Delocalized metal-oxygen 7-redox is the origin of
anomalous non-hysteretic capacity in Li-ion and

Na-ion cathode materials

Daniil A. Kitchaev,” Julija Vinckeviciute, and Anton Van der Ven*
Materials Department, University of California, Santa Barbara, California 93106, USA

E-mail: dkitch@ucsb.edu; avdvQucsb.edu

Abstract

The anomalous capacity of Li-excess cathode materials has ignited a vigorous debate
over the nature of the underlying redox mechanism, which promises to substantially in-
crease the energy density of rechargeable batteries. Unfortunately, nearly all materials
exhibiting this anomalous capacity suffer from irreversible structural changes and volt-
age hysteresis. Non-hysteretic excess capacity has been demonstrated in NapMn3Or
and LioIrOs, making these materials key to understanding the electronic, chemical and
structural properties that are necessary to achieve reversible excess capacity. Here, we
use high-fidelity random-phase-approximation (RPA) electronic structure calculations
and group theory to derive the first fully consistent mechanism of non-hysteretic oxi-
dation beyond the transition metal limit, explaining the electrochemical and structural
evolution of the NasMn3O7 and LisIrOs model materials. We show that the source of
anomalous non-hysteretic capacity is a network of m-bonded metal-d and O-p orbitals,
whose activity is enabled by a unique resistance to transition metal migration. The
m-network forms a collective, delocalized redox center. We show that the voltage, ac-

cessible capacity, and structural evolution upon oxidation are collective properties of
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the m-network rather than that of any local bonding environment. Our results establish
the first rigorous framework linking anomalous capacity to transition metal chemistry
and long-range structure, laying the groundwork for engineering materials that exhibit

truly reversible capacity exceeding that of transition metal redox.

Introduction

Electrochemical activity exceeding the limits of conventional transition metal oxidation, first
observed in Li-excess materials, is one of the most actively researched routes for dramatically
increasing the energy density of conventional Li- and Na-ion cathode materials.’ Materials
relying in part on this phenomenon avoid the composition and voltage limits of transi-
tion metal electrochemistry,®” and achieve some of the highest energy densities reported to
date.” Several redox mechanisms have been conceived to account for the anomalous capacity
of Li-excess materials and related Na intercalation compounds. The anion redox hypothesis
attributes the excess capacity to redox on O-p orbitals that are not o-bonded to a transition
metal.® Numerous proposals exist for how such oxygen-centric oxidation may proceed: for-
mation of localized O-holes, O-O dimerization into peroxo-like structures or true peroxides,
or the formation of trapped O, molecules or superoxide ions.*#1%13 Competing hypotheses
argue that the excess capacity is coupled to structural changes of the electrode, such as metal
migration due to the formation of highly-oxidized transition metal ions,™* or Oy evolution
and densification.*5"10

Despite their tremendous promise, most electrode chemistries that exhibit an anomalous
excess capacity suffer structural changes and irreversibilities due to the loss of Oy and tran-
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sition metal migration. Advancements in the suppression of metal migration, surface

2 and fluorination*®1? have led to the development of cathodes that maintain

protection,
an excess capacity over a large number of cycles. Nevertheless, these materials universally
exhibit a large voltage hysteresis, signifying the existence of a thermodynamic asymmetry

between their charge and discharge mechanisms that remains poorly understood and that



continues to cloud efforts to identify the true origins of the anomalous capacity.

While the vast majority of electrode materials that boast an anomalous capacity are
plagued by irreversibilities, there are two notable exceptions: LisIrOs™*2Y and NayMngO,.2122
Both compounds can access a capacity that exceeds that of conventional transition metal
redox without voltage hysteresis, making them unique model systems to identify a redox
mechanism that may dramatically increase the energy densities of rechargeable batteries.
Although localized and atom-centric theories have been invoked to account for the anoma-
lous capacity in LisIrO3 and NasMn3O-, they are unable to explain important experimental
observations and suffer from internal inconsistencies. For example, the structural evolution
of LioIrO5 has been used to argue in favor of O-O dimerization,*! but these distortions are
not present in NasMnzO7.%% The formation of isolated O-holes have been proposed as the
oxidation mechanism in NayMn3zO7,“Y but this mechanism does not explain the stepped volt-
age profile of the material, and is inconsistent with the distortions and electronic structure
of LipIrO3."% More generally, available theories fail to quantitatively explain the strong de-
pendence of the redox process on transition metal chemistry and the long-range structure of
the material 121252425

