Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

In this work the authors investigate how the presence of disorder in model Li-ion cathode material
Li2RuO3 affects the electrochemical performance and nature of anionic redox. Understanding the
nature of anionic redox in Li-excess cathode materials is an important topic in the battery community
as irreversible structural transitions and loss of oxygen from the structure have plagued the
electrochemical performance of these potentially high capacity materials. In this study, the authors
use two different synthetic routes to produce Li2RuO3 with a honeycomb ordered Li1/3Ru2/3
arrangement (R-Li2ZRuO3) and a metastable Li2RuO3 structure with a disordered Li and Ru
arrangement (ID-Li2Ru03). The authors demonstrate that the capacity retention, voltage decay and
rate performance of the ID-Li2RuO3 phase is superior to the R-Li2RuO3 phase, which they argue is
related to the difference in the anionic redox mechanism at high states of charge. Using a combination
of X-ray absorption spectroscopy (XAS), in-situ X-ray diffraction and density functional theory (DFT)
calculations, they propose that the reversible anionic redox in the ID-Li2RuO3 structure comes from
the presence of reversible ‘telescopic O-Ru-0O’ interactions as opposed to the formation of O-O dimers
in the R-Li2RuO3 phase, which leads to 02 loss.

The majority of the work is carried out well and is presented clearly. The electrochemistry is clearly
improved in the ID-Li2RuO3 material which adds an interesting piece to the puzzle of anionic redox in
Li-excess cathodes. However, as outlined below, there are issues with the methodology and analysis
that need to be addressed before this manuscript is suitable for publication.

Throughout the manuscript the authors argue that novel ‘telescopic O-Ru-O’ configurations with one
short and one long Ru-0O bond, as shown in Figure 2b, are responsible for the reversible anionic redox
of the ID-Li2RuO3 structure. However, this idea is very similar to recent work by Hong et al.
(reference 36), in which it was proposed that terminal Ir-O n bonds in the analogous system, Li2Irl-
xSnx03, were responsible for oxygen redox. From the structure in Figure 2b, it appears that disorder
of the Li-Ru sites leads to similar vacancy configurations in the current system that were present in
the previous work after Sn migration. The authors should discuss their findings in the context of this
previous study and highlight whether their O-Ru-O environments are related to the formation of
analogous Ru-O n bonds.

In Figure 2c, the authors highlight that the oxygen release energy is less favourable for the RulLi5
and Ru3Li3 configurations of the ID-Li2RuQ3 structure than the Ru2Li4 environments in the R-
Li2RuO3 structure, which leads to less O2 loss in the former case. However, the authors do not include
the oxygen release energy for the Ru2Li4 configuration of the ID-Li2RuO3 structure. From the
schematic in Figure 2b and TEM in Figure 3, these environments Ru2Li4 should also be present in the
ID-Li2RuO3 structure. The authors should show whether there is a difference in the driving force for
oxygen evolution between the Ru2Li4 environments in the ID-Li2RuO3 and R-Li2RuO3 structures and
if there is not, explain why the ID-Li2RuO3 structure shows considerably less 02 evolution.

The authors use a combination of X-ray diffraction and neutron diffraction to refine the crystal
structures of the ID-Li2RuO3 and R-Li2RuO3 phases, however, they do not provide details of the
fitting procedure which are necessary to properly assess the data.The occupancy of the 4e Li sites are
fixed at 1. Did the authors try and refine the occupancy of Ru on the 4e site, i.e. antisite disorder? In
the power X-ray diffraction pattern of ID-Li2RuO3 in Figure S2, there is a broad bump between 20-
30° 26 which is characteristic of superstructure ordering of the Lil/3Ru2/3 honeycomb layers. Was
this region included in the refinement of the structures? Where the thermal parameters refined for
each structure?



The structure of R-Li2RuO3 has been reported in a humber of studies (Wang, J.C., Cao, G. et al, 2014.
Physical Review B, 90(16), p.161110.) where it has been shown that neighbouring Ru ions form Ru-Ru
dimers which form ordered arrangements that lower the symmetry from C2/c to P21/m or C2/m. The
presence of Ru-Ru dimers has also been suggested to be linked to the decrease in the voltage and
electrochemical performance in Ru doped Li2MnO3 (Knight, J.C., Manthiram, A., et al. 2015. Journal of
Materials Chemistry A, 3(5), pp.2006-2011). Did the authors consider the P21/m or C2/m structures
during their refinement? The authors should consider the presence of Ru-Ru dimers in their structure
and how the disordered arrangement of Li and Ru may alter the long-range dimer structure and
electrochemistry.

