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Abstract
Conventional cathodes for Li-ion batteries are
layered transition metal oxides that support
Li+ intercalation charge-balanced by redox on
the transition metals. Oxidation beyond one
electron per transition metal can be achieved
in Li-rich layered oxides by involving struc-
tural anions, which necessitates high voltages
and complex charge compensation mecha-
nisms convoluted by degradation reactions.
We report a detailed structural and spectro-
scopic analysis of the multielectron material
Li2Ru0.3Mn0.7O3, chosen due to low Ru con-
tent. Ex situ and operando spectroscopic
data over multiple cycles highlight the chang-
ing charge compensation mechanism. No-
tably, over half of the first cycle capacity is at-
tributed to O2 gas evolution and reversible O
redox is minimal. Instead, reduced Ru and Mn
species are detected in the bulk and on the
surface, which then increasingly contribute to
charge compensation as more metal reduc-

tion occurs with cycling. Permanent struc-
tural changes linked to metal migration are ob-
served with EXAFS and Raman analysis.

Main Text
In recent years, Li-rich oxides have been the
subject of fervent investigation as high-capacity
cathodes for Li-ion batteries (LIBs).1–6 Many ex-
amples take advantage of high-voltage processes
most often attributed to oxidation of structural an-
ions, going beyond the one electron per transition
metal paradigm under which virtually all commer-
cial LIB cathode materials operate.7 The Li-rich
material Li2MnO3, which is a component of Li-
rich NMC materials,8 was once thought to be elec-
trochemically inactive.9 Activation of Li2MnO3
can be achieved by nanoscaling the particles,10

but the capacity was
::
is attributed primarily to ir-

reversible side reactions involving the electrolyte,
native surface carbonates, and gas evolution.11

Thus, other materials in the Li2MO3 materials
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family have been explored to leverage the high Li
to metal ratio. In particular, the focus has been on
tuning the metal-anion covalency to access both
cation and anion redox by changing the transition
metal to 4d and 5d metals.12–15

One such 5d metal oxide is Li2RuO3, first re-
ported by Goodenough and coworkers.16 Li2RuO3
shows high gravimetric capacity with charge com-
pensation suggested from both Ru and O redox.17

However, Ru is a prohibitively expensive metal,
which led to substitution of Ru in Li2RuO3 with
less precious metals like Sn,13 Ti,18 and Mn.12,19

The solid solution between Li2RuO3 and Li2MnO3
is of interest due to the body of knowledge already
accummulated

::::::::::::
accumulated

:
on the electrochemi-

cal behavior of Li2MnO3, both on its own and as
a component of Li-rich NMC materials. Sathiya
et al. first reported the Li2Ru1−yMnyO3 solid so-
lution and more deeply characterized the y = 0.4
member, Li2Ru0.6Mn0.4O3.12 Similarly, Lyu et al.
focused on the Li2Ru0.5Mn0.5O3 material and ex-
amined the redox behavior and structural response
to (de)lithiation over a wide voltage window.19

These analyses of the Li2Ru1−yMnyO3 solid solu-
tion focus on the more Ru-rich materials. Also,
exploring the materials with a significantly lower
voltage cutoff as in Lyu et al. make comparisons
between materials and reports difficult.19 Reduc-
ing the amount of Ru in the structure is important
for cost reasons, and exploring if the same rules
apply to Ru-poor materials is imperative to un-
derstand the role of Ru and probe the effects on
anion redox mechanisms. Here, we aim to ad-
dress several questions: (1) What are the contri-
butions of each redox-active component

:::
and

:::::
how

::::
does

:::::
that

:::::::
evolve

:::::
over

:::::
time? (2) Are the bulk and

surface processes the same or different? (3) How
does the structural response to redox influence
reversibility

::
are

::::::
these

::::::::::::
mechanisms

::::::::::::::
generalizable

::
to

:::::
other

::::::::::
materials

::::::::
systems? As such, we report the

detailed characterization of the charge compen-
sation mechanism and consequent structural re-
sponse to (de)lithiation for Ru-poor

::::::::
Mn-rich ma-

terial Li2Ru0.3Mn0.7O3. We find a complex and
dynamic redox mechanism, the deconvolution of
which

::::::::::::
comparison

::
of

:::::::
which

::
to

::::::::
similar

:::::::::::
chemistries

::::
like

:::
Li-

:::::
and

::::::::
Mn-rich

:::::::
NMCs

:
provides insight into

anion redox mechanisms in similar Li-rich layered
oxide

:::
the

:::::::::
efficacy

:::
of

::
a
::::::::::

materials
::::::::::::::

development

:::::::::
approach

::::::
based

:::
on

:::::::
tuning

:::
the

::::::::::
electronic

::::::::::
structure,

:::
i.e.

::::::::::::::
metal-anion

::::::::::::
covalency,

:::
in

::::::::::::::::
next-generation

cathodes.
As-synthesized Li2RuO3 and Li2MnO3 are black

and bright orange, respectively, due to the intrin-
sic differences in electronic structure dictated by
the transition metal. Li2RuO3 is a semimetal20