Here, we resolve the oxidation mechanism of NaosMnsO; and LisIrO3. We first show
that these two systems are uniquely resistant to transition metal migration as compared
to materials known to exhibit hysteresis, suggesting that the oxidation of hysteretic sys-
tems is fundamentally tied to structural transformations. We then use high-accuracy GW
and random-phase-approximation (RPA) calculations to show that the mechanism of non-
hysteretic anomalous redox in NayMn3O7 is the formation of delocalized m-states that hy-
bridize a network of Mn-d and O-p orbitals, which we term m-redoz. Molecular orbital group
theory reveals that the m-bonded network forms a large bonding-antibonding gap, creating a
high-energy antibonding state that acts as the redox center. The collective behavior of this
network is responsible for the multi-step voltage profile observed in Nay_,Mn3zO7 and the

structural evolution observed in Liy_,IrOg5. Critically, we show that the oxidation potential,



accessible capacity and structural evolution of such a m-bonded network are true collective
properties arising from the size and connectivity of the network, rather than the aggregate
behavior of local bonding environments. We conclude that in materials where transition
metal migration can be suppressed, long-range structure compatible with the formation of
large m-networks is the key materials design principle for realizing excess non-hysteretic

electrochemistry.

Methods

Electronic structure calculations were performed using the Vienna Ab-Initio Simulation
Package (VASP)%" using the Projected-Augmented Wave (PAW) method.“? All calculations
was converged to 107% €V in total energy and interatomic forces below 0.02 eV A~'. Struc-
tural optimization and broad comparison of w-delocalization to dimerization, metal migra-
tion, and Oy evolution was performed using the SCAN exchange-correlation functional®
as this method generally yields reliable structures by capturing both local and dispersion
forces.* Critically, SCAN reliably captures the energetics of both O-O bond formation and
the behavior of Mn in highly oxidizing environments.®" An in-depth discussion of functional
choice and the performance of SCAN in reproducing benchmark experimental data as com-
pared to conventional PBE, PBE+U, and HSE methods can be found in Supplementary Dis-
cussion 2. All structural optimizations were performed with a reciprocal space discretization
of 25 k-points per A~! without assuming any symmetry. RPA calculations were performed

3182 ysing 12 fre-

using the adiabatic connection fluctuation-dissipation theorem (ACFDT)
quency points on a 2x2x2 ['-centered k-point mesh, with respect to the unit cells provided
in the Supplementary Information. GW®? calculations were performed using a single-shot
approach (GoW,) due to computational limitations, using the same parameters but increas-

ing the number of frequencies to 50. Structure and data processing relied on the pymatgen

software package,®® while the symmetry analysis of distortion modes was performed using
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Figure 1: Structural stability of Na, ,MngO,, a. Structure at x = 0, showing Mn-
vacancy ordering in the transition metal layer, characteristic magnetic structure, and geome-
try of Na sites. High-voltage Na sites (cyan) denote Na preserved in the structure throughout
the 0 < x < 2region. Red lines denote short Mn-Mn distances within each Mng ring. b. Rel-
ative energies of structural perturbations, given with respect to P3-Nay_,MngOq4. Translu-
cent circles denote the energies of all possible configurations, while bold squares highlight
the most favorable form of the corresponding perturbation. Points are slightly offset in x for
clarity. O evolution is given with respect to Oy gas at 298K, 1 atm pressure. All energies
are obtained from SCAN as described in the Methods and Supplementary Discussion 2. c.
Schematic of two metrics of structural stability - metal migration energy barrier AE}, and
thermodynamic driving force for Oy evolution AFEgecomp, With a representative migration
mechanism in the common Liy M Og structure. d. Computed AEgecomp and AE;"nig for the
top of charge in several anion-redox materials, as compared to the experimentally reported
voltage hysteresis in their first charge-discharge cycles. The text label indicates the formal
oxidation state of the migrating metal ion M and the composition at which AFEg4ecomp and

AEy,;, are evaluated.

the ISODISTORT tool.=?