As highlighted in the introduction by the present authors, there is a link between cation migration and
anionic redox in a number of Li-excess cathode materials. Did the authors calculate the energy to form
Ru anti-site defects in the delithiated ID-Li2-xRuO3 and R-Li2-xRuO3 structures analogous to the
calculations of Ir and Sn antisite disorder in reference 367?

The properties of a range of delithated Li2-xRuO3 structures are calculated with DFT calculations, but
the authors do not give details about how the delithated structures were generated. Were multiple Li
orderings considered for each structure? The authors should provide more details about the structures
were generated and ideally include the lowest energy structures in the SI.

Reviewer #2:

Remarks to the Author:

The author reported a new structural response mechanism that may inhibit O-O dimerization and then
improve cycling and voltage stabilities without oxygen release. Solving oxygen release is an important
but challenging task for Li-rich cathode. This is a very important piece of this work and may impact on
a wider field.

While there were some interesting findings and good improvements, such as suppressing O-0
dimerization, the writing should be significantly improved, mainly in the quality of figures before
publication. Here are a few issues to fix.

1) The telescopic O-TM-0 configuration seems be something similar to the idea of electron hole used
by Tarascon’s, Bruce's and Ceder’s groups. Please elaborate the conceptive novelty in the telescopic
O-TM-0 configuration with respect to or simply a realization of electron hole?

2) The quality of Figure 2 hinders understanding their discussions on oxygen release. They should
increase all fonts in Figure 2 larger enough to render notes readable. Additional DFT data of the total
energy should be provided for all the three kinds of oxygen sites at A, B, C in ID-Li2TMO3 systems
and the original Li2RuO3 as well. In the calculation of oxygen release energy, clarify what reference
have been used for delithiated ID-Li2TMO3 system and the original Li2RuO3.

3) I do not understand “The Rietveld refinement indicates that the long-range structure of ID-Li2RuO3
is consistent with that of ideal ID-Li2Ru0O3.” On page 9. What is ideal ID-Li2RuO3 referring to?
Because they used ionic exchange method to synthesize the Ru/Li mixing layer, clarify if there is any
residual Na in the sample that makes the electrochemistry different?

4) The quality of Figure 3 makes their XRD and TEM results difficult to understand at this stage.



5) Figure 4 indicates that R-Li2RuO3 has significantly more discharge capacity 300 mAh g-1 than does
ID-Li2RuO3 at 230 mAh g-1. Does this mean without oxygen dimerization, the repondance mechanism
cannot achieve high capacity in ID-Li2RuO3? Were all the benefits in rate and voltages in the cost of
high capacity? Suggest to turn the inset of charge/discharge profiles into a full figure 4a and compare
both cycling plots in figure 4b. They should also mention what the initial charge capacities were for
both samples.

6) The quality of Figure 5/6 makes it impossible to guess what oxidation occurs in Ru or O.

7) While DEMS measurements are valued techniques to detect gas generation, they cannot tell what
gas generated by their own. So, they should be cautious to claim the telescopic O-Ru-0 configuration
to suppress oxygen release for two reasons. a) the actual effect of telescopic O-Ru-0O configuration
seemed suppress the dimer formation. If no oxygen dimer, there is no suppressing at all. b) the figure
6d and 6e were not exactly the same in the region of gassing. ID-Li2RuO3 showed higher increases
after CO2 detected at 4.1V. The charging curves were hardly comparable between 6d and 6e. So,
need to clarify the difference in the gas generation. Both 6d and e indeed showed some gas generated
once charging to high voltage. Be fairly enough, the 6d only showed reduced gassing in the end of
charging comparing to 6e. But this cannot rule out whether it is oxygen or not without further
analysis. The figure quality should be improved as well.

8) Provide some discussions or guidance how their proposed repondance mechanism would like to
work for light elements other than heavy elements like Ru in practical cathode. Will such a mechanism
only work for second row transitional metals? It seems the telescopic O-TM-0 configuration unlikely
stable for first row TM.

Reviewer #3:

Remarks to the Author:

This paper reports comparative studies on ordered and disordered Li2RuO3 as oxygen-redox cathode
materials, which I don't recommend for publication. The main claim 'telescopic O-Ru-0' with short and
long Ru-0 bonds of 1.6 and 3.0 A, which is against the classic but fundamental concept of 'ionic
radius',

is just a speculation based on the hypothetical calculations and (subjective, in my opinion) fittings of
EXAFS. I could not find any convincing experimental evidence for their hypothesis to deny the
fundamental concept of inorganic chemistry. The followings are my serious concerns.

