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ABSTRACT: Li,MO; (M = transition metal) systems are parent
compounds of Li-rich materials and widely considered to offer oxygen
redox for high-energy batteries. However, recent clarifications have revealed
that, among the three representative Li,MO; (M = Mn, Ru, Ir) compounds,
no reversible oxygen redox takes place in the Mn and Ir systems. Here, we
reevaluate the redox reactions in Li,RuOj; through advanced spectroscopy,
which shows both Ru redox and highly reversible O redox (96% initial-cycle
reversibility, 80% retained after 10 cycles, and 77% after 50 cycles). This is .
in sharp contrast with the Li,MnO; and Li,IrO; systems and concludes the _ Redox
three distinct oxygen behaviors in the Li,MO; systems during charging: (i) . ;. W,
only irreversible oxygen oxidation in Li,MnOj; (ii) reversible Ru and O %/W{/:redumon @
redox in Li,RuO;; (iii) only cationic redox in Li,IrO;. This work suggests

the critical role of transition metals and their coupling to oxygen for

maintaining reversible oxygen redox activities for high-energy batteries.
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T he development of high-energy-density lithium ion Three materials emerge in the families of the layered
batteries (LIBs) has become essential to address today’s compounds that represent the most typical Li-rich config-
energy and environmental challenges.1 As the bottle- urations, Li;MnO;, Li,RuO;, and Li,IrO;. They represent Li-
neck of battery energy density, transition metal (TM) oxide rich systems based on 3d, 4d, and 5d TMs with different cationic

d levels and hybridization effects that are important for ARR
behaviors.”'? Other than some detailed structural differences
that have been reported before,”'*~** all these three materials
are layered compounds with a significant amount of Li
occupying about 1/3 of the TM sites forming a honeycomb
structure, i.e., the typical Li-rich configuration. In the early stage
of the study of ARR, all three systems were considered systems

based cathodes have aroused great interest and tremendous
efforts on both the fundamental understanding and practical
optimizations.” The amount of lithium ions in oxide cathodes
that is available for electrochemical cycling defines the cycling
capacity. Therefore, Li-rich layer oxides with an excessive
amount of Li > 1, could potentially offer a higher energy density

over conventional compounds. A number of studies of Li-rich with reversible lattice ARR, mostly based on O-K X-ray
cathodes have shown that high capacities could indeed be absorption spectroscopy (XAS) and X-ray photoelectron
achieved, which are mostly due to the O anionic redox reaction spectroscopy (XPS) studies.”’*'>**72° However, these con-
(ARR) beyond the conventional TM redox activities.”™” clusions have later been challenged due to the technical
However, it was also found that the oxygen redox reactions in reliability issues of the entangled O-K XAS signals with
the Li-rich system, especially the oxygen oxidation reaction significant TM characters and the shallow probe depths of
during the initial charging, almost inherently triggers irreversible both soft and hard XPS.””** Indeed, advances in O-K
oxygen release and/or surface reactions, which remains a spectroscopy based on high-efficiency mapping of resonant
formidable challenge and leads to the notorious hysteresis, inelastic X-ray scattering (mRIXS),””*" together with differ-
voltage fade, and capacity decay.’™> In the meantime, several

recent clarifications have suggested that some of these Received: May 29, 2021

detrimental effects are not necessarily from the reversible Accepted: August 31, 2021

ARR.""™"? Therefore, it is critical to distinguish the lattice ARR Published: September 3, 2021

from other oxygen activities through reliable techniques and

perform comparative studies of representative Li-rich systems

with different oxygen activities.
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Figure 1. The morphology, structure, and electrochemical performance of Li,RuO;: (a) the SEM image of the Li,RuO; with mean particle size
around 1.3 gm. (b) the HR-TEM image of the Li,RuO; viewed along the a (b1) and ¢ (b2) directions; (c) the synchrotron XRD pattern of the
Li,RuO; with space group C2/c; (d) the selected charge—discharge curves of Li,RuOj; electrochemically cycled between 2.0 and 4.6 V with
current 30 mA/g; (e) the initial cycle curve of the Li,RuO; marked by red dots which are characterized through Ru-L and O-K spectroscopy in

the following figures.

ential electrochemical mass spectroscopy (DEMS), have
clarified that no lattice ARR is involved in the cycling of
Li,MnO; and Li,IrO;.'**"** Recent experimental results
conclusively show that oxygen oxidation during the initial
charging of Li,MnOs; is only in the form of irreversible oxygen
release and surface reactions,””** consistent with some earlier
theoretical analysis,” and fully charged Li,IrO; displays only
multivalent Ir redox reactions.'* Therefore, interesting ques-
tions arise on the redox mechanism of Li,RuO;: Is Li,RuOj; the
(only) ARR system among these Li-rich parent compounds? If
yes, how reversible and cyclable the ARR is Li,RuO;? What has
led to its distinct oxygen activities compared with the Mn and Ir
systems?