and Li2MnO3 is a wide-bandgap semiconduc-
tor.21 Detailed characterization is conducted on
Li2Ru0.3Mn0.7O3 as a low-Ru material that ex-
hibits multielectron storage capabilities with re-
spect to the transition metal content yielding over
250 mAh g−1 on the first charge (1.2 mol e− per
f.u.). Li2Ru0.3Mn0.7O3 is a dark brown powder, a
visual sign that the material is well-mixed. The
X-ray diffraction (XRD) pattern with quantitative
Rietveld refinement is shown in Figure S1. Sathiya
et al. previously reported the structure and refined
lattice parameters of several materials in the solid
solution12 but did not report the Ru = 0.3 mate-
rial. Here, we find that Li2Ru0.3Mn0.7O3 crystal-
lizes in the C2/m space group of Li2MnO3. Like
in previous reports of similar materials,12,19 the
XRD pattern was fit by allowing intraplanar site
mixing in the LiM2 layers between the 4g and 2b
sites occupied by a transition metal and Li, respec-
tively. The refinement is adequate to show that
the phase is formed but it does not describe the
peaks between 20 and 34◦ 2θ attributed to Li/tran-
sition metal ordering in the layers, thus signify-
ing significant disorder in the assumed O3 stack-
ing of Li2Ru0.3Mn0.7O3.22,23 This is likely due to
mixing on the 4g and 2b sites by Li, Ru, and Mn.
If intralayer mixing is not allowed, the refinement
fits slightly worse as evidenced by a higher resid-
ual value (Figure S2). The stoichiometry is sup-
ported by a comparison of ex situ Raman spectra of
various materials in the Li2Ru1−yMnyO3 (y > 0.4)
solid solution (Figure S3) in which there are sys-
tematic changes to the spectra as Ru content is in-
creased. The peaks broaden as disorder increases
and two new Ru-related modes appear around 680
and 720 cm−1.

The galvanostatic cycling data is shown in Fig-
ure 1a. Li2Ru0.3Mn0.7O3 exhibits charge storage
capabilities greater than that afforded by Ru4+/5+

redox alone, which would give only approximately
62 mAh g−1. However, the

::::
The

:
extent to which

the extra capacity is contributed by redox on

2



Figure 1: (a) Charge and discharge profiles from cycles 1, 2, and 10, (b) long-term cycling performance
of Li2Ru0.3Mn0.7O3 at a rate of C/10 based on 1 e− per formula unit, and (c) differential capacity (dQ/dV)
plot of Li2Ru0.3Mn0.7O3 from selected cycles.

the oxide anions or by side reactions is an im-
portant distinction. We assert that the redox
mechanisms in this material are complex and
change throughout cycling, and a detailed account
of the charge compensation mechanism is laid out
in the following discussion. The voltage profile
shows an initial sloping region with an inflection
around 3.75 V followed by a more gently slop-
ing plateau centered around 4.2 V. The subsequent
discharge is S-shaped with a significant voltage
hysteresis and an irreversible capacity loss of ap-
proximately 82 mAh g−1, consistent with previ-
ous reports.12,19 After extended cycling, the volt-
age profile shows evidence of two more distinct
sloping regions centered around 3.2 V and 4.3 V
and greater voltage hysteresis, and the full set of
cycling data is shown in Figure S4. The evolution
of the voltage profile with cycling suggests signif-
icant changes to the charge compensation mech-
anism over time. The long-term cycling perfor-
mance of Li2Ru0.3Mn0.7O3 is shown in Figure 1b.
Interestingly, the capacity upon charging increases
steadily from 186 mAh g−1 to 206 mAh g−1 be-
tween cycles 2 and 18 before beginning to de-
crease. While the capacity during charge in-
creases, the capacity during discharge does not in-
dicating some irreversibility in the charging mech-
anism during oxidation. Furthermore, when the

charge capacity starts decreasing after cycle 18 the
discharge capacity decreases as well, suggesting
that the irreversible processes contributing to the
initial increase of the capacity during charge are
self-terminating.

::::::::::
Additional

:::::::
details

:::
on

:::::::::::
hypotheses

::
to

:::::::
explain

:::::
this

:::::::::
behavior

:::
are

::::::::::
presented

:::::::
below.

The differential capacity curves shown in Fig-
ure 1c begin to shed light on potential reasons
for the odd cycling behavior. The first charge is
characterized by a large feature centered around
4.3 V that is not reproduced on later cycles, and
the reduction features on discharge are distinctly
different than those on charge highlighting the
change in mechanism. On later cycles, a new, low-
voltage redox couple around 2.8 V (reduction) and
3.2 V (oxidation) appears, and a similar feature in
analogous materials has been attributed to Mn re-
dox.12,24–26 Reduction of surface Mn that then con-
tributes to redox on subsequent cycles could

::::::
would

explain the rise in capacity from cycle 2 to 18. In
later cycles, the Mn redox feature begins to disap-
pear along with the higher voltage features, which
explains the more rapid decrease in capacity after
cycle 18 and corroborates a changing charge com-
pensation mechanism.

To explore the origins of the excess capacity
beyond Ru4+/5+, we first employ a variety of
bulk characterization techniques on extracted elec-
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trodes at different states of charge (SOCs) in cy-
cles 1, 2, and 10. First, evidence of the changes
to the oxidation state of Ru and Mn are elu-
cidated through K-edge X-ray absorption spec-
troscopy (XAS). Cycle 1 and cycle 2 are hereafter
compared due to the significant change in the elec-
trochemistry after the first charge, and data from
cycle 10 is used to probe for changes that evolve
with cycling.