1. Concerning the DFT part, the authors found a specific local structure, that is, short and long Ru-O
bonds in disordered Li2RuO3. I'm highly suspicious of such a chemically counterintuitive short and
long Ru-0 bonds of 1.6 and 3.0 A,

which are completely against the simple concept of ionic radius. I believe that it is necessary for the
authors to re-consider the validity of the calculation models, especially for disordered one.

2. Figure 3: Please confirm the disordered and ordered cation arrangements of two materials using
SAED rather than HAADF-STEM. More importantly, Figure 3d shows ordering of Li and Ru within the
Ru layer, which is not consistent with the claim 'the intralayer disordered Li2RuO3 was achieved
successfully.'.

In this situation, Figure 3a (the XRD pattern for ID-Li2RuO3 shows no superstructure peaks) is not
reasonable.

3. Please compare the charge-discharge curves of ID-Li2RuO3 and R-Li2RuO3 in Figure 4, rather than



only focusing on the cycle stability. I believe that the comparison of dQ/dV plots would also be of
interest to readers.

4. P13 'This behavior differs from that for the reductive coupling mechanism induced by the formation
of O-0 dimers in R-Li2RuO3, meaning that O-0 dimers (O2n—) may not be formed in ID-Li2Ru03."
I'm not convinced by this speculation. Whether O-O dimer is formed or not is apparently the key
question in this work. Therefore, it is mandatory for the authors to prove it by experiments.

5. Figure 6: Please compare the difference of the phase evolution of R-Li2RuO3 and ID-Li2Ru0O3, and
explain why the differences occur. Then, the authors would be able to discuss the origin of the better
cycle stability of ID-Li2RuO3. The present Figure 6 and relating part only report 'results’.



Responses to Referees' Comments

Journal: Nature Communications
Manuscript title: Inhibition of oxygen dimerization by local symmetry tuning in Li-rich layered

oxides for improved stability
Manuscript number: NCOMMS-20-10074A

Corresponding author name(s): Dingguo Xia

Reply to Reviewer 1

General Comment

In this work the authors investigate how the presence of disorder in model Li-ion cathode material
Li,RuO; affects the electrochemical performance and nature of anionic redox. Understanding the
nature of anionic redox in Li-excess cathode materials is an important topic in the battery
community as irreversible structural transitions and loss of oxygen from the structure have
plagued the electrochemical performance of these potentially high capacity materials. In this study,
the authors use two different synthetic routes to produce Li,RuO; with a honeycomb ordered
Li;sRuy; arrangement (R-Li,RuOs) and a metastable Li,RuO; structure with a disordered Li and
Ru arrangement (ID-Li,RuQs3). The authors demonstrate that the capacity retention, voltage decay
and rate performance of the ID-Li;RuO; phase is superior to the R-Li;RuO; phase, which they
argue is related to the difference in the anionic redox mechanism at high states of charge. Using a
combination of X-ray absorption spectroscopy (XAS), in-situ X-ray diffraction and density
functional theory (DFT) calculations, they propose that the reversible anionic redox in the
ID-Li,RuOs; structure comes from the presence of reversible ‘telescopic O-Ru-O’ interactions as
opposed to the formation of O-O dimers in the R-Li,RuO; phase, which leads to O, loss. The
majority of the work is carried out well and is presented clearly. The electrochemistry is clearly
improved in the ID-Li;RuO; material which adds an interesting piece to the puzzle of anionic
redox in Li-excess cathodes. However, as outlined below, there are issues with the methodology

and analysis that need to be addressed before this manuscript is suitable for publication.
Response to the General Comment
Thanks for the referee’s positive affirmation of our work. The comments are of great benefit to

improve our work. We have revised the manuscript accordingly.

Comment 1



Throughout the manuscript the authors argue that novel ‘telescopic O—Ru—O’ configurations with
one short and one long Ru—O bond, as shown in Figure 2b, are responsible for the reversible
anionic redox of the ID-Li,RuOs5 structure. However, this idea is very similar to recent work by
Hong et al. (reference 36), in which it was proposed that terminal Ir—O = bonds in the analogous
system, Li,Ir;,SnO;, were responsible for oxygen redox. From the structure in Figure 2b, it
appears that disorder of the Li-Ru sites leads to similar vacancy configurations in the current
system that were present in the previous work after Sn migration. The authors should discuss their
findings in the context of this previous study and highlight whether their O—Ru—O environments

are related to the formation of analogous Ru—O 7 bonds.

