The 2p energy band
with a higher energy participates in the formation of M-O bond. The bonding mode of
Na-O-TM in traditional O3-type cathode is shown in the Figure 2(b), and the structure
and Fermi level diagram of traditional O3-type cathode are shown in the Figure 2(d).
Near the EF surface, there are two main energy bands from low energy to high energy:
the (M-O) band of bonding state M-O, and the (M-O)* band of anti-bonding state M-

O. The redox in the electrochemical process is mainly contained in the (M-O)* energy

15
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Figure 3. (a) Ex-situ soft XAS of O K-edge for MFN and MFNHI1 at different voltage
states. (b) Under different voltage states, MFN and MFNH1 soft XAS of Mn L-edge.
(c) Ex-situ O 1s XPS spectrum of MFN and MFNHI1, during charging-discharging
process, etched to 15 nm. (d) Ex-situ Mn 2p XPS of MFN and MFNHI, during

charging-discharging process, etched to 15 nm.

In O3-type MFN, due to the existence of Na/Mn anti-site defect, a unique Na-O-
o structure is formed. Therefore, one of the O 2p orbitals is not bonded, as shown in
Figure 2(c). The non-bonding O 2p orbital has a high electron energy, and its energy
band (102,) is above the bonding state (M-O) energy band, as shown in Figure 2(e).
Oxygen non-bonding state is the second energy band that can provide charge
compensation on the premise of maintaining the basic stability of the structure in
addition to the anti-bonding state (M-O)* energy band. As for the traditional O3-type

cathode without oxygen non-bonding state energy band, once the electrons in the anti-
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bonding state (M-O)* energy band are exhausted, the additional electrons can only
come from the bonding state (M-O) energy band, and the participation of these energy
bands will affect the structural stability of the material** **. Therefore, in theory, O3-
type cathode materials with Na/Mn anti-site defects can undergo reversible oxygen
redox reaction.

To study the redox mechanism of oxygen in MFN and MFNHI, ex-situ soft XAS
of two materials were collected in the O K-edge region and Mn L-edge region, as shown
in Figure 3(a) and 3(b). In Figure 3(a), the peak before 534 eV reflects the information
of M 3d-O 2p hybrid orbit, and the peak after 534 eV reflects the information of M 4sp-
O 2p hybrid orbit. The 3d band pre-edge peak at =~ 531 eV (black line) shifts to a lower
energy when charging to 4.3 V, which is attributed to the oxidation of TM ions**. Small
peaks appeared before 529 eV (peak A and B), both in MFN and MFNHI1 samples,
when charging to 4.3 V. These peaks reflect the information of electron holes in 0%,
and is the evidence of oxygen oxidation reaction®’. The integrated intensity of low
energy peaks with different charge states can supply important information about the
unoccupied hole states of the oxygen 2p orbitals, was previously verified with soft XAS

by Bruce et al.*

The integrated intensity of the pre-edge peak is calculated between
525 and 534 eV (the shaded region), and the results are shown in Figure S16. The
integral area results show that MFNHI1 has stronger oxygen redox activity and stronger
reversibility than MFN.

In Figure 3(b), the results show that, at initial state, most of the Mn ions exist in

the form of +4 valence in the two samples, and there is a small amount of Mn?" but no
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Mn** observed. This is consistent with the above-mentioned existence of Mn?" in the
Na layer. When charged to 4.3 V, Mn** in MFN is mainly oxidized to Mn*" and a few
to Mn®*. In MFNHI, all Mn?" is oxidized to Mn*". When discharged to 1.5 V, Mn*" and
Mn?* co-exist in MFN, indicating that Mn?* in Na layer will change from Mn?* to Mn**
and finally return to Mn?' during charge and discharge, but the reaction is not
completely reversible in. While in MFNH1, the redox of Mn?* is completely reversible,
which shows that in MFNHI, the structure of Na/Mn anti-site defects is more stable.
The stability of the defects structure ensures the reversibility of oxygen redox. After
doping with Ho, the average bond length of Na-O (Mn-O in Na layer) becomes shorter,
indicating the lattice structure strength is higher, which may be the reason for the more
stable Na/Mn anti-site defects. In addition, it is demonstrated by the Fe L-edge XAS
spectra that the electronic structure of Fe changes a little for charging the pristine
electrodes to 4.3 V charged electrodes (Figure S17). This demonstrates a low
participation of Fe into the redox*’. This is consistent with other work*®.