Herein, we report experimental characterizations of both Ru
and O states of Li,RuQOj at representative charge and discharge
states during the initial, 10th, and 50th cycles. There have been
several reports on the redox mechanism of Li,RuO; based on
conventional spectroscopy during the early cycles.'>'*%*°
However, as discussed above, clarifications on oxygen activities
through reliable techniques are critical to avoid the confusions as
in the Mn and Ir systems. Furthermore, the reversibility and
cyclability of the ARR in Li,RuQO; has not been explored, which
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require studies of electrodes after extended cycles and the
mRIXS technique that could quantify these important ARR
values.”® Our results of Ru-L XAS and O-K mRIXS consistently
show the charge compensation mechanism of Li,RuOj at
different voltage ranges. Lattice ARR is involved at high voltage
during initial charging but is extended to much lower energy
during discharge, with Ru displaying different bulk and surface
behaviors. We further quantified the reversibility of the ARR
during the initial cycle, and the retention rate of ARR after the
10th and 50th cycles. Our work confirms and provides the first
quantitative evaluation of the ARR in Li,RuQOj, which triggers
interesting comparisons among the three Li-rich parent
compounds, Li,MO; (M = Mn, Ru, Ir). We discuss the
fundamental differences between these three systems based on
their distinct mRIXS findings for new insights on critical factors
for maintaining reversible ARR in cathode materials.

The structure analysis and electrochemical performance of
Li,RuOj are shown in Figure 1, which are consistent with the
previous studies.'»>***** Figure 1(a) shows the morphology of
the as-prepared Li,RuOj. The particle sizes are between 0.5 and
3 pm, and the mean particle size is around 1.3 gm. The HRTEM
images are shown in Figure 1(b1) and (b2) which suggests that

https://doi.org/10.1021/acsenergylett.1c01101
ACS Energy Lett. 2021, 6, 3417—-3424
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Figure 2. Ru state of Li,RuO; upon initial cycle. (a) The Ru-L; XAS spectra, (b) O-K TEY sXAS spectra, and (c) O-K PFY sXAS spectra of the
Li,RuOj; electrode at different electrochemical states which are marked as red dots in Figure 1(e) with Ch and Dis representing charge and
discharge. The probe depth of Ru-L;, O-K TEY, and O-K PFY are several micrometres, 10 nm, and 150 nm, respectively.

the Li,RuO; has a single crystalline structure. The synchrotron
XRD in Figure 1(c) shows all diffraction peaks can be indexed in
pdf 085-2000 (space group of C2/c) without obvious impurity
phases. The extended cycles charge—discharge curves of
Li,Ru0;, shown in Figure 1(d), are at a current density of 30
mA g~ between 2.0 and 4.6 V (vs Li/Li"). The initial curve, with
the first discharge capacities of 283 mAh g/, is displayed in
Figure 1(e) with 7 red dots indicating the samples characterized
in the following spectroscopy measurements. There are two
well-defined voltage plateaus upon the first cycle charge process,
with the low-voltage one delivering around 170 mAh g~'. The
cycling performance at a current density of 30 mA g~' is shown
in Figure S1. The capacity decays quickly in the initial 10 cycles
and then keeps relatively stable at around 220 mAh g~'. After
100 cycles, the capacity still remains at 180 mAh g~

The Ru-L; XAS collected on the electrode samples indicated
by the red dots in Figure 1(e) are displayed in Figure 2(a). The
Ru-L; XAS corresponds to excitations to directly the Ru 4d
unoccupied orbitals, which indicates the Ru valence evolution.'®
The Ru-L; spectra consist of two features, which are assigned to
the t), and e, states due to spin—orbital splitting. It has been
reported that the e, absorption peak is usually located at around
2842 eV for Ru** fNazRuO;é and SrRu0;*®) and 2843 eV for
Ru** (NaRuO;'¢ and Sr,Ru,0,°°). As shown in Figure 2(a),
upon the low-voltage charge process (Pris to 1Ch4.1 V), the e,
peak shifts to the high-energy position (red arrow) indicating
the Ru valence varies from Ru** to Ru®*, which is consistent with
the low-voltage plateau of 170 mAh g™' capacity. Further
charging at the high voltages (1Ch4.1 V to 1Ch4.6 V) does not
lead to further variation of the e, absorption peak, suggesting no
substantial change in the valence of Ru. During discharge, the e
peak of Ru remains unchanged before 3.35 V and shifts back to
the original energy value at 2.0 V. Note the high photon energy
of the Ru-L spectra leads to bulk sensitivity with a probe depth at
the micrometer scale; therefore, the results show that bulk Ru
redox reaction occurs at low-voltage range, below 4.1 V during
charging and below 3.35 V during discharging.