Response to Comment 1

Thanks for referee’s constructive suggestions. To confirm whether the O-Ru-O
environments in our work are related to the formation of analogous Ru—O 7 bonds, the crystal
orbital overlap population (COOP) analysis was performed to study the characteristics of short
Ru-O bond in delithiated state ID-LiyRuO3 and normal Ru—O bond in R-LijRuOs;, as shown in
Figure S1. The integrated COOP below Fermi level of the short Ru—O bonds in ID-LigRuO;
increases by 51% when compared with normal Ru—O bonds in R-Li)RuOs, implying that the net
bond order of the short Ru—O bonds in ID-LipRuOs; is higher than that of Ru—O bonds in
R-LipRuO;. Considering the higher net bond order and the bond length of 1.67 A that is close to
the previously reported bond lengths of Ru’*=0 double bond (1.63 A,' 1.676 A,* 1.697 A,> and
1.70 A%, this terminal Ru—O short bond can be regarded as quasi Ru’"—O double bond with a
n-type hybridization between Ru (ty,) and O (2p). This is similar to the previous proposed Ir-O =
bonds in Li,Ir,Sn,O3 system after TM ions migration to Li layer.4 Thus, the telescopic O—Ru—O
configurations also involve the formation of Ru—O n bonds. In the revised manuscript, the Ru—-O «
bonds were highlighted for the short Ru—O bond in O-Ru—O configuration and the previously
proposed Ir-O & bonds* were discussed.

Although both Li,Ir; (SnO; in Hong’s work* and ID-Li,RuOs in our work involve drastic
TM-O0 bond shortening, these two works are different from each other in the following aspects: 1)
the significance and implication of the main findings; 2) the structural triggering mechanism of
TM-O = bonds; 3) the reversibility of local-range structural change; 4) the presence of O-O
dimerization; 5) the reversibility of long-range structural evolution.

1) First, our findings aim to propose a strategy, namely intralayer Li/TM disordering, to tune



the local symmetry around oxygen ions and thus enhance the robustness of oxygen networks by
inhibiting the O-O dimerization/O, release, which finally promotes the reversibility of anionic
redox a lot as evidenced by the high cycling stability of ID-Li;RuOs;. Although similar
phenomenon (TM-O 7 bonds) was proposed by Hong et al.,* their work mainly focuses on
explaining why anionic redox occurs frequently with local structural disordering (TM migration)
and how such an point-defect mechanism affects the unusal electrochemical behavior induced by
anionic redox, such as voltage fade and hysteresis. Specially, two forms of anionic redox behavior,
i.e. O-O dimer and Ir-O &t bonds, were proposed by theoretical DFT calculation while lack of solid
experimental evidences. Besides, they didn’t mention at all how the existence of Ir-O m bonds
influence the reversibility of anionic redox but which is highly relevant with our work. Therefore,
for significance and implications, we have completely different initiatives when we were doing
such a work.

2) Second, regarding the structural triggering mechanism, the TM-O bond shortening in
LiyIr; «SnsO3; was caused by antisite-vacancy introduced by TM migration during delihiation,
which is undesirable since it causes capacity and voltage irreversibility. Moreover, it is also
uncontrollable since TM migration is coupled with anionic redox itself. However, in our
ID-Li;RuO;3 system, the telescopic O-TM-O configuration during charging was caused by
designing special local symmetry around oxygen ions, which is highly controllable and beneficial
for the reversibility of anionic redox. TM migration does not occur in our ID-Li,RuO; system, as
demonstrated by XRD refinement of charged ID-Li,RuO; (Figure S16, Table S8-9), and also
supported by the results of formation energy of Ru antisite defect from DFT calculations (Figure
S5), which is a good news for cycling stability.

3) Third, the reversibility of local-range structural change, i.e., Ir-O bond evolution, was not
confirmed in Hong’s work. However, in our work, the local-range structural response of the
telescopic O-TM-O evolution is visualized by ABF-STEM image (Figure 7a), which proved to be
reversible in ID-Li,RuO; by EXAFS (Figure 7h, Figure S23a, and Table S11).

4) Fourth, Hong’s work didn’t eliminate the O-O dimerization which occurs simultaneously with
Ir-O short bond. However, O-O dimerization disappeared in our ID-Li,RuO; as indicated by
Raman spectra (Figure 7f). Furthermore, our ID-Li,RuO; showed no O, release during

charging/discharging even at a higher voltage of 5.0 V as verified by in situ DEMS (Figure 6d,



Figure S19). In contrast, as for the R-Li,RuO; served as a control group, the irreversible
local-range structural response with O, release that caused by O-O dimerization during oxygen
redox processes is proved by in situ DEMS (Figure 6¢), in accordance with previous studies.’