The Ru K-edge spectra of Li2Ru0.3Mn0.7O3 are
shown in Figure 2a-d. The rising edge position,
here defined as the energy at half the height of the
main absorption edge, is 22129.5 eV correspond-
ing to bulk Ru4+in reasonable agreement with
:
.
::::::

The
::::::
rising

::::::
edge

:::::::::
position

:::
of

:::::::::::::::::
Li2Ru0.3Mn0.7O3

::
is

:::::::::::::::
approximately

:::
1
:::::

eV
::::::::

higher
:::::

than
::

that re-
ported for Li2Ru0.5Mn0.5O3.19 Compared to
reports of similar materials like

:::

19
:::
and

::::::::
similar

::::::::
material

:
Li1.2Ni0.2Ru0.6O2, which adopts the R3̄m

structure like LiCoO2,27the rising edge position of
Li2Ru0.3Mn0.7O3 is approximately 1 eV higher

::

27

, suggesting that the Ru–O interaction is more
ionic.28 The lower proportion of Ru compared to
the 3d metal causes greater isolation of Ru, likely
contributing to the greater degree of charge lo-
calization in Li2Ru0.3Mn0.7O3. Upon charging to
4.15 V, the rising edge position shifts to higher
energy by 0.5 eV, which indicates oxidation of
bulk Ru4+ to Ru5+. At 4.15 V, the charge passed
as measured by the electrochemistry equates to
almost exactly that required to oxidize all Ru to
Ru5+ (61.5 mAh g−1). Upon fully charging to
4.6 V, the rising edge does not shift further, sug-
gesting oxidation of Ru does not proceed past
Ru5+. At full SOC, the pre-edge region around
22120 eV exhibits an intensity increase, indicating
a distortion in the octahedral symmetry as shown
in Figure S5, which leads to more efficient d-p
mixing.29 Upon discharging to 2 V, a significant
shift (2.2 eV) of the rising edge to lower energy is
observed. The shift to lower energies relative to
the as-prepared sample indicates an over-reduction
of Ru and the presence of Ru3+.

::::::::::::::
Over-reduction

::
is

::::
not

::::::::::
observed

:::
in

::::
end

:::::::::
member

::::::::::
Li2RuO3::::::

upon
:::::::::
discharge

:::
to

:::::
the

::::::
same

:::::::::::
voltage,30

::::
and,

::::::::::
although

:::
Ru

:::
is

::::::::::::::
over-reduced

::::
in

:::::::::::::::::::::
Li2Ru0.5Mn0.5O3,19

:::
the

::::::::::
magnitude

:::
of

:::::
the

:::::
edge

::::::
shift

:::::::
below

:::::
that

:::
of

::::
the

:::::::::::
as-prepared

:::::::::
material

:::
is

:::::::::::::
significantly

::::
less

:::::
than

:::
in

:::
this

:::::::
work.

:::::
The

::::::::::::
immediate

::::::::::::::
over-reduction

:::
of

::::
Ru

::
is

::::::::
contrary

:::
to

::::
the

::::::
more

::::::::
gradual

::::::::::::::
over-reduction

:::
of

:::
Mn

::::
and

::::
Co

::
in

:::::::
certain

::::
Li-

::::
and

::::::::
Mn-rich

::::::::::::
NMCs.31,32

:::::
Here,

::::::
after

:::
the

:::::
first

:::::::::::
discharge,

:::
Ru

::::::::
instead

:::::::
begins

::
to

:::
act

::::::
more

::::
like

:::
Ni

:::::
does

:::
in

:::
Li-

::::
and

:::::::::
Mn-rich

::::::
NMC

:::::::::
materials

::
in

:::::
that

::
it

::::::
cycles

:::
on

::
a
:::::::::::::
two-electron

::::::
redox

::::::
couple

::::::::::
(Ru3+/5+

:::
vs.

::::::::::
Ni2+/4+)

::::
and

::::
the

:::::::::::
high-valent

:::::
states

:::::
have

:::::::::::
significant

::::::::::
covalency

:::::
with

:::
O

:::
2p

::::::
states.

Near-edge scattering features differ slightly in
their position and intensity, which points to irre-
versible changes in the local structure around Ru.
The Ru K-edge X-ray absorption near-edge struc-
ture (XANES) spectra for the second and tenth
cycles display similar trends as the first. Notably,
the edge position never recovers to that of the
as-prepared material, suggesting that either the av-
erage oxidation state of Ru stays lower than 4+ or
structural changes lead to new Ru environments.
The latter is more likely as the cathode is reaching
potentials at which Ru4+/5+ oxidation is expected.
Figure 2d shows relative changes of the edge po-
sition, making apparent the over-reduction of Ru
after the first charge process. On later cycles, the
edge position never recovers the original value but
continues to shift as evidence of Ru involvement
in the redox.

Mn K-edge XAS (Figure 2e-h) is also mea-
sured to investigate redox non-innocence as sug-
gested by the new low-voltage redox couple ob-
served in the dQ/dV plots. The pre-edge fea-
tures arise from a 1s to 3d transition for Mn in
an octahedral geometry and represent the partially
filled t2g (6541 eV) and eg (6543 eV) states (Fig-
ure S6). The edge position of Li2Ru0.3Mn0.7O3 is
6557 eV, which is in good agreement with reports
of Mn K-edge XANES of Li2Ru0.5Mn0.5O3

19 and
Li2MnO3

11 signifying that Mn is formally Mn4+.
The K-edge white line arises from the 1s to 4p
transition and is especially sharp and intense due,
in part, to the negatively charged neighboring an-
ions and the localization of the excited electron
on Mn, suggesting a fairly ionic Mn-O interac-
tion. The rising edge in the Mn K-edge XANES
does not shift upon charging, which is more eas-
ily observed in Figure 2h, indicating no oxida-
tion of Mn past Mn4+. Irreversible changes to
the spectral shape and pre-edge may be due to
changes to the local environment around Mn that
persist after the first oxidation. After discharg-
ing to 2 V, extra spectral weight near the edge at
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Figure 2: (a-c) Ex situ Ru K-edge XANES of Li2Ru0.3Mn0.7O3 at various SOCs: as-prepared, charged to
4.15 V, charged to 4.6 V, fully charged then discharged to 2 V, charged to 4.6 V on cycle 2, discharged
on cycle 2, charged to 4.6 V on cycle 10, and discharged on cycle 10. (d) The change in the Ru K-edge
position with cycling highlighting redox involvement and over-reduction upon discharge. (e-g) Ex situ
Mn K-edge XANES at the same SOC with arrows highlighting reduced Mn. (h) The change in the Mn
K-edge position showing minimal changes until later cycles.