Results and Discussion

Unique structural stability of Na;MngO4 and LisIrO3; on oxidation

The structure of Nay_,MngO14 is defined by a stacking of alternating O-Mn-O and Na lay-
ers. The Mn layer consists of a v/7a x v/7a Mn-vacancy ordering on a triangular lattice as
shown in Figure[Th. The Mn atoms surrounding a vacancy form a cluster of 6 Mn connected

by short bonds (2.76 A), defining a hexagonal superlattice of Mng rings weakly connected



to each other by long Mn-Mn bonds (2.92 A) Because this Mng ring is the key structural
unit in our analysis, we refer to NapsMn3O; as Nay;MngOq4. Each Mng ring adopts an an-
tiferromagnetic (AFM) ordering, with weak frustration between the rings relieved within a
larger magnetic supercell. The Mn layers adopt a P3-type stacking, with Na occupying two
classes of prismatic sites: strongly-bound sites forming a prismatic dumbbell around the
vacancy in the Mn-layer and weakly-bound sites face-sharing with a Mn octahedron. Upon
desodiation, the weakly-bound Na are extracted first, comprising the region of experimental
interest (0 < z < 2). This structural model is consistent with reported experimental data
with the caveat that we find the P3 stacking to be preferable to the commonly reported
“as-synthesized” O3 structure even at x = 0.2233% There is evidence that oxidation into the
x > 0 region is accompanied by the formation of the P3 phase,** so the discrepancy at z = 0
could arise due to small off-stoichiometry in the experimental sample or slight inaccuracies
in our predictions of relative stability. We use the P3 structure at x = 0 for the remainder
of our analysis but verify that the O3 structure leads to the same conclusions.

The Mn-O framework shown in Figure [l is preserved on desodiation in the region of
experimental interest (0 < z < 2) as all decomposition mechanisms are either thermodynam-
ically or kinetically unfavorable. We consider all commonly proposed scenarios for structural
evolution coupled to oxidation in this and similar systems: migration of Mn from the metal
layer to the Na-layer, formation of peroxide O-O dimers, and Os evolution. The relative
energies of these scenarios are shown in Figure [Ip.

The equilibrium oxidation pathway is the release of O, gas accompanied by structural
reorganization into MnQO,. This conversion reaction is kinetically limited, with a lower bound
on the activation energy given by the energy of local Mn migration. Mn migration typically
proceeds through reduction to Mn?+/3+87 or the formation of tetrahedral Mn®+/6+/7+ as re-
cently proposed in Li;MnO3."% However, the former mechanism requires an auxiliary source
of charge balance, while the latter requires relatively small layer slab spacing so as to accom-

modate the short Mn-O bonds found in highly oxidized Mn environments. Correspondingly,



we find that Mn migration into the Na layer is highly unfavorable at intermediate states of
desodiation (z < 2), suppressing kinetic pathways to Mn-O rearrangement and O, release.
An alternative oxidation mechanism is the formation of bound oxidized O-O dimers, such
as peroxides and superoxides. While the formation of a single peroxide per Mng is formally
charge balanced at x = 2, enumeration of all possible O-O dimers in the Mng ring does not
yield any low energy states. Note that here O-O dimers refer to true peroxides, i.e. O-O
bonds below 1.7A. In summary, taking the energies of the possible decomposition pathways
into consideration, structure-preserving desodiation is likely stable in the 0 < z < 2 region
with respect to all local structural perturbations, rationalizing the exceptional structural
stability observed experimentally in this system.?

The structural stability of NayMngOq4 at the top of charge, which we define as the
resistance to transition metal migration, is similar to that of Li;IrO3, and much better than
that of other well-studied hysteretic excess-capacity materials. We define two metrics to
evaluate the likelihood of structural changes in the oxidized structure, shown schematically
in Figure . A Egecomp defines the energy of decomposition by Os evolution and densification
and thereby quantifies the average driving force acting on each transition metal M. AE};
defines the activation energy for transition metal migration from an initial octahedral site to
an adjacent tetrahedral site, providing a lower bound on the kinetic barrier to decomposition.
We compare these two metrics to the asymmetry in reported first-cycle voltage curves in
NayMngO14,%* LipgIrOz,™ Lis (Ir,Sn) O3, LisRuO3, "% Liy (Ru, Ti) O3,% Lis(Ru,Sn) O3 and
LisMnOs3.”® The Li-based materials share the Lip M O3 honeycomb structure, so they can

be used to estimate AFgecomp and AEY ., from a combination of enumerated and known

ig

structures. 444 The calculated values of AEgecomp and AE},

shown in Figure , suggest
that materials that are more susceptible to cation migration than NayMngO14 and LisIrOs,
and that have larger driving forces for Oy formation, exhibit voltage hysteresis. Moreover,

in several cases, cation migration is spontaneous as AFE* . is negative.