5) Fifth, the long-range structural evolution is irreversible for Li,Ir;.«<SnsO3; in Hong’s work,
as indicated by XRD patterns. However, in our work, the long-range structural evolution is
reversible for ID-Li,RuO; (Figure 6a-c, Figure S17), whereas the long-range structural evolution
is irreversible for R-Li,RuO; (Figure S18), as observed by XRD patterns. Combing with the long-

and local-range structural evolution, the ID-Li,RuO; shows excellent cycling stability.

Changes in the revised manuscript:

The detailed data and discussions have been added to the revised manuscript (Line 2-13,

Page 8) and the Supplementary Materials as follows:

As for the short Ru—O bonds, the crystal orbital overlap population (COOP) analysis was
performed to study the interaction between Ru and O, as shown in Figure S1. The integrated
COOQP of the short Ru—O bonds in ID-LijRuO; below Fermi level increases by 51% when
compared with Ru—-O bonds in R-LigRuQj;, implying that the net bond order of the short Ru-O
bonds in ID-LigRuOjs is higher than that of Ru—O bonds in R-LigRuO;. Considering the higher net
bond order and the bond length of 1.67 A that is close to the previously reported bond lengths of
Ru*'=0 double bond (1.63 A,”’ 1.676 A,* 1.697 A,** and 1.70 A*"), this terminal Ru-O short
bond can be regarded as quasi Ru”"=0 double bond with a n-type hybridization between with Ru
(tzg) and O (2p). This is similar to the previous proposed Ir-O m bonds in Li,Ir;4SnO3 system

after TM ions migration to Li layer.36



—— Short Ru-0 bond in ID-Li;RuQ,
Normal Ru-O bond in R-Li;RuQ,

COOP = 0: bonding
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Figure S1. The crystal orbital overlap population (COOP) of the short Ru—O bond in ID-LigRuO3

and normal Ru—O bond in R-LiyRuOs.

Comment 2

In Figure 2c, the authors highlight that the oxygen release energy is less favourable for the RulLi5
and Ru3Li3 configurations of the ID-Li2RuO3 structure than the Ru2Li4 environments in the
R-Li2RuO3 structure, which leads to less O, loss in the former case. However, the authors do not
include the oxygen release energy for the Ru2Li4 configuration of the ID-Li2RuO3 structure.
From the schematic in Figure 2b and TEM in Figure 3, these environments Ru2Li4 should also be
present in the ID-Li2RuO3 structure. The authors should show whether there is a difference in the
driving force for oxygen evolution between the Ru2Li4 environments in the ID-Li2RuO3 and
R-Li2RuO3 structures and if there is not, explain why the ID-Li2RuO3 structure shows

considerably less O2 evolution.

Response to Comment 2

Thanks for referee’s kind suggestion. The oxygen release energies for the Ocener[Ru,Lig]
environments in the ID-Li, ,RuOj; systems are supplemented in Figure 2c. Generally, the oxygen
release energies for the Ocene[Ru,Li14] environments in ID-Li, yRuO; systems are between the two
values for Ocenel[RuiLis] environments and Oceneer[RusLi3] environments in ID-Li, x\RuO;. Within
the same ID-Li, \RuO; system, the oxidation extent for oxygen ions in Ocente[RUsLig]

environments is between that for oxygen ions with Ocepeer[Ru1Li5] environments and Ocenter[ RusLis]



environments (Figure S15b). The oxygen release energies at deep delithiation states (x> 1 for Li,_

xRuO3) for Ocener[Ru,Li4] environments in the ID-Li,RuO; (positive values) are higher than that
for Ocenter[RU,Li4] environments in the R-Li,RuO; (negative values), which is related to the total
energy influenced by overall structural evolution of the systems. Thus, the driving force for

oxygen evolution is weaker and oxygen is more stable in ID-Li,RuO;.

Changes in the revised manuscript

The oxygen release energies for the Ogener[RUsLi4] environments in the ID-Li,RuOj5 structure
are supplemented in Figure 2c. And the corresponding discussions were given in the revised
manuscript (Line 1-5, Page 9) as follows:

the oxygen release energies for Oente;[RU;Lis] coordination (green dashed line), Ocenter[RUsLis]
coordination (purple dashed line) and Ogener[RusLiz] coordination (blue dashed line) in
ID-Li;RuOs; are all more positive than that for R-Li,RuQOj; after deep delithiation, which is related
to the total energy influenced by overall structural evolution of the systems, indicating that the

oxygen is more stable in ID-Li,RuO;.
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Figure 2. Optimized crystal structures and local RuOg octahedrons of Li,RuO; and the
corresponding delithiated state (Li)RuOj;) for R-Li,RuO; (a) and ID-Li,RuO; (b). The values (in



angstrom) on the local structures are the Ru—O bond lengths and O-O distances. (c¢) Oxygen
release energy for R-Li, RuOj; and ID-Li,  RuOj; systems.