lower energies indicates reduction of Mn below
Mn4+. The trends are essentially identical in cy-
cle 2. By cycle 10, the edge position decreases by
over 1 eV upon discharge, indicating significant
Mn involvement to the redox and corroborating the
dQ/dV results.

::::
This

:::::::::
behavior

::
is

::
in

::::
line

:::::
with

:::::::
reports

::
in

::::
Li-

:::::
and

:::::::::
Mn-rich

:::::::
NMC

:::::::::::
materials,[

::::
refs]

::::
and,

::::::::::::
interestingly,

:::::
here

::::
Ru

::::
acts

:::
in

:::::
much

::::
the

::::::
same

:::::
ways

::
as

::::
Mn

:::::
and

::::
Co

::::::
when

:::::::::::::
over-reduced

:::
to

:::::::
Mn3+

::::
and

::::::::
Co2+.32

:::::
After

::::::::::::::::
over-reduction,

::::
the

::::::::::
covalency

:::::
with

::::::
buried

::
O

::::::
states

::::::::::
decreases

::::
and

::::
the

:::::::::
transition

:::::::
metals

:::
are

::::::::::::::
preferentially

:::::::::
oxidized

::::
on

:::::::::::
subsequent

:::::::
cycles

:::::::
leading

:::
to

:::::::::
voltage

::::::
fade.

::::::::::::
However,

:::::::::::
significant

::::::::::::::
over-reduction

:::
of

:::
Ru

:::::::
occurs

:::
on

:::
the

:::::
first

::::::::::
discharge,

::::::
which

::::::
leads

::
to

:::::::::::
immediate

:::::::::
changes

:::
to

:::
the

::::::::
voltage

:::::::
profile.

::::::::
After

::
a
::::::::

while,
::::::::
enough

:::::
Mn

::::
has

::::::
been

:::::::::
gradually

:::::::::
reduced

:::
to

:::::::
cause

::::::::
further

:::::::::
changes

:::
as

:::::::::
described

:::::::
above.

:

On the first charge, XAS shows that Ru4+ is ox-
idized and the Mn4+ is largely redox innocent

::
in

:::
the

:::::
bulk. However, the charge expected from full

oxidation of Ru4+ to Ru5+ is insufficient to explain
the high capacities observed. The possible expla-
nations for the excess capacity are lattice O redox
and decomposition reactions, both of which have

been reported extensively.12,19,33,34 To explore the
possibility of reversible lattice O redox, O K-edge
resonant inelastic X-ray scattering (RIXS) studies
are performed. RIXS acts as a sensitive probe of
the electronic structure of lattice O by combin-
ing XAS and X-ray emission spectroscopy (XES),
allowing filled states to be probed and introduc-
ing a higher dimensionality than either technique
alone.29 The RIXS maps for Li2Ru0.3Mn0.7O3 on
the first charge are shown in Figure S7. Two
pre-edge features are observed and attributed to
hybridized Mn 3d–O 2p orbitals split into t2g and
eg states by the octahedral crystal field.35 The
appearance of a RIXS loss feature at 523.5 eV
from an excitation at 531 eV has been attributed to
bulk O redox contributions in several Li-rich lay-
ered oxide systems.28,36–38 However, this spectro-
scopic signature is not observed in the RIXS maps
of Li2Ru0.3Mn0.7O3, indicating the lack of bulk
O redox activity, a different O oxidation mecha-
nism, or the prevalence of oxidized O being lower
than the detection limit in the RIXS measure-
ments. Bruce and coworkers have shown in sev-
eral closely related systems that high-resolution
RIXS is necessary to detect the presence of holes
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on O or trapped molecular O2.39–41 In the absence
of evidence of bulk O redox, we turned to more
surface sensitive methods. Figure S8 shows the
O K-edge XAS spectra in surface-sensitive total
electron yield (TEY) mode. The two pre-edge
features at 529.9 and 532.1 eV correspond with
the Mn–O hybridized states as observed in the
RIXS . An additional feature in the as-prepared
sample around 534 eV is attributed to surface
carbonates.51,52 The carbonate feature disappears
upon charging suggesting that the carbonates
are oxidized off the surface. The changes upon
charging consist solely of broadening of the
pre-edge features, as is also observed in the RIXS
maps, and do not indicate significant oxidation of
lattice O that stays near the surface.

To determine if
::::
The

:::::
lack

::::
of

::::::
RIXS

:::::::::
feature

:::::::::::::::
corresponding

:::
to

::::::
stable

:::::::::
oxidized

:::::::
lattice

:::
O

::::::::::
prompts

:::::::::::::
investigation

::::
into

::::::::
whether

:
irreversible decomposition reactions

are occuring,
::::::
occur,

:::
so we turn to differential elec-

trochemical mass spectrometry (DEMS) to char-
acterize gaseous products during cycling. The
operando DEMS data for the first three cycles are
shown in Figure 3a. During the first charge cy-
cle, a significant feature from O2 gas release is
observed starting at the onset of the high-voltage
plateau. O2 release can come from oxidation of
lattice O followed by gas release13,46,47 since

:::::
Since

electrolyte degradation and oxidation of surface
carbonates produces exclusively CO2.