Figure 3(c) shows XPS result of MFN and MFNHI1 in O ls energy region after
etching 15 nm. The results show a new peak of O/(02)* at about 530.3 eV appears
when charged to 4.3 V, indicating that oxygen participates in redox. Figure 3(d) shows
Mn 2p XPS at the same condition. The results show that Mn?** will change to Mn*"
when charged to 4.3 V and back to Mn** when discharged to 1.5 V, which is consistent
with results of soft XAS. It proves that oxygen will participate in redox during charge
and discharge, and Mn*" pinned in Na layer will oxidize to Mn*" and finally change
back to Mn?". Since the reduction of Ar* etching may interfere with the results, here we
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compare the spectra of the electrodes before and after etching to confirm that the signal
of Mn?" is indeed from the nature of the materials. The surface data of Mn, C, O XPS
spectra for the electrodes before and after etching are consistent, as shown in Figure
S18. This indicates that the actual binding energies of C/O do not change after etching
the electrodes within 15 nm, which excludes the possibility that Mn?" is produced by

reduction caused by Ar" etching.

a Voltage (V) MFN
15

Intensity (a.u.)

b Voltage (V) M F N H 1

Intensity (a.u.)

T T

10 15 20 25 30 35 40 45
20 (degree)

Figure 4. (a) In-situ XRD of MFN. (b) In-situ XRD of MFNHI1. “#” is the peak of

50 55 60 65 70

PTFE, “+” is the peak of Al, “*” is the peak of Be.
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In-situ XRD experiments were carried out on MFN and MFNH1. The results are
shown in Figure 4(a) and 4(b). Both materials experienced the transition from O3 phase
to P3+03 phase, then to P3 phase, then to P3+O3’ phase, and finally to O3’ phase
during charging. The discharge process is an opposite process.*® There are mainly two
points deserve to be noted. Firstly, a lower peak shift for MFNH1 (0.78°) than MFN
(0.82°) is showed by the main peak (003) when charging the pristine electrode to 4.3 V
charged state. This illustrates that, compared with MFN, MFNHI has a restrained
structural shrinkage upon extracting Na* from the lattice. This would facilitate the Na*
diffusion of MFNHI1 at high voltages. Secondly, O3’ phase is maintained for a longer
time for MFNH1 than MFN. This is due to the pinning effect of Mn, which retards the
phase transition. This helps a more oxygen participate in the redox reactions®. In
addition, a few recent studies have shown that strong M-O bond energy plays an
important role in inhibiting phase transition and stabilizing lattice structure®® 3!,
Therefore, the Ho-O bond with strong bond energy can also reduce the damage caused
by phase transition and maintain the structural integrity. (The bond energy of Ho-O =
627.9 kJ mol ™!, Ni-O = 391.6 k] mol!, Fe-O = 409 kJ mol™!, Mn-O = 402 kJ mol ™).

Yang et al. pointed out that it is not rigorous to use O K-edge XAS to characterize
the redox of O2. Therefore, RIXS was used to characterize the oxygen redox reaction
of MFN and MFNHI1 materials, which can support the results of soft XAS and explain
the mechanism of oxygen redox process. RIXS is a technique with a probing depth of

about 100 nm at the O K range’?, has sensitivity to the oxidation state of oxygen®?, and