Comment 3

The authors use a combination of X-ray diffraction and neutron diffraction to refine the
crystal structures of the ID-Li;RuO; and R-Li,RuO; phases, however, they do not provide details
of the fitting procedure which are necessary to properly assess the data. The occupancy of the 4e
Li sites are fixed at 1. Did the authors try and refine the occupancy of Ru on the 4e site, i.e.
antisite disorder? In the power X-ray diffraction pattern of ID-Li,RuO; in Figure S2, there is a
broad bump between 20-30° 26 which is characteristic of superstructure ordering of the
Lil/3Ru2/3 honeycomb layers. Was this region included in the refinement of the structures?
Where the thermal parameters refined for each structure?

The structure of R-Li;RuO; has been reported in a number of studies (Wang, J.C., Cao, G. et
al, 2014. Physical Review B, 90(16), p.161110.) where it has been shown that neighbouring Ru
ions form Ru—Ru dimers which form ordered arrangements that lower the symmetry from C2/c to
P21/m or C2/m. The presence of Ru—Ru dimers has also been suggested to be linked to the
decrease in the voltage and electrochemical performance in Ru doped Li;MnO; (Knight, J.C.,
Manthiram, A., et al. 2015. Journal of Materials Chemistry A, 3(5), pp.2006-2011). Did the
authors consider the P21/m or C2/m structures during their refinement? The authors should
consider the presence of Ru—Ru dimers in their structure and how the disordered arrangement of

Li and Ru may alter the long-range dimer structure and electrochemistry.

Response to Comment 3

Thanks for referee’s careful check and constructive suggestions.

1) First, as for the structure of Li,RuOs3, the space groups of C2/c,6'11 C2/m'*™* and P21/m'*"*
were reported. The structure of Li,RuO; at room temperature is often described as adopting the
C2/c unit cell, as was reported in most of the literature®'!. Owing to the significant influence of
the Ru dimerization on the magnetism, heat capacity, and resistivity, its effect on the structure
been more thoroughly explored by the physics community. Kakurai et al."? suggested that the

structure adopts the space group of P21/m at low temperatures (< 540 K) and C2/m at high



temperatures (> 540 K) by using the powder neutron diffraction. Wang et al.'"* had proposed that
either C2/m- or P21/m-type single crystals, as well as P21/m-type polycrystalline Li,RuO; at
temperatures below 300 K exist, but the synthesis conditions of C2/m- and P21/m-type single
crystals described in the main text are the same. Maeno et al.'® believed that the Rietveld
refinement of neutron diffraction is equally good for the space groups C2/m and C2/c after
comparing his work with Kakurai’s work'”. Indeed, due to the similarity of XRD patterns, further
research is needed to confirm the space group of Li,RuO;. Considering the complexity of the
space group mentioned above, the space group of Li;RuO; at room temperature still cannot be
ascertained simply from temperature. All the three space group of C2/m, C2/c, and P2,/m are
possible for R-Li;RuOs. Thus, the possibility of all the three space groups of C2/m, C2/c, and
P2,/m are considered for both the R-Li,RuO; and ID-Li,Ru0O; samples here. As for the R-Li,RuO;
sample, XRD patterns of the R-Li,RuO; structures copied from reference with space groups of
C2/m", P2y/m", and C2/c® are simulated by Materials Studio software for comparison, as shown
in Figure RI. The peaks at ~18.8° (corresponding to (101) peak of P2,/m) and ~44.6°
(corresponding to (202) peak of C2/c) are absence for the R-Li,RuO; sample. R-Li,RuO; sample
was fitted best to C2/m space group, although the refinements of the R-Li;RuO; are equally good
for the space groups C2/m and C2/c, as is highlighted in references'>'°. Similarly, the refinements
of the ID-Li,RuO; are equally good for the space groups C2/m and C2/c. The space group of
ID-Li,RuO;5 sample is confirmed by comparing the observed and simulated patterns of the
selected area electron diffraction (SAED). Figure R2 shows the observed SAED patterns of
ID-Li,RuO; sample (a, b), the simulated SAED patterns of C2/m-type ID-Li,RuO; (c, d) and
C2/m-type R-Li,RuO; (e, f) along [100] and [100] zone axes, C2/c-type ID-Li,RuO; (g, h) and
C2/c-type R-Li;RuO;s (i, j) along [100] and [101] zone axes. The simulated SAED patterns of C2/c
and C2/m cells viewing along [100] zone axis are different. The simulated SAED of C2/c cell
along [100] zone axis contains additional spots (marked with blue arrows), compared with that of
the simulated SAED of C2/m cell. It can be found that the observed SAED patterns in Figure R2a
is the same with the simulated SAED patterns of C2/m-type ID-Li,RuO; along [100] zone axis
(Figure R2c). If viewed along the [001] zone axis, the observed image is the same with the
simulated image of [001] zone axis of C2/m ID-Li,RuQj. Thus, ID-Li,RuO; sample are confirmed