:::::::::::
exclusively

:::::::::
produces

::::::
CO2,33,45,48

::
O2:::::::::::

formation
:::

is
::::::::::

primarily
:::::::::
attributed

::::
to

:::::::::::::
irreversible

:::::::::::
oxidation

:::
of

::::::::
lattice

:::::::::
O.13,46,47 A comparatively small amount of CO2
is observed at the top of charge (>4.4 V). By inte-
grating the DEMS data, the charge contributions of
the decomposition reactions resulting in gaseous
products to the total capacity are calculated. The
capacity from oxidation to O2 alone during the first
charge assuming a four-electron oxidation process
is 122 mAh g−1, or 45.7% of the total charge
capacity. Comparatively, CO2 only contributes ap-
proximately 2 mAh g−1. As such, about half of
the first charge capacity can be attributed to irre-
versible degradation reactions. Upon discharging,
the gas release drops precipitously, confirming that
the gases detected are a result of oxidative decom-
position reactions at high voltages. The O2 gas re-
lease on subsequent cycles sequentially decreases

.
:::::
while

:::
the

:::::
CO2:::::::::

released
:::::
stays

::::::::::
relatively

:::::::::
constant,

::::::
which

:::::
may

:::::::::
indicate

::::::::::
continued

:::::::::::::::
decomposition

:::
of

:::
the

:::::::::::
electrolyte

:::
on

::::
the

::::::::
surface.

::::::
This

:::::
may

::::::::
provide

:::::::
another

::::::::::::
explanation

:::
to

::::
the

::::::
rising

:::::::
charge

:::::::::
capacity

::::::::
between

:::::::
cycles

:
2
:::::
and

:::
18

:::::::
(Figure

:::::
1b),

::::::
which

::::::
could

::::::::::
eventually

:::
hit

::
a

:::::
point

:::::::
where

:::
the

:::::::::::
electrolyte

::::
can

:::
no

::::::
longer

::::::::::::
decompose

:::
on

:::
the

::::::::
particle

::::::::
surface

::::::::
perhaps

:::
due

:::
to

::::::::::
coverage

:::
by

:::
an

:::::::::::
interphase

::::::
layer.

:
The gas

release likely on the first cycle likely triggers a
structural change and consequent change to the
redox mechanism, which is corroborated by the
change in the shape of the voltage profile.

The release of O2 from the cathode suggests
O2− oxidation and necessitates charge compensa-
tion and/or densification near the surface where
O vacancies are known to form.49,50 To probe
the effects of gas release

::::
and

::
a

:::::::::
dynamic

:::::::
charge

:::::::::::::
compensation

:::::::::::::
mechanism

:
on Li2Ru0.3Mn0.7O3,

surface-sensitive probes of the electronic structure
including hard X-ray photoelectron spectroscopy
(HAXPES) and XAS in total electron yield (TEY)
mode are used (Figure 3).

::::::
Figure

:::
S8

:::::::
shows

::::
the

::
O

::::::::
K-edge

:::::
XAS

::::::::
spectra

:::
in

:::::::::::::::::
surface-sensitive

:::::
total

::::::::
electron

::::::
yield

:::::::
(TEY)

:::::::
mode.

::::::
The

:::::
two

:::::::::
pre-edge

::::::::
features

::
at

:::::::
529.9

::::
and

::::::
532.1

::::
eV

::::::::::::
correspond

:::::
with

:::
the

:::::::
Mn–O

::::::::::::
hybridized

::::::
states

:::
as

::::::::::
observed

:::
in

::::
the

::::::
RIXS.

::::
An

:::::::::::
additional

::::::::
feature

:::
in

::::
the

::::::::::::
as-prepared

:::::::
sample

::::::::
around

:::::
534

::::
eV

::
is
:::::::::::

attributed
:::
to

::::::::
surface

:::::::::::::::
carbonates.51,52

::::
The

::::::::::
carbonate

::::::::
feature

:::::::::::
disappears

:::::
upon

::::::::::
charging

::::::::::::
suggesting

:::::
that

::::
the

::::::::::::
carbonates

:::
are

:::::::::
oxidized

::::
off

::::
the

::::::::
surface.

::::::
The

::::::::
changes

::::::
upon

::::::::
charging

:::::::::
consist

:::::::
solely

::::
of

::::::::::::
broadening

::::
of

::::
the

::::::::
pre-edge

:::::::::
features,

:::
as

::
is

:::::
also

:::::::::
observed

::
in

::::
the

::::::
RIXS

::::::
maps,

::::
and

::::
do

::::
not

:::::::::
indicate

:::::::::::
significant

::::::::::
oxidation

::
of

:::::::
lattice

:::
O

:::::
that

::::::
stays

::::::
near

::::
the

:::::::::
surface.In the

O 1s region of the HAXPES, the as-prepared
Li2Ru0.3Mn0.7O3 cathode has two main features:
a narrow peak around 529.5 eV and a broader fea-
ture centered around 532.5 eV attributed to bulk
O2− and surface carbonates, respectively.4,12,53,54