can characterize the redox process of lattice oxygen. Ex-situ O K-edge RIXS results for
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MFN and MFNHI1 are shown in Figure 5(a) and 5(b), respectively. The incident energy
of RIXS is 531 eV, which corresponds to an elastic peak at the energy loss of 0 eV. The
energy loss spectrum of RIXS can be divided into four regions: (A) elastic peak region,
(B) O-O dimer oscillation peak region, (C) the region of electronic structure of the
metallic band of the oxides, which can reflect the octahedral information of TM-O
hybridization, and (D) O 2p orbitals electron’s information region. The peak of about
523.5 eV (energy loss of 7.5 eV) in D region is the fingerprint peak of oxygen oxidation
reaction due to electron loss in O 2p>*. In MFN and MFNH1 samples, these peaks
appear when charged to 4.3 V, indicating that oxygen oxidation reaction will occur in
both groups of materials, which is consistent with the results of XAS and XPS. The
peak in C region can reflect the octahedral information of TM-O hybridization. In MFN
sample, the peak shifted significantly to the right in the discharge state compared with
the initial state, indicating that the irreversible structural change of MOs occurred. In
MFNH1 sample, there is no obvious peak shifting between the discharge state and
initial state, indicating that there is no irreversible MOg distortion. Region B reflects the
frequency information of vibration between adjacent oxygen atoms caused by energy
loss*, and the morphology of dimer formed by two oxygen atoms can be determined.
Figure 5(c) and 5(d) are enlarged views of region B in Figure 5(a) and 5(b), respectively.
RIXS results of B region of MFN and MFNHI showed that weak oscillation occurred
when charging to 4.3 V, indicating that the bond length of O-O bond of the two groups
of materials would change due to the loss of electrons. Judging from the oscillation
frequency, O, molecules will not be generated, but it is difficult to judge the
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morphology of O-O dimer®. In addition, when being discharged to 1.5 V, the
oscillation peaks disappear in MFNH1 sample, while there are still oscillation peaks in
MEFN sample (blue dashed rectangular area). It shows that there is irreversible redox in
MFN, which is consistent with the DFT theoretical calculation and O K-edge XAS
results. The integral area of the elastic peak in region A reflects the density of oxygen
holes. The integral area results are shown in Figure S19, which indicates that the degree
of oxygen participation in the redox reaction in MFNH1 is higher>> .

To further explore the redox mechanism of oxygen in the electrochemical process,
DEMS and Raman spectrum testing were carried out. DEMS can on-line monitor the
gas produced on cathode during charging and discharging. As shown in Figure 5(e) and
5(f), besides a small amount of CO2 under high voltage, no O is detected during
discharge/charge process as for MFN and MFNHI1.

Ex-situ Raman spectrum testing results of MFN and MFNHI are shown in Figure
S20 and S21, respectively. Raman spectrum can detect the O-O stretch information in
bulk structure of the materials. The O-O stretch at about 850 cm™! is ascribed to peroxide
related (O2)* species, and at about 1150 cm! is ascribed to superoxide related (O2)
species®” 3%, Raman results show that when MFN is charged to 4.3 V, it will generate
peroxide related (02)* species, and not generate superoxide related (O2) species. When
being discharged to 1.5 V, (O2)* species still exist. MFNH1 will not generate peroxide
related (O2)> species or superoxide related (O2) species during charging and
discharging. In addition, it should be added that, not all ex-situ Raman spectrum results
(charging to 4.3 V state and discharging to1.5 V state) can detect peroxide generation.
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1 This shows that the generation of peroxide related (O2)* species is random, and the

2 redox of peroxide related (02)* species is not completely irreversible.
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2.0. This can be explained by the anti-site defect and O defect. EPR results show that
there are more anti-site defects and O unpaired electrons in pristine MFNHI1, which
makes the EPR signal stronger. For MFN in charging process, the signal at 2.0 in g
gradually weakens, and finally almost disappears at 4.3 V. This is because O loses
electrons and forms a dimer structure at 4.3 V, which largely reduces the unpaired
electrons in O. While for MFNHI, with charging the electrodes to 4.3 V, the signal at
2.0 in g still exists, which indicates an inhibition in forming O-O dimers. This result is
consistent with the RIXS and Raman results.

According to the experimental results of RIXS, XAS, Raman spectra and EPR, the
redox process of oxygen in MFN and MFNH1 materials are revealed. When the MFN
material is charged to 4.3 V, O* will undergo oxidation reaction and generate oxygen
electron holes O™ and peroxide related (O2)* species at the same time (20% - 2e” = 20,
20% - 2¢ = (02)%). The redox reversibility of (02)* species is poor. When being
discharged to 1.5 V, O" will undergo a reduction reaction and change back to O* (20
+ 2e” = 20%), while (02)* will not completely change back to O*. This is the reason
why the soft XAS results show that the reversibility of MFN redox reaction is poor.
Different from MFN, MFNHI1 will mainly generate O which has redox reversibility,
during charge and discharge, and reversible redox reaction of oxygen can occur (20?" -
2¢" =20, 20" + 2¢" = 20%)°® 3%, The schematic diagram of oxygen oxidation reaction
is shown in Figure 5(g). The reason why the oxidation reaction of oxygen in MFN1 will
not produce (O2)* is that Ho doping changes the lattice structure. After doping Ho, the
O-O bond becomes longer and the angle  O-TM-O becomes larger, which is
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conducive to maintaining single electron oxygen hole configuration of (O°)-TM-(O")
and avoiding the shortening of O-O bond caused by electron loss, which could form
(02)* dimer structure with poor reversibility. Meanwhile, the Ho-O bond with a strong
bond energy can stabilize the (O")-TM-(O") structure. Stable lattice structure can also
avoid the formation of irreversible O-O dimers.
2.3. Electrochemical Performance