to be C2/m structure with Ru/Li intralayer disordering arrangement within TM layer.



ii) Second, the antisite of Ru on Li site in Li layer is considered in the revised manuscript.
The antisite of Ru in Li layer was refined to be ~ 0.02% of the total Li content in Li layer, as listed
in Table S5 and Table S7 for XRD refinement and NPD refinement, respectively. Thus, the antisite
of Ru was generally absent. The XRD patterns with different antisite concentrations were also
simulated by using Materials studio software, as shown in Figure R3a. The XRD patterns were
normalized by the intensity of (001) peak. As the antisite concentration increases, the peak A
decreases while the peak B and C increases. The relative intensity of peak A and peak C (Figure
R3b) show that the ratio of the antisite absent system fitted best with that of the observed case.
Thus, the antisite Ru on Li site in Li layer is almost negligible.

iii) Third, the broad bump between 20-30° 20 was included in the refinement of the
structures in the revised manuscript. The occupancy of Ru and Li in TM layers are carefully
refined. The results of XRD (Figure 3a and Table S4-5) and NPD (Figure S9 and Table S4, S7)
refinement show that the occupancies of Ru are ~ 0.70 and 0.60 at 4h and 2d site, and occupancies
of Li are ~ 0.30 and 0.40 at 4h and 2d site, which are close to the Ru and Li occupancies of the
ideal intralayer disordered Li;RuO; with 0.667 (Ru) and 0.333 (Li) at both 4h and 2d site. Thus,
the structure of ID-Li,RuO; sample was similar to the ideal intralayer disordered Li,RuQOj;. In
order to evaluate the extent of intralayer disordering, two phase including regular Li,RuO; and
ideal intralayer disordered Li,RuO; were used for refinement, which shows that the ratio of
regular Li;RuO; and ideal intralayer disordered Li,RuOj; phases is about 35: 1. The percentage of
the ideal intralayer disordered Li,RuO; phase is 97.1%, confirming that the ID-Li,RuQO; sample is
almost the idea intralayer disordered Li,RuQ; phase.

iv) Fourth, the thermal parameters refined in the revised manuscript, the final values are
shown in Table S5 and S7.

v) Fifth, regarding the effect of Ru—Ru dimer on electrochemical performance. Both the
ID-Li,RuO;3 and R-Li;RuO; samples with C2/m space group don’t contain Ru—Ru dimer. The
absence of Ru-Ru dimer in ID-Li,RuO; might be related to the disruption of long term hexagon
arrangement of Ru ions within the TM layer, because both the zigzag- and armchair-type of Ru—
Ru dimer arrangement are based on long term hexagon au’rangemen‘[.16 Considering that the space
groups of P2;/m with Ru-Ru dimer and C2/m without Ru-Ru dimer are both possible for

R-Li;RuOj; at room temperature, as discussed above, the relatively pure effect of the Ru—Ru dimer



on electrochemical performance can be studied by comparing C2/m- and P2;/m-type R-Li,RuO;
samples. Fortunately, P2;/m type R-Li,RuO; was additionally synthesized here (XRD patterns
shown in Figure R4a) to preliminary investigate the effect of Ru—Ru dimer on electrochemical
performance. The main difference of synthesis condition is that the RuO, and RuO,.xH,0 were
used to prepare the C2/m- and P2;/m-type R-Li,RuOj;, respectively. The galvanostatic
charge/discharge tests of the two type of R-Li,RuO; were performed. As shown in Figure R4b,
charge-discharge curves for C2/m- and P2;/m-type R-Li,RuO; cathodes are quite different. Both
the two kinds of charge-discharge curves had been reported, the charge-discharge curves in some
references'! similar to our C2/m-type charge-discharge curve, while some other references'’ agree
well with our P2;/m-type charge-discharge curve. However, the two kind of charge—discharge
curves had not been compared in references. This difference might be related to Ru—Ru dimer
formation, as the effect of Ru—Ru dimer on electrochemical performance was reported by Knight
et al."® However, the cycling stability of both the C2/m type R-Li,RuO; sample and the P2,/m type
R-Li;RuO; sample are poor, as shown in Figure R4c. The effect of Ru—Ru dimer on
electrochemical performance might be a good topic for next work. In the present work, both the
ID-Li;Ru0O; and R-Li,RuO; sample with C2/m space group do not contain Ru—Ru dimer, the

effect of local symmetry tuned by intralayer disordering was the focus of our work.
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Changes in the revised manuscript