mig

The initial metal migration step in the hysteretic materials shown in Figure [1d is driven



by the accessibility of a higher metal oxidation state in tetrahedral sites.™® It is reasonable
to assume that this facile metal migration allows for subsequent rearrangement driving the
system towards the equilibrium state of O, formation and reduction of the metal, consistent
with experimental studies which have correlated voltage hysteresis with structural degra-
dation and O, formation.?%33% One example is the Liy(Ir,Sn)O3 system, which develops
voltage hysteresis and complex structural rearrangements upon partial substitution of Ir

with Sn."® We find that Lig 5Irg 5509503 has a much lower AE*

mig and higher A FEjyecomp than
Lig5IrO3 as Sn increases the oxidation state of Ir to 7+ and lowers the barrier for migration
through tetrahedral sites. Ru-based systems exhibit a similar trend, but never suppress Ru

migration as AEL,

remains low in all compositions. This data highlights the key advan-
tage of Na-based materials: while Mn migration in layered Li-cathodes is very favorable as
evidenced by LioMnOg, the large layer spacing in NayMngOq4 suppresses this process and

allows for structure-preserving, non-hysteretic redox processes to take place.

Oxidation via a delocalized m-bonded network of Mn-d and O-p

orbitals

Having ruled out structure-altering redox mechanisms in Nay;MngO14, we next explore structure-
preserving oxidation, whereby the qualitative connectivity of transition metals and oxygens
remains unchanged. We find that the mechanism of structure-preserving oxidation is the
formation of an electrochemically active m-state, delocalized within the Mng ring and with
nearly equal contributions from Mn-d and O-p orbitals. To identify this state, we use a com-
plimentary pair of techniques, GW and RPA. These methods provide highly reliable models

of band structure and total energy by directly accounting for electronic correlation,=!=?

which is particularly important in systems exhibiting complex orbital hybridization. 4%
While both methods are non-empirical, they rely on an initial set of orbitals obtained from

a conventional density functional theory (DFT) functional. We use this fact to vary the

electronic structure and compare scenarios with differing contributions of Mn and O to the
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Figure 2: 7[Mn-O] hybridization underlying the electrochemical activity of
Na;MngOq4. a. GoW, electronic density of states (DOS) of NayMngOq4, which contains
an energetically—isolated highest occupied molecular orbital (HOMO) at the Fermi level. b.
The degree of Mn-d/O-p hybridization in the HOMO can vary from pure O-p (7[O]) to equal
Mn-d/O-p (m[Mn-O]) scenarios. c. Voltage profiles computed using RPA corresponding to
oxygen-dominated (7[O]) and hybrid Mn-O redox (7[Mn-O]), compared to the experimental
first-charge voltage® defined by voltage steps V; and V,. The experimental voltage profile
is offset slightly in = to align the start of the V; plateau with x = 0. d. Computed voltage
steps V1 and V, for intermediate levels of Mn/O hybridization as compared to experimental
values. The order parameter fy, quantifies the degree of Mn contribution to the HOMO
and is formally defined in Supplementary Data 2. Trendlines are shown to guide the eye. e.
Total energy Eioa for various levels of Mn/O hybridization, decomposed into exchange and
correlation energy components, E, and E.. Energies are given with respect to the 7[Mn-O)]
scenario. Quadratic fits to E,, E., and Eqa are shown to guide the eye. Mn/O hybridization
is formally defined in Supplementary Data 3.

redox-active state. For example, standard semi-local DF'T yields orbitals for the hybridized
scenario, while adding a fraction of exact-exchange generates orbitals consistent with O-
dominated redox. A full description of this procedure and the functionals used is available in
Supplementary Data 2. We then obtain the band structure, total energy, and voltage profile
of each scenario from GW and RPA.