In order to compare the electrochemical properties of the materials before and after
modification, the electrochemical properties of MFN and MFNH1 were tested. The
assembly method of the cells is given in the Supplementary Information. Comparing
the electrochemical properties of MFN, MFNHO, MFNH1 and MFNH2, MFNH1 has
the best performance, shown in Figure S23 and S24. Therefore, MFNH1 was used to
as the experimental group and MFN as the blank group. Figure S25 shows the first
charge-discharge curves of MFN and MFNHI1. The results show that the voltage
platform in the voltage range from 4.1 V to 4.3 V corresponds to the oxidation reaction
of oxygen®2. In MFN material, oxygen will contribute about 35 mAh g'! during charging
and 19 mAh g! during discharging. This is because during the first cycle of charging,
the surface oxygen will also participate in the reaction and is irreversible, which will
lose part of the capacity. Therefore, it is generally believed that 19 mAh g is the
capacity provided by lattice oxygen. In MFNHI, the capacity provided by oxygen
during charging and discharging is 47 and 31 mAh g!, respectively. So, lattice oxygen
will provide about capacity of 31 mAh g'!. According to the content of Na/Mn anti-site
defects obtained from NPD refinement results, the capacity provided by oxygen redox
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in MFN and MFNHI is calculated.

One vacancy in TM layer can form 6 linear Na-O-0o structures, which provide 6
active electrons in O. These active electrons induce the O redox. And MFN has a defect
content of 1.34%, while MFNH]1 has a defect content of 2.07%. Based on the contents
of defect, the number of active electrons is about 0.080 mol for MFN and 0.124 mol for
MFNHI1, which corresponds to a capacity of about 20 mAh g™ for MFN and about 30
mAh g for MFNHI1 (Theoretical capacity Co= 26.8 Ah mol''; Molar mass My~ =
111.48 g mol!). This is consistent with the electrochemical properties experimental
results. In addition, the transition metal provides a capacity of about 140 mAh g in
MFN, while MFNHI1 can provide the capacity of about 160 mAh g™!, indicating that the
redox activity of the transition metal has also been enhanced.

The initial Coulombic efficiency of MFN and MFNHI1 are calculated to be 85.5%
and 88.5%, respectively. It is found that the Coulombic efficiency is higher for MFNH1
than MFN. It can conclude that the higher capacity of MFNHI is stable, which is not
from the irreversible electrolyte decomposition. The content of transition metals in the
electrolyte after cycling (50 cycles at 1 C) were tested by ICP-MS. The results showed
that the metal contents in the electrolyte are a little higher for cycled MFN cell (1.77

mg ml!) than cycled MFNH1 cell (1.74 mg ml™).
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Figure 6. MFN and MFNHI (a) rate performance diagram, (b) cycle performance
diagram at 0.2 C and (c) cycle performance diagram at 5 C. CV curves of (d) MFN and
(e) MFNHI in the voltage range of 4.3 V-1.5 V. PITT curves of MFN and MFNHI1 in

the (f) charging process and (g) discharging process. EIS curves of (h) MFN and (i)
MFNHI.

The rate performance of MFN and MFNHI1 is shown in Figure 6(a), and the cycle

27

performance results at low and high rate are shown in Figure 6(b) and 6(c), respectively.
The results show that, after doping with Ho, the specific capacity increases nearly 40
mAh g'!, and the rate properties are improved in different current densities from low to
high. There is still 45 mAh g specific capacity at 10 C. The cycle performance at low
and high rate has been improved. Especially at 5 C, after 100 cycles, the capacity
retention rate of MFNH1 sample is 90.0%, but the capacity retention of MFN sample

is only 40.3%. The increase of specific capacity and the improvement of rate
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performance are mainly due to the formation of more Na/Mn anti-site defects after Ho
doping, which makes more oxygen participate in the capacity contribution. At the same
time, Mn e, energy level splitting can activate the redox activity of cation and anion at
the same time. This point will be discussed later in the theoretical calculation. The
enhancement of cycle stability is mainly due to the stabilization of oxygen redox
reaction by Ho doping, the pinning effect of Mn?* and the strong Ho-O bond inhibit
excessive phase transition and stabilize the crystal structure. The lattice parameters of
MFN and MFNHI1 cathode materials after 200 cycles at 0.1 C are shown in Table S8,
which are obtained by XRD refinement. The results show that the lattice parameters of
MFNH1 material change less which indicates that the lattice strain of MFNH1 material
is small.