Upon charging to 4.15 V, the feature at 532.5 eV
largely disappears as native surface carbonates
are oxidized. Then, at full charge, a new feature
around 531 eV grows along with additional spec-
tral weight between 532 and 535 eV. The new
feature at 531 eV has historically been used as
a direct indicator of bulk O oxidation.12–14,53 In
fact, Lebens-Higgins et al. recently performed a
systematic study on several common Li-ion cath-
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Figure 3: (a) Operando DEMS of Li2Ru0.3Mn0.7O3 for the first three cycles. (b) HAXPES at various SOC
in the (b) O 1s, (c, d) Ru 3p, and (e, f) Mn 2p regions. (g) Mn L-edge XAS collected in total electron yield
mode.

ode materials and observed the new feature, but
it is instead attributed to transition metal reduc-
tion and electrolyte decomposition near the sur-
face.55 The same concepts are invoked here and
are supported by HAXPES in the Ru 3p and Mn
2p region and XAS (TEY) at the Mn L-edge (Fig-
ure 3c-g). HAXPES results in the Ru 3p region
closely mirror the K-edge XAS data with an initial
positive shift at 4.15 V (Ru4+ to Ru5+) and no
further shift at 4.6 V. However, additional spectral
weight arises at low binding energies in the fully
charged vs. partially charged samples, suggesting
a small proportion of reduced Ru near the sur-
face upon oxidation. The Mn 2p HAXPES data,
specifically comparing cathodes charged to 4.15

and 4.6 V (Figure 3f), show additional spectral
weight (more substantial than the Ru case) at low
binding energies in the fully charged sample as
illustrated by the difference curve. This result in-
dicates reduction of Mn near the surface at high
voltages. Greater amounts of reduced Mn are also
observed at high voltages in the Mn L-edge XAS
(Figure 3g). Reduced Mn near the surface has
been observed in a variety of Li-rich NMC ma-
terials,49,50,56,57 which are structurally similar to
Li2Ru0.3Mn0.7O3. O2 gas release from the lattice
near the surface has been shown to be accompa-
nied by transition metal reduction and sometimes
densification.49,50,58–61

The signs of reduced transition metals near the

7



surface in Li2Ru0.3Mn0.7O3 from HAXPES are not
maintained upon discharge. To determine if the
reduced metals are lost to the electrolyte, induc-
tively coupled plasma mass spectrometry (ICP-
MS) is performed for the electrolyte before and
after cycling. Mn is observed in the electrolyte
after cycling (Table S2) pointing to Mn dissolu-
tion, which has been observed in Mn-rich materi-
als with low-valent Mn.62–65

:
It
:::

is
:::::::
known

:::::
that,

:::
in

::::::::
general,

::::::::::::::
metal-oxygen

::::::::
bonding

::::
will

:::
be

::::::
more

:::::
rigid

:::
for

:::::::
metals

:::::
with

::::::
more

:::::::::
covalent

:::::::::::::
interactions.[

:::
refs]

:::
As

::::::
such,

::
it

:::::::
tracks

::::
that

::::::::::::
low-valent

:::::
Mn,

:::::::
which

::
is

::::::::::::::
comparatively

::::::
ionic

:::
in

:::
its

:::::::::::::
interactions

::::::
with

:::
O,

:::::
could

:::
be

:::::::
mobile

::::::
upon

::::::::::::
introduction

::
of

::
a

:::::::::::
widespread

::::::::
vacancy

::::::::
network

:::::::
during

:::::::::::::
delithiation.

:
The Mn L-

edge XAS (TEY) results show the most signif-
icant quantity of reduced Mn in the fully dis-
charged sample. As such, we assert that tran-
sition metals are reduced past the formal charge
state of the pristine material on both the sur-
face and in the bulk upon discharge. This re-
sult is consistent with the nucleation and growth
model for spinel formation reported by Gu et al.
in C2/m Li1.2Ni0.1Mn0.525Co0.175O2,49 where here
we consider spinel formation as a proxy for re-
duction of transition metals

::::
and

:::
do

::::
not

::::::
claim

::::
one

::::
way

:::
or

::::
the

::::::
other

::
if

::
a
:::::::
spinel

::::::
phase

:::
is

::::::::
forming

:::
in

::::::::::::::::
Li2Ru0.3Mn0.7O3.

To understand how the dynamic charge com-
pensation and gas release affects local structure,
extended X-ray absorption fine structure (EXAFS)
analysis is performed and first- and second-shell
bond lengths and correlation distances are ex-
tracted from fits. A summary of the fits of the
EXAFS data is shown in Figure 4a-b

::
S9

::
and

the data and fits can be found in Figures S9
and S10

::::
and

:::::
S11

::::::
with

:::::::::::
additional

:::::::::
analysis

:::
in

::::::
Figure

:::::
S12. Overall, the amplitude of the EXAFS

decreases during charge and is not fully recovered
upon discharge, indicating permanent increases
in disorder .11,19 The first-shell correlations
correspond to

:::::::::
consistent

:::::
with

::::::
metal

::::::::::
migration

::::
and

::
O

::::::::::
loss.11,19 M–O bonds (Figure 4a). Here, the

M–O distance can be thought of as a proxy for
redox involvement; that is, a shortening indicates
oxidation and a lengthening indicates reduction.
As expected, the Ru–O bond length shortens with
oxidation at 4.15 V and lengthens slightly at 4.6 V,
corroborating HAXPES results suggesting slightly

reduced Ru when fully charged. After discharge,
the Ru–O bond length has increased beyond that in
the as-prepared sample, consistent with reduction
beyond the formal oxidation state in the pristine
phase. The Mn–O bond length does not change
much with cycling, which highlights the relative
redox inactivity in early cycles. A slight decrease
in the Mn–O bond length is observed at 4.6 V,
however, which supports the presence of reduced
Mn as indicated by the XANES and HAXPES.