We first show that the redox center must be a collective orbital of the Mng ring. The
electronic structure of the sodiated NayMngOq4 endpoint is shown in Figure 2k as a plot of
the density of states (DOS). A critical feature of this spectrum, independent of the choice of

initial orbitals, is a narrow-energy state at the Fermi level, the highest occupied molecular



orbital (HOMO). This state accounts for 4 electrons per Mng and has the full symmetry
of the 6-fold ring. The combination of 6-fold symmetry and 4-fold occupancy cannot be
obtained from any combination of localized states, meaning that the HOMO must be a
delocalized orbital.

We next use the voltage profile and total energy minimization to show that this state is
defined by m-bonding with equal contributions from Mn-d and O-p orbitals. The two limiting
cases, majority O-p character (w[O]) and equal Mn-d/O-p character (7[Mn-O]), are shown
in Figure [2b, plotted as the charge density associated with the HOMO and projections of
the total DOS onto Mn-d and O-p orbitals. These two scenarios yield qualitatively different
electrochemical voltage profiles, as shown in Figure 2. The experimental first-charge voltage
is defined by two plateaus, marked V; and V,. The hybridized 7[Mn-O] scenario similarly
predicts two plateaus, while the O-dominated 7[O] case gives a single high-voltage plateau
inconsistent with experiment. The best agreement with experimental voltage is given by
an intermediate scenario with at least 33% Mn contribution to the HOMO, as shown in
Figure 2d. The origin of the two voltage plateaus is a magnetic stabilization of the z = 1
state, as discussed in detail in Supplementary Data 3. Independent of the voltage, the
hybridized 7[Mn-O] scenario is favorable from a total energy standpoint. As shown in Figure
2k, exchange energy (E,) favors the pure oxygen picture, while correlation energy (E.) drives
hybridization with Mn-d states. The total energy is minimized at approximately equal Mn/O
contributions, corresponding to the hybridized 7[Mn-O] state. This mechanism suggests that
oxidation beyond the transition metal limit involves a continuous rehybridization of metal
and oxygen states, reminiscent of the behavior of conventional metal oxides.#4*4

The atomic orbitals which hybridize to form the 7[Mn-O] state are shown in Figure [3h.
The m-system has D3y symmetry and comprises two subsystems, p(Mn) and 1(O), consisting
of Mn-d and O-p orbitals, respectively. Each Mn atom contributes a single d-orbital, which
is one of the non-bonding t3?(0},) levels of the octahedral MnOg environment. Each O atom

contributes a p orbital which is not o-bonded to any transition metal.

10
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Figure 3: Symmetry analysis of the 7[Mn-O] redox center. a. Atomic orbitals which
hybridize under D3y symmetry to form the redox—active 7[Mn-O] state, grouped into p and
1 subsystems for Mn-d and O-p orbitals, respectively. b. Molecular orbital diagram for
the m[Mn-O] states, arising from the hybridization of the p and n subsystems. * denotes
antibonding orbitals while nb denotes non-bonding states. c. Projection of the NayMngOq4
GoWy DOS onto the p and 7 subsystems, with labels to the corresponding states in the
molecular orbital diagram.

The redox-active HOMO is an antibonding orbital corresponding to the 2-fold degenerate
ey irreducible representation of the Dsq point group. To derive the energy levels of the
combined 7 system, we first determine the symmetrized orbitals of the p(Mn) and 7(O)
subsystems and then form bonding and antibonding orbitals between states with matching
irreducible representations, as described in Supplementary Methods 1 and shown in Figure
3b. By projecting the NasMngO,4 DOS onto the p and n subsystems as shown in Figure
, we can isolate the predicted 7-states from the t52(0;) and €}(Oy) states arising from
octahedral MnOg environments. For the energetically-isolated antibonding €;(Dsq), a7, (Dsa)
and e} (D3q) orbitals, the integral of the DOS matches the predicted degeneracy of these
states. Independently, we confirm that these peaks in the DOS correspond to antibonding
Mn-O interactions using crystal-orbital Hamiltonian population (COHP) analysis.??