Cyclic voltammetry (CV) curves of MFN and MFNHI1 in the voltage range of 4.3
V-1.5 V are shown in Figure 6(d) and 6(e), respectively. For quantitative comparison,
the data for y-axis in CV plots are divided by the corresponding activity masses for the
cells. In this CV plots, the first oxidation peak at about 3.2 V is mainly contributed by
Ni*"3", and it is also related to the oxidation of a small amount of Fe. This is consistent
with other works* and has been verified by the soft XAS and XPS results in this work.
The second oxidation peak is mainly generated by Ni**#*. The third peak reflects the
oxidation behavior of lattice oxygen. In addition, it is discovered that, at the range of
1.5 Vto 2.5V, the response current of MFNHI is a little larger than that of MFN, which

may be related to the disordered Mn cations. CV results show that the reversibility of

redox reaction of oxygen is enhanced, and the stability of transition metal redox
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reaction is enhanced.

The Na' diffusion coefficient in the cathode can be calculated based on the CV
test results with the help of the potentiostatic intermittent titration technique (PITT) test
results. The Na® diffusion coefficient can be calculated by the following equation.

1,=2.69x10°n3/24D"/*v12AC,,

Where I, is the peak current, » is the number of electrons transferred in the redox
reaction (1 for Na"), 4 is the area entering the cathode in the electrolyte, D is the Na*
diffusion coefficient, ACy is the concentration of Na" change, and v is the sweep speed.
PITT results reflect the diffusion ability of Na*, as shown in Figure 6(f) and 6(g). It can
be seen that the higher Na ion diffusion coefficient for MFNH1 than MFN is exhibited
at the high voltages. This is related to the effect of MFNHI1 on the inhibition of
structural collapse. And at about 4.1-4.3 V, the Na ion diffusion coefficients experience
a sharp reduce, this is related to the oxygen anion redox. In addition, the higher Na ion
diffusion coefficient of MFNH1 than MFN at this stage may be related to the inhibition
of O-O dimer production.

The electrochemical impedance spectroscope (EIS) results reflect the electrical
resistance, R¢; and Z,, of two samples were measured by EIS technology in Figure 6(h)
and 6(i), which correspond to charge transfer resistance and Na" diffusion ability. The
results show that the electrochemical impedance of the modified material decreased,
and the conductivity enhanced.

2.4. DFT Theoretical Calculation

In order to prove that the Na/Mn anti-site defects can activate the reversible redox
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activity of oxygen, first-principle calculations of MFN were carried out. First-principle
calculations were performed by the DFT using the vienna ab-initio simulation package
(VASP)®-62, The detailed calculation methods are given in Supplementary Information.
Figure 7(a) shows the DFT calculation models of MFN. The chemical formula of the
model is NaxsMni[Mngoi1FeoNig]Os4, and a Mn atom replaces a Na atom to produce a
TM vacancy. Figure 7(c) shows the calculation results of partial density of states
(PDOS) and crystal orbital overlap population (COOP) of MFN. Distribution and
arrangement of transition metal d electrons at energy levels eg and t, (Figure S26) are
obtained according to DFT calculation. Combined with PDOS calculation results, the
orbital energy band are roughly divided®’. The Ni?* 1, orbital electrons of are provided
by d electrons of Ni**, which tends to form non-bonding state >, orbitals. In addition,
the electrons in the e orbital of Ni** will bond with the electrons in the O 2p orbitals to
form bonding state e, and anti-bonding state e, . The energy of electrons in the e, orbit
is high, and the electrons will be excited during charging. Therefore, the calculation
results show that as for the three transition metals Mn*", Fe** and Ni?*, only Ni**
undergoes redox to provide charge compensation (Ni** - 2¢” = Ni*, Ni*" + 2¢ = Ni?").
0.33 mol Ni*" will provide 0.66 mol electrons and an equivalent specific capacity of
about 160 mAh g,