The second-shell coordination sphere is
dominated by metal-metal scattering events. Li
correlations are ignored in the model due to
the small X-ray scattering cross section. The
multi-structure model allows for metal-metal
correlation lengths to be extracted for Ru and Mn
back-scatterers from both Ru and Mn absorbers.
For ease of understanding, correlations will be
discussed with a M1–M2 convention where M1 is
the absorber

::
-O

:
and M2 is the back-scatterer. The

Ru–Ru correlation length decreases during the
first oxidation, consistent with an overall lattice
contraction (Figure 4b). Upon discharging, the
Ru–Ru distance returns to the same value as in
the as-prepared sample (approximately 3.03 Å).
On cycle 2, Ru–Ru correlations contract during
oxidation and expand again during reduction to
comparable values as in the first cycle. However,
by cycle 10, the correlation length at fully charged
dips to 2.89 Å, a 0.14 Ådecrease, and only
lengthens slightly to 2.92 Åduring discharge.
Additionally, the model fits Ru–Ru correlations
worse as Li2Ru 0.3Mn0.7O3 is cycled (see relative
errors) , suggesting significant changes to the
Ru network with cycling. Ru–Mn correlations
show less change overall due to the majority of
Mn being redox inactive Mn4+. However, as
K-edge XAS and HAXPES show, more Mn is
reduced with cycling. The redox involvement of
Mn is supported by shorter Ru–Mn correlation
lengths on cycle 10. Interestingly, on cycles 1
and 2, Ru–Ru and Ru–Mn correlation lengths
converge at full charge , and by cycle 10 are
almost identical. One possible explanation for
this behavior is mobile Mn as has been observed
in similar Li-rich NMC materials.49,50,61,66

:
-
::
M

:
(
::
M

::
=

:::
Ru

::
or

:::::
Mn)

::::::::::::
correlations

:::::::::
highlight

:::
the

:::::::::
dynamic

::::::
charge

::::::::::::::
compensation

::::::::::::
mechanism

::::
and

::::::::::::
corroborate

::::::::::::::
over-reduction

:::
of

::::::::::
transition

:::::::
metals.

:::::
An

:::::::::
extended
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::::::::::
discussion

:::
of

::::
the

::::::::
EXAFS

:::::::
results

::::
can

:::
be

::::::
found

:::
in

:::
the

:::
SI.

:

The trends observed in the Mn–Mn correlations
are similar to those with a Ru absorber (Figure 4b).
The Mn–Mn correlation distance does not
noticeably change during cycling, which is
attributed to the large amount of Mn relative
to Ru and a large proportion of the Mn being
surrounded only by Mn and remaining relatively
inert during cycling. Mn–Ru correlation distances
trend the same as the fit Ru-Mn distances from
the Ru K-edge EXAFS as expected. The errors
are much larger due to Mn-Ru scattering events
being a much smaller proportion of the overall
scattering than Ru-Mn scattering events are to
the Ru EXAFS . A comparison is shown in
Figure S11. The changes suggest a reordering of
Mn in the lattice during the first cycle, supporting
the mobility of Mn during oxidation. These
results also indicate that most changes to Mn
are occurring in those that have redox active Ru
next-nearest neighbors.

Significant changes to the Ru environments and
Mn network in Li2Ru0.3Mn0.7O3 as evidenced by
EXAFS are also observed by Raman spectroscopy
:::::::
Raman

::::::::::::::
spectroscopy

:::::::::::
provides

::::
an

::::::::::::
additional

:::::::::
structural

:::::::
probe. The ex situ Raman spectra of

Li2Ru0.3Mn0.7O3 and Li2MnO3 are shown in Fig-
ure 4d. The spectrum of Li2MnO3 is reported
and the mode at 612 cm−1 is attributed to the
MnO6 A1g symmetric stretch.67 The lower fre-
quency peaks are attributed to various Mn–O and
Li–O modes. The spectrum of Li2Ru0.3Mn0.7O3

shows modes at similar frequencies with several
key differences. First, the MnO6 A1g mode is sig-
nificantly broader, which is attributed to a variety
of different next nearest neighbor Mn environ-
ments. Two notable new modes at 678 and 718
cm−1 are observed and we attribute them to Ru–
O related vibrations. Ex situ Raman spectra of
several members of the Li2Ru1−yMnyO3 (y > 0.4)
solid solution further support the assignment as
these modes increase in intensity relative to the
Mn–O A1g mode with increasing Ru content (Fig-
ure S3). Phonon modes calculated by Ponosov et
al. for Li2RuO3 have good agreement with the two
new modes in Li2Ru0.3Mn0.7O3, specifically those
calculated at 551 cm−1 (Ag) and 677 cm−1 (Ag)
were observed experimentally at 675 cm−1 and

715 cm−1, respectively.68 The atom displacement
vectors associated with the calculated modes by
Ponosov et al. are shown in Figure 4e-f.68 Both
new modes in Li2Ru0.3Mn0.7O3 have components
of O translation that shortens one RuO6 octahedral
edge and brings two adjacent O closer together,
and the lower frequency mode has a larger compo-
nent of Ru motion. The presence of these modes
and good agreement of the observed frequencies
with Li2RuO3 may indicate Ru clustering.