The pre-edge of the O-K sXAS spectra collected on the same
batch of samples in TEY (probe depth 10 nm) and PFY (probe
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depth 150 nm) further provide the surface versus bulk Ru
behaviors, as displayed in Figure 2(b) and 2(c), with the full
energy range of TEY and TFY in Figure S2 and S3, respectively.
The surface sensitive TEY signals (Figure S2) reveal a partially
reversible surface carbonate (peaks at 534 eV) cycling in the
early cycles, which resembles that on Li,MnOj surfaces but is
not a focused topic of this study.”” The O-K pre-edge features
are dominated by hybridization orbitals of TM d and oxygen 2p
with dominating Ru-4d characters.””*” Because higher TM
oxidation states introduce lower energy O-K pre-edge features in
oxide cathode materials,®” the variations of the O-K XAS leading
peak provides a probe of the Ru valence change upon cycling.
For the relatively bulk-sensitive PFY, shown in Figure 2(c), the
O-K pre-edge feature first shifts to the low-energy position,
indicating the Ru valence oxidized from Ru*' to Ru** at the 4.1 V
charge state, and then it remains a steady charge to 4.6 V and
discharge to 3.35 V. This is completely consistent with the Ru-L;
results analyzed above, showing that the bulk Ru redox reaction
occurs during the low-voltage charge process below 4.1 V and
the discharge process below 3.35 V. For the surface-sensitive
TEY XAS (Figure 2(b)), before the 4.1 V charge (1Ch4.1 V),
the result is consistent with the PFY and Ru-L results, showing a
shift of the leading peak toward the low-energy position,
indicating the Ru oxidation. However, during the high-voltage
charge process (1Ch4.1 V.— Ch4.2 V — 1Ch4.6 V), Figure
2(b) shows that pre-edge feature clearly shifts toward the high-
energy position (blue arrow), indicating that the Ru is reduced
on the surface during the high-voltage plateau. Such an opposite
trend of surface Ru behavior is also observed during discharging,
with a shift to low-energy position at 3.8 V and back to the high-
energy value at 2.0 V discharge. These reversed behaviors of
surface-sensitive spectra indicate a strong surface reaction at
high voltages that affect Ru states,'"” which are often seen in
other Li-rich compounds too.****

To clarify the cycling mechanism of the high-voltage plateau
that bulk Ru is inactive, we perform O-K mRIXS to detect the
lattice ARR activities. Compared with conventional O-K XAS
that is often dominated by TM characters,”’ O-K mRIXS has
been established as a tool-of-choice for detecting the lattice ARR

https://doi.org/10.1021/acsenergylett.1c01101
ACS Energy Lett. 2021, 6, 3417—-3424
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Figure 3. O-K mRIXS of a series of Li,Ru0; electrodes at different electrochemical states. mRIXS images in (a)—(g) are collected from the
electrodes indicated by the red dots on the electrochemical cycling profile in Figure 1(e). The solid red arrows indicated the striking sharp
features of oxidized oxygen (anionic oxygen redox) at high-voltage state, e.g., Ch4.2 V, Ch4.6 V, and Dis3.8 V; in comparison, dotted red arrows
are also marked at the same emission and excitation energy positions at the low-voltage state, e.g., Pris, Ch4.1 V, Dis3.35 V, and Dis2.0 V. White
solid arrows display an energy loss feature, which is likely vibronic features accompanied by anionic oxygen redox.*> White dashed lines indicate
the elastic lines, i.e., the line with the same excitation and emission energies. (h) is a summary of cationic Ru redox and the anionic O redox
during the initial cycling profile. Colors of the profile lines represent roughly the different redox mechanism, blue for lattice Ru**/>*