DFT calculation results show that the energy band range of -0.61 eV-0 eV is 102,
which proves that MFN material has O redox activity. The band center energy of 102,
is -0.38 eV, and the band energy center of empty Mn e," orbit above Fermi level is 0.68

eV. The charge transfer term required for the electron located in the 102, orbital to
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transfer to the nearest Min e, orbital above the Fermi level is A, A = 1.06 eV, as shown
in Figure S27. In addition, PDOS diagram shows that a small part of 102, energy levels
are above Ni e, , which indicates that a small part of oxygen has a poor redox
reversibility®* %, According to the DFT calculation results and crystal field theory, the
diagram of MOs coordination orbits of MFN is drawn, as shown in Figure 7(e). O
located at the defect provides four electrons to participate in the formation of M-O bond
and two electrons to form 102, orbital in non-bonding state*!.

The above DFT calculation results show that the redox activity and reversibility
of oxygen in O3-type MFN material are poor. Therefore, the redox reaction of oxygen
is modulated by doping Ho*". In MFN, 0.01 mol of Ho>" is used to replace 0.01 mol of
Fe*", and the chemical formula is NaMn;sFe1/3-0.01Ni13H00,0102, which is abbreviated
as MFNHI1. Figure 7(b) shows the DFT calculation models of MFNH]1. The chemical
formula of the model is NaxsMnz[Mn7o2FesHo1Nig]Os4, where a Ho atom replaces a Fe
atom and two Mn atoms replace two Na atoms to produce two TM vacancies. Figure
7(d) shows the calculation results of partial density of states (PDOS) and crystal orbital
overlap population (COOP) of MFNHI1. DFT calculation results show that the energy
band range of -1.15 eV-0 eV is 102,. The band center energy of 102, is -0.69 eV. The
PDOS results show that Ho** doping will cause the splitting of TM 3d orbits energy
band, and the energy of the split new Mn e, energy band becomes lower. The band
energy center of new Mn e, orbit above Fermi level is 0.17 eV. The charge transfer
term required for the electron located in the 10, orbital to transfer to the nearest Mn
e, orbital above the Fermi level is A", A" = 0.86 eV, which proves that the oxygen
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redox activity in MFNHI1 is stronger than MFN (A =1.06 eV), as shown in Figure S28.
The 102, energy level is not above the Ni e, energy level, so the oxygen redox has a
strong reversibility in MFNHI1, which is much better than that of MFN. The above
calculated results are consistent with the experimental results of XAS and RIXS. The

diagram of MOg coordination orbits of MFNHI1 is shown in Figure 7(f).
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Figure 7. The DFT calculation models of (a) MFN and (b) MFNHI. The calculation
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results of PDOS and COOQOP of (¢) MFN and (d) MFNHI1. The energy level splitting
diagrams of octahedral coordination orbits of (¢) MFN and (f) MFNHI.

In addition, the Ni e, orbital band above the Fermi level also splits, the energy of
lowest unoccupied molecular orbital (LOMO) of split Ni e, band (0.33 eV, Figure 7(d))
is lower than that of non-split (0.89 eV, Figure 7(c)), which shows that MFNH 1 material
could have better conductivity and higher redox activity of Ni*. As a result, according
to the calculation results, MFNH1 material should have lower resistance and higher
specific capacity. This is consistent with the experimental results of electrochemical
performance test.

3. Conclusion

In summary, we clarify that the Na/Mn anti-site defects caused by TM migrations
mainly trigger the OAR in O3-type NaMnissFe13Ni1302 cathode. OAR activity and
reversibility of NaMnisFe13Ni11302 cathode is enhanced through tuning Na/Mn anti-
site defects with Ho doping. Ho*" doping not only modulates the formation of Na/Mn
anti-site defects to enhance the degree of oxygen participating in redox reaction but also
adjusts the bond length and bond angle to improve the reversibility of oxygen redox.
At the same time, TM 3d orbits energy band splitting induced by Ho*" doping activates
the redox activity of both anion and cation. In addition, Mn?" pinning effect and the
strong Ho-O bond inhibit the excessive phase transition and enhance the crystal
structural stability. After doping 0.01 mol Ho>" at Fe’* site, the specific capacity is
increased from 146.8 to 184.9 mAh g’!, and the capacity retention rate after 100 cycles

at 5 C is increased from 40.3% to 90.0%. This work reveals the redox process and
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mechanism of oxygen in O3-type (sodium-full) cathodes and provides new insights in
modulating the oxygen redox chemistry for high-performance cathode materials.
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