The molecular orbital diagram shown in Figure reveals that the origin of excess ca-
pacity in NayMngOq4 is a large bonding-antibonding gap within the delocalized 7[Mn-O]

system. This gap creates a high-energy antibonding state occupied by 4 electrons per Mng

11
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Figure 4: Behavior of m-redox in transition metal oxides. a. Redox mechanisms
in Mg" ring environments where M is any 3d, 4d, or 5d transition metal with a known
M** oxidation state. Unlabeled points include all such metals M not explicitly marked in
the other quadrants. Oxidation and reduction mechanisms are evaluated using the relative
weight of the m-system in the projected DOS of, respectively, the HOMO and LUMO of
hypothetical NayMg"Oy4 materials. The order parameters fy and f, quantify the degree of
metal and total w-system contribution and are formally defined in Supplementary Data 2. b.
Oxidation voltage of removing a single electron from NayMng_,, Ti,,O14, where n determines
the extent of the 7[Mn-O] redox center, shown for n = 1,3,5. Voltage is computed using
RPA based on the calibration given in Figure . A linear fit is shown to guide the eye.

ring, which are accessible electrochemically. The practical capacity of the material is fur-
ther limited to 2 electrons per Mng ring by the fact that there are only 2 weakly-bound,

face-sharing Na in the structure as shown in Figure [Th.

Electrochemical properties of m-redox dictated by network struc-

ture

We next show that the m-redox oxidation potential is a true collective property of the n-
bonded network, rather than that of any specific bonding environment. To do so, we derive
chemical rules dictating the formation of the m-network in a broad range of chemistries and
study the effect of interrupting the network with inactive elements.

The m-system is electrochemically relevant when the transition metal tg‘;(Oh) orbitals are
partially occupied, and is most prominent with d* and d°® ions. To separate the impact of
chemistry from bonding geometry, we repeat the DOS analysis for isostructural Nay Mg+ 01y

materials, where M is any 3d, 4d, or 5d transition metal with a known M%* oxidation

12



state. While these materials are hypothetical, their electronic structure is representative of
the Mg-ring environments ubiquitous in layered materials. The behavior of these systems
is summarized in Figure b in terms of fy and fr, two order parameters quantifying the
contribution of the transition metal and the 7-system to the redox-active state (see Sup-
plementary Data 2 for a formal definition). The 7-system is active on oxidation when the
transition metal has either a d® (Mn?*, Re'") or d° (Ni**, Pd**, Pt!") configuration, and
similarly on reduction with d* (Cr'") or d® (Co**t, Ir*"). Oxidation of d* and d® metals
proceeds via hybridized m-redox, while the oxidation of d° systems (Ti*", Zr** Hf**) does
not involve the 7-system as the O-p orbitals in the Mg ring are not energetically distinct from
other oxygen states. This behavior is consistent with the hybridization diagram shown in
Figure : when the metal tg;’(Oh) states are filled, the HOMO is a hybridized antibonding
orbital, while for d° metals, the HOMO is a pure oxygen state as shown in Supplementary
Data 4.

A unique feature of m-redox is that the oxidation potential is not determined by any
local bonding environment but rather by the total size the delocalized w-system, making
voltage a collective property of the network. We probe the impact of m-delocalization by
substituting Ti**, a m-inactive ion, into the Mng ring of NasMngOy4. As shown in Figure
Mp, a Mn, Ti_, ring creates a m-system consisting of n Mn-d and O-p orbitals. The voltage
required to remove 1 electron from this system is shown in Figure [db, by analogy to the
first voltage plateau of Nay_,MngOq4. Formation of a larger m-system lowers the oxidation
voltage by increasing the bonding/antibonding gap within the m-orbitals and thus moving
the antibonding HOMO to a higher energy. Extrapolating the trend in Figure [dp, it may
even be the case that a larger 7[Mn-O] system can be oxidized below the typical voltage of
O, evolution, 3.4-3.8V, making the process thermodynamically favorable relative to Og loss.