and yellow
for lattice oxygen redox. Hollow circles are the normalized areas of O-K mRIXS-sPFY (Figure S4) 531 eV peaks.
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Figure 4. The cyclability analysis of Li,RuO;. O-K mRIXS images in (a)—(d) are collected from the electrodes upon 10th and 50th cycles. The
solid red arrows indicated the anionic oxygen redox features at fully charged state. White solid arrows display an energy loss feature, which is
likely vibronic features accompanied by anionic oxygen redox.** Red dotted lines on mRIXS images indicate the energy range for extracting
sPFY spectra. (e) shows the O-K mRIXS-sPFY spectra of extended cycles. The anionic oxygen redox contribution is reflected by the sPFY
intensity difference within the shadow area between the charged and discharged state. (f) displays the difference between the sPFY spectra at
charged and discharged locations. The solid and dashed lines represent the experimental spectral difference and fitted curves, respectively. The
dotted lines are the polynomial background. The shaded Gaussian peaks under each spectrum represent the corresponding oxidized oxygen
feature, with the other peak from Ru—O hybridization. (g) and (h) were collected from the 1st cycle fully charged electrodes of (g) Li,MnO;,
reproduced from Zhuo et al.** [Reprinted with permission from ref 32. Copyright 2021, Elsevier Inc.] and (h) Li,IrO;, reproduced from Hong
et al.'"* [Reprinted with permission from ref 14. Copyright 2019, Springer Nature].

states through its sensitivity to the intrinsically oxidized oxygen

be gained through the mRIXS intensity variation upon
species.”’40

Previous works have shown that characteristic electrochemical cycling.m’“’3'3’41

mRIXS features around 531 eV excitation and 523.7 eV emission
energies could be used to track the ARR activities in various
battery cathodes.'”'"***"** Furthermore, a quantitative eval-
uation of the reversibility and cyclability of ARR reactions could

3420

Figure 3(a)—(g) display the O-K mRIXS images of the
Li,RuO; electrodes at different states marked in Figure 1(e).
Technical details of the mRIXS experiments are provided in the
Supporting Information. The strong and broad features around

https://doi.org/10.1021/acsenergylett.1c01101
ACS Energy Lett. 2021, 6, 3417—-3424
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525.5 eV emission energy correspond to Ru-4d/O-2p hybrid-
ization states. These features get broadened in line shape and
enhanced in intensity upon charging process, consistent with the
XAS peak intensity increase (Figure 2(b)) but irrelevant to
oxidized oxygen state.””*” At 4.2V (Figure 3(c)), the mRIXS of
Li,RuOQj starts to display the fingerprint of oxidized O, indicated
by the red arrow, with another low-energy excitation feature
close to the elastic peak (white arrow). These oxidized oxygen
features become stronger at the 4.6 V charge state (Figure 3(d))
and get weaker at the 3.8 V discharge state (Figure 3(e)) and
disappear at discharge to 3.35 V (Figure 3(f)).

Figure 3(h) displays a summary of our Ru and O redox
analysis with the normalized intensity of the O-K mRIXS
oxidized oxygen feature (see the Supporting Information)
plotted over the electrochemical profile. For ARR contributions,
the O-K mRIXS-sPFY (in Figure S4) 531 €V peak intensity
displays a changing ratio of 0.829/0.864 (96%) of the discharge/
charge process. Considering the surface reaction and gas
release,” this spectral analysis ratio is more or less comparable
with the electrochemical capacity of the ARR regimes.
Consequently, the low-voltage charge plateau before 4.1 V
with capacity 170 mAh/g is only compensated by Ru redox. For
the high-voltage charge plateau above 4.1 V, the charge capacity
of almost 120 mAh/g is related to the Li extraction from the
lattice oxygen redox, accompanied by a strong surface reaction.
For the following discharge slope above 3.35 V, the capacity 100
mAh/g comes mainly from the lattice oxygen redox. For the
discharge below 3.35 V, the capacity 180 mAh/g is mainly
coming from the Ru redox.

The intensity variation of the characteristic ARR mRIXS
teatures could be used to tracks the reversibility and retention of
the lattice ARR upon electrochemical cycling.'”""***' Figure
4(a)—(d) show O-K mRIXS of Li,RuO; electrodes at the 10th
and 50th charged and discharged states. The oxidized oxygen
feature remains strong after 10 and 50 cycles at the charged state
and disappears upon discharging, indicating the reversible ARR
after extended cycles. Integrating the intensity within the
characteristic emission energy window around 523.7 eV (dashed
lines in Figure 4(a)) yields the sPFY in Figure 4(e) at the first,
10th, and 50th cycles. The lines could be fitted by two Gaussian
peaks in Figure 4(f), with the solid shaded peak corresponding
to the lattice oxidized oxygen state as discussed above.
Normalizing the peak intensity to the first cycle data, the peak
intensities are 1, 0.803, and 0.768 for the first, 10th, and 50th
cycle charged states, indicating 80% and 77% of the ARR
capacity retention after 10 and 50 cycles, respectively.