Operando Raman spectroscopy is collected dur-
ing a cyclic voltammetry measurement for three
cycles to observe how these modes change with
oxidation and reduction (Figure 4g-h). Galvanos-
tatic cycling is not used due to the long times spent
at high voltages that result in significant O2 release
and side reactions, which block Raman signal
from the bulk material. Results show significant
changes to the local structure with cycling. Upon
charging, the Mn-related modes lose intensity and
red-shift to lower frequencies, which supports the
reduction of Mn as a result of O2 release at high
voltages. Additionally, a new potential-dependent
mode at 682 cm−1 appears on the first negative
scan. The mode is likely a sharp increase in inten-
sity and blue-shift of the Ru–O related mode due
to Ru oxidation because the Ru–O related mode
decreases in intensity. The high-frequency Ru–O
related mode also blue-shifts but to a lesser degree,
which tracks with Ru motion being of lesser mag-
nitude as shown in the calculated phonon mode.
When the cyclic voltammogram reaches reduction,
i.e. negative current, the changes begin to reverse.
The point at which the CV switches from oxida-
tion to reduction, and vice versa, are indicated with
dashed lines in Figure 4g-h. However, the Mn-
related modes do not recover their original inten-
sity, indicating permanent changes to the Mn net-
work. Selected spectra from the first cycle can be
found in Figure S12 to more clearly show changes
as a function of voltage.

::
It

::
is

:::::::
worth

:::::::
noting

::::
that

:::
we

:::
do

:::::
not

::::::::
observe

:::::::::
features

:::::::::::
previously

:::::::::
reported

::
to

:::::::::::
correspond

:::
to

::::::::::::
peroxo-like

:::::::::::::
species,69–73

:::
and

::::
the

:::::
sharp

::::::::
modes

:::::
seen

:::
in

::::
all

::::::::
spectra

:::
in

:::::::
Figure

:::::
S13

:::::::
around

::::
900

::::::
cm−1

::::
are

:::::::::
attributed

:::
to

::::
the

:::::::::::
electrolyte.

On subsequent cycles, the Ru-related modes dis-
play similar behavior to that observed on the first
cycle, indicating some reversibility with respect to
the Ru local environment.
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Figure 4: (a) First shell metal-O bond lengths and (b) second shell metal-metal coordination distances as
a function of cycling from EXAFS fits. (c) Ex situ Raman spectroscopy of Li2Ru0.3Mn0.7O3 as compared
to Li2MnO3 with the Mn-O A1g mode and two new modes in Li2Ru0.3Mn0.7O3 highlighted. Calculated
Raman modes in Li2RuO3 with translation vectors scaled up by a factor of 2, provided by authors from
Ref. 62, at (d

:
b) 551 cm−1 (predicted)/675 cm−1 (experimental) and (e

:
c) 677 cm−1 (predicted)/715 cm−1

(experimental). (f
:
d, g

:
e) Operando Raman spectroscopy of Li2Ru0.3Mn0.7O3 over three CV cycles with

the zero current points marked with dotted lines to separate oxidative and reductive current regions.

Li2Ru0.3Mn0.7O3 shows a complex charge com-
pensation mechanism that changes with cycling.
On the first charge, XAS confirms that Ru is
oxidized to Ru5+ and no further, which only
accounts for 0.3 of the >1 Li that appears to
be removed. Excess charge is accommodated
by lattice O oxidation, but most of the anion
oxidation is irreversible and results in signifi-
cant O2 gas release as shown by DEMS. O loss
causes reduction of

::::
both

::::
Ru

::::
and

:
Mn even in the

charged material. Upon discharge, both Mn and
Ru are reduced

:::
Ru

::
is
:::::::::

reduced
:::

in
::::

the
::::::

bulk
:
be-

yond the formal oxidation state of the pristine
material

::
4+

:::
as

:::
in

::::
the

::::::::::::
as-prepared

:::::::::
material

::::::
while

:::
Mn

:::
is

::::::::
reduced

::::::::::
primarily

::::::
near

:::
the

::::::::
surface

:::::::
where

::
O

:::::
loss

::
is

:::::::::::
occurring.

:::::::::::::::
Importantly,

::::
Ru

::
is

:::::::
found

::
to

:::::::::
undergo

:::::::::::
significant

:::::::::::::::
over-reduction

:::::::::::
throughout

:::
the

:::::
bulk

::::
on

::::
the

:::::
first

:::::::
cycle

::::::
while

:::::
Mn

:::
is

::::::
more

:::::::::
gradually

:::::::::
reduced

:::::
over

::::::
many

:::::::
cycles,

:::::
after

:::::::
which

:::
the

::::::::::
transition

:::::::
metals

:::
are

::::::::::
primarily

::::::::::::
responsible

:::
for

::::::
charge

::::::::::::::
compensation

:::::
with

:::::
very

::::::::
limited

::::::::::
reversible

::
O

::::::
redox. In subsequent cycles, the majority of the

capacity is attributed to Ru and Mn redox alone,

though the contributions from each change with
time. This dynamic redox behavior can give a
false impression of good cyclability based on an-
ion redox when, in fact, Li2Ru0.3Mn0.7O3 only ex-
hibits significant contributions from O on the first
charge cycle despite being within a solid solution
(Li2Ru1−yMnyO3) reported to have reversible an-
ion redox.12 Therefore, it is prudent to consider
each material across a solid solution separately,
especially when the end members have different
structures and electrochemical behaviors. Consid-
ering Li2Ru0.3Mn0.7O3 with respect to Li2MnO3,
this work shows that a small amount of a redox ac-
tive metal activates semi-reversible Li removal and
insertion (approximately 0.8 Li reversibly in this
case) whereas all observed capacity in Li2MnO3
is from decomposition reactions and not Li cy-
cling.11 Nevertheless, the charge compensation
mechanism is convoluted and changes with cy-
cling, which highlights the difficulty of character-
izing the long-term viability of anion redox mate-
rials based on Li-rich layered structures.
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