The dramatic impact of m-network size on oxidation voltage proves that the electrochem-
ical potential of m-redox is primarily a network effect, dictated by the number of building

blocks in the network and not the properties of any local environment. This network prop-
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Figure 5: O-O distance contraction in Liy;IrO; caused by w-redox. a. Distortion of
the oxygens in a Irg ring environment on oxidation and reduction, relative to O1-LiglrgOqg. 1Y
b. Distortion is quantified by the total amplitude of modes corresponding to each irreducible
representation of the D3y point group of the ideal ring environment.

erty cannot be explained by any local bonding theory, such as the recent proposal that local

m-bonding between O-p and metal-d orbitals stabilizes localized O-holes.%8

m-redox reconciles the behavior of LisIrO; and Nay;Mn3;0-

Delocalized m-redox provides an alternative explanation for the structural distortions that
have been observed during oxidation in LisIrOs, which have previously been interpreted
as evidence of “peroxo-like” O-O dimers.™' As shown in Figure , the contraction in O-
O distance, seen as a signature of the “peroxo-like” interaction, in fact arises from the
homogeneous expansion of the m-redox centers in each Irg ring. To distinguish 7-redox from
peroxo-like interactions, we evaluate the structural evolution of the oxygens in the Irg ring
as electrons are removed from or added to O1-LislrgO;g, which is the oxidized structure
of LisIrO3. While both mechanisms lead to structural distortions, m-redox preserves the
symmetry of the ring, while oxidation of individual O-O dimers does not. We probe the
symmetry of the redox center independently of any changes induced by Li-vacancy ordering
by compensating the redox by a uniform background countercharge rather than changing Li

content. Figure [5b shows the displacement from O1-LizlrgO;g in terms of the normal modes
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that break the various symmetries of the system. Across a wide range of oxidation and
reduction, the only active distortion modes are the a;, modes that preserve the symmetry
of the ring. This highly symmetric evolution is consistent with the behavior of a delocalized
m-redox center, meaning that the experimentally observed reduction in O-O distance is not
due to an interaction between those oxygens, but rather due to an expansion of m-hybridized
Ir-O rings. The shortening of O-O bonds is a side effect of the geometry of the Ir ordering
as shown in Figure [fh. Minor symmetry breaking observed at particular electron counts in
LisIrO3 and NayMngOq4 are consistent with Jahn-Teller distortions of the collective m-state,
as described in Supplementary Data 3. Finally, it is worth noting that in LisIrOs, oxygens
distort away from the ring center while in NayMngO,4 the ring contracts,? reflecting the
differing connectivity of the m-network between LisIrO3 and NayMngOqy.

More broadly, our results unify a wide range of observations associated with anomalous
electrochemical capacity. It is well established that the voltage hysteresis plaguing most
Li-excess materials and related Na compounds arises from structural changes due to metal-

ZUBL294T which has been correlated with transition metal chemistry®

oxygen bond breaking,
and the fractional concentration of holes per oxygen.*? We confirm that the likelihood of
metal-oxygen bond breaking is critical to predicting voltage hysteresis and propose two ther-
mochemical predictors of structural stability: the energy of decomposition and the barrier
to transition metal migration (Figure ) These two thermochemical predictors reveal the
existence of strong correlations between transition metal chemistry and the susceptibility of
the electrode to structural degradation and voltage hysteresis (Figure ) Furthermore, they
show that in some cases, transition metal migration may even by triggered by the formation
of highly-oxidized metal states such as Mn’", Ir"t and Ru’*, revealing an alternative re-
dox mechanism that has important and undesirable structural consequences. In cases where
the structure is preserved, it has been argued that localized oxygen holes relax by forming

peroxo-like O-O bonds or by partial charge transfer to adjacent transition metals. 4948 We

have shown that O-O distance shortening observed in LipIrOs™ is a consequence of m-redox
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Figure 6: Non-hysteretic excess capacity from m-redox. a. Schematic of the voltage
profiles and corresponding free energies of possible redox mechanisms which may occur on
charge and discharge in Nay_,MngOy4 or a similar material. b. Schematic energy-level
diagram illustrating how the formation of a m-network leads to lower voltage and improved
reversibility.

rather than independent O-O interactions. This behavior contrasts with that of sulfides, 4"

where we find that structure-preserving anion redox through S-S dimerization is favored
over [S]-redox, as described in Supplementary Discussion 1. Finally, the apparent charge
redistribution between transition metals and oxygen reported in a number of systems“®4® ig
an artefact of the projection of the delocalized w-state onto atomic orbitals. We have shown

that the key properties of the m-redox center arise from its delocalized, network structure

and cannot be explained by a locally projected bonding model.