For a direct comparison, Figure 4g and 4h display the mRIXS
results of fully charged Li,MnOj; and Li,IrO; reproduced from
previous reports."*>* In sharp contrast, no feature of the ARR
state in these charged electrodes could be observed. The
Li;MnO; is a system with overactivated oxygen activities,
leading to only irreversible oxidized oxygen through gas release
and associated surface reactions,*”** with no lattice ARR found
in any electrochemical stage.”” As the other extreme case, Ir
redox in Li,IrO; compensates for all the charge transfer upon
charging through multivalent redox reactions, also leaving no
ARR feature in mRIXS at the fully charged state as ARR is not
activated until fully charged (Li ~ 0.5)."" In sharp contrast with
Li,MnOj; and Li,IrO;, O-K mRIXS Li,RuOj; displays a strong
and highly reversible ARR activity, with 96% initial cycle
reversibility and 80%/77% capacity retention after 10/50 cycles,
as analyzed above. Independent Ru-L and O-K characterizations
show that the low- and high-voltage plateaus are separate from
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the cationic and anionic redox reactions, although ARR is
extended to much lower energy during the discharge. Therefore,
the three Li,MO; systems behave distinctly on the oxygen
activities, with a reversible ARR only in the LiRuOj; system.

Clarifying the cycling mechanism and quantifying the highly
reversible ARR in Li,RuQ; triggers some interesting compar-
isons with the other Li,MO; systems. First, the strong and
reversible ARR in Li,RuQO; should not be taken for granted as a
nature of the Li-rich configuration because the reaction is
missing in both Mn and Ir systems. Instead, it indicates some
other critical TM factors that are required to maintain a
reversible lattice ARR. Second, compared with Li,IrO; with only
Ir redox reactions,”> Ru redox does take place; however, it
cannot compensate for all the extraction of active Li. This is
different from Li,IrO; and some other Li-rich compounds. For
example, Li; ,Nij,Ruy O, does not involve ARR either, even at
high voltages, due to the redox reactions of both Ni and Ru that
could compensate all the cycling capacity.*® Therefore, even for
Li-rich compounds, the ARR is not necessarily enabled until the
Li extraction content is higher than what the specific cationic
redox reactions could compensate. This may sound simple and
natural; however, it is important to note that the voltage range of
the ARR remains an open question and is electrochemically
(charge or discharge) dependent. The structural transformation,
especially during the initial charging of Li-rich material,
introduces a formidable challenge for theoretical simulations
to reliably define the redox voltage range and its variation upon
cycling. Therefore, the amount of available cationic redox
reaction before ARR is highly material dependent. For example,
some Na-poor compounds display clear signatures of ARR
mixed with cationic redox even with a low capacity.'® Third,
compared with Li,MnQ; that displays only irreversible oxygen
oxidation,”" the highly reversible ARR in Li,RuO; suggests
another critical role of TMs in oxygen activities. 4d/5d TMs
have been specifically emphasized in the ground-breaking works
of the ARR concept due to their strong hybridization with
0,'**® which helps stabilize the ARR and improve its
practicability.” Indeed, replacing the Mn with Ru in the
Li,MOj; system largely suppresses the oxygen release,'>***
and as clearly shown and quantified in this work, lattice ARR
becomes strong and reversible in Li,RuOj.

Therefore, exhausting the available cationic redox determines
whether oxygen will be oxidized during high-voltage charging.
Once oxygen becomes electrochemically active, our comparison
shows that the oxygen release and lattice ARR are two
competing channels, and TM plays a critical role in determining
the reaction route. The distinct oxygen activities in Li,MO; (M
Mn, Ru, Ir) strongly suggest the crucial role of the
hybridization between TM and O for ARR, something
emphasized earlier,'”*® but got largely overlooked later due to
the focus on nonbonding or unhybridized oxygen states.
However, as emphasized in previous works,”” it is equally
important to note that the electron depopulation around O
through the TM—O hybridization itself should not be
considered a state of ARR, because all TM based cathode
systems feature evolving hybridizations including LiFePO,.””
The important question is how the hybridization between TM
and O affects the ARR behavior so strongly, and how to reach
the optimum TM—O hybridization. We expect this work will
bring back the attention on the TM—O hybridization effect,
instead of the overwhelming nonbonding state discussions, on
ARR, and inspire further experimental and theoretical studies of
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TM oxides toward high-energy-density battery systems based on
ARR.

B EXPERIMENTAL METHODS

Detailed descriptions of the experimental methods are shown in
the Supporting Information
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