Materials design rules for accessing non-hysteretic excess capacity
using m-redox

The absence of voltage hysteresis in NayMngOq4 and LisIrOg is explained by the stability of
the charged material to local structural perturbations. First, formation of the delocalized
m-redox center stabilizes the charged state and reduces the driving force for decomposition.
Second, the large layer spacing and P3 stacking in NayMngO4 suppresses Mn migration

into the Na layer. While strategies for controlling metal migration have been discussed
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SUAELIT the m-redox mechanism leads to several new design rules for engineering

elsewhere,
materials capable of reversibly providing excess capacity.

The delocalization of Mn and O orbitals into increasingly large m-networks necessarily
improves the reversibility of excess oxidation by lowering the oxidation potential and reducing
the driving force for decomposition, as summarized schematically in Figure[6h. The presence
of a large m-network lowers the average oxidation voltage and creates an initial low-voltage
plateau, as compared to materials where such hybridization and delocalization is not possible
(“no m-network”). Both effects lower the free energy of the charged state thereby decreasing
the driving force for decomposition, as shown in the top panel of Figure [6h. The stabilized
charged state in the m-network scenario can then be reduced with minimal voltage hysteresis.
In contrast, in materials where the choice of transition metal or crystal structure does not
allow metal/O hybridization and m-delocalization (“no m-network” scenario), the unstable
charge state is likely to decompose through metal migration or O, loss, resulting in a large
voltage drop on discharge.

The design of materials with similarly reversible m-redox centers must emphasize the ex-
tended connectivity of unbound O-p lobes with transition metal d-orbitals into maximally
delocalized m-bonded systems with an antibonding HOMO. The low oxidation voltage of the
m-network has its origin in a redox-active orbital that corresponds to a high energy antibond-
ing state, split off from the inaccessible tg;) and O-p states by a large bonding/antibonding
gap in the 7m-system, as shown schematically in Figure [6b. While “Vacancy-O-Vacancy”
environments with unbound O-p lobes®™ are a prerequisite to this behavior, delocalization
over multiple metal-d and O-p orbitals is essential to lower the voltage and stabilize the
oxidized state as illustrated in Figure [Gp.

We find that excess oxidation via m-redox is most favorable when the transition metal
M has either a d® or d° configuration in its highest conventionally accessible oxidation state,
although d* and d® ions also have some affinity for m-hybridization. Moreover, this process

requires that M not be in a d° configuration. Mn?* is the most readily accessible transition

17



metal satisfying these rules. While Ni** appears to be as good a candidate for oxidation by
m-redox as Mn**, it is very difficult to form ring configurations of Ni**, as evidenced by the
extreme conditions required for the syntheses of Li;NiOs.?! This result indicates that the
search for non-hysteretic excess-capacity analogous to NasMngO14 and LisIrO3 must focus
on Mn** and select other transition metals that are compatible with 7-delocalization. While
d’ metals and other m-inactive elements may play other beneficial roles in the material, they
are detrimental to oxidation wvia m-redox. Finally, an important open question is how the
formation of delocalized m-states proceeds in the presence of dissimilar metals of varying
affinity for m-hybridization. For example, while a ring of Co** does not oxidize via 7-redox,
the situation may be more favorable in a ring mixing Co** with Mn** and Ni** as expected

in some Li-rich Ni-Mn-Co (NMC) cathodes.

Conclusion

We have shown that the origin of anomalous non-hysteretic capacity in NasMn3zO; and
LioIrOj3 is a delocalized w-system hybridizing a network of metal-d and O-p orbitals that
stabilizes the oxidized state. This effect is synergistic with the suppression of transition
metal migration, by the large layer spacing and P3 stacking in the case of NayMn3;0O5, and
low oxidation state of Ir in the case of LisIrOs5. m-redox is the first mechanism to reconcile
the behavior of these two model systems for non-hysteretic capacity exceeding the limits of
transition metal redox: the unique voltage profile observed in Nay;Mn30O7, and the character-
istic structural evolution reported in LisIrOs. Critically, we have shown that the oxidation
potential, accessible capacity, and structural evolution of w-redox is a true collective property
of the m-bonded network rather than that of any individual bonding environment. Finally,
we argue that the two key materials design principles for realizing non-hysteretic excess ca-
pacity in Li- and Na-ion cathode materials is engineering extended networks of unbound

O-p lobes and d-orbitals of non-d° transition metals, and the suppression of transition metal
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migration.
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