The XRD and NPD refinements (Figure 3a-b, Figure S9, Table S4-7) were revised with
careful checks on the space group, antisite defects, broad bump, and thermal parameters. The
observed and simulated selected area electron diffraction (SAED) patterns (Figure S8) were
provided. Discussions are added in the revised manuscript (Line 9-17, Page 10, and Line 9-16,
Page 11). Charges are as follows:

Unlike R-Li,RuOs3, the ID-Li;RuO3 sample exhibit negligible superstructure reflection peaks
(such as the peaks in the 20 range of 20°-35°, highlighted in Figure 3b), which suggests that
TM/Li-intralayer disordering within TM layer exists in ID-Li,RuO; sample. Specifically,
according to refinement results of ID-Li,RuOs;, the Ru and Li occupancies are 0.701515 (Ru) and
0.298485 (Li) at 4h site, and 0.596268 (Ru) and 0.403732 (Li) at 2d site, which are close to 0.667
(Ru) and 0.333 (Li) of the Ru and Li occupancies at both 4h and 2d site in the ideal
TM/Li-intralayer disordered Li,RuQOj3. Thus, the structure of ID-Li,RuO; sample was similar to the
ideal intralayer disordered Li,RuQOj;. In order to evaluate the extent of intralayer disordering, two
phase including regular Li,RuO; and ideal intralayer disordered LiRuOs were used for refinement,

which shows that the ratio of regular Li,RuO; and idea intralayer disordered Li,RuOj; phases is



about 35: 1. The percentage of the idea intralayer disordered Li,RuO; phase is 97.1%, confirming
that the ID-Li,RuO; sample is almost the ideal intralayer disordered Li,RuO; phase. Thus, the
intralayer disordered Li;RuO; was achieved successfully.

The observed and simulated selected area electron diffraction (SAED) patterns (Figure S8) were
also given to analyze the structure on long-range scale. The ID-Li,RuO; and R-Li,RuOj; structures
with C2/m space group used for SAED simulation are taken from the XRD refinements. The
observed SAED patterns of the as-prepared ID-Li,RuO; sample shown in Figure S8a and b that
characterized with the marked weaker diffraction spots (red cycles) are consistent with the
simulated SAED patterns of ID-Li,RuO; structure model along [100] (Figure S8c) and [001]
(Figure S8d) zone axis, respectively. Therefore, the intralayer disordering is verified by SAED
patterns on long-range scale. Neutron powder diffraction (NPD) patterns were also obtained to
further analyze the structural properties of the ID-Li,RuO; sample. As shown in Figure S9, the
results of NPD refinement (details are listed in Table S4, and S7) show Ru/Li-intralayer
disordering, which is similar to XRD refinement. Hence, the TM/Li-intralayer disordered

arrangement in the ID-Li,RuO; sample was further confirmed by NPD results.
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Table S4. Crystallographic parameters and structure determination details for ID-Li,RuO; and

R-Li;RuO3 from XRD and NPD refinement.

ID-LizRUOj, R-LizRUOj,

XRD refinement NPD refinement XRD refinement

Space group  C2/m (No. 12) C2/m (No. 12) C2/m (No. 12)

a(A) 4.9938 5.0065 5.039858
b (A) 8.6844 8.7082 8.749701
c(A) 5.17981 5.1848 5.141971
a=7 () 90.000 90.000 90.000

B () 108.587 108.640 109.0488
Volume (A%) 212.922 214.19 214.330
Ry (%) 5.11 3.58 11.04
R, (%) 3.88 2.74 8.61

r 4.137 3.897 1.836




Table S5. Atomic coordinates of ID-Li,RuO; from XRD refinement.

Coordinates
Atom  Site Occupation Uiso (A%)
X y z

Ru(1) 4h 0.000000 0.166728 0.500000 0.701515 0.056554
Li(1) 4h 0.000000 0.166728 0.500000 0.298485 0.029000
Li(2) 2d -0.500000 0.000000 0.500000 0.403732 0.029000
Ru(2) 2d -0.500000 0.000000 0.500000 0.596268 0.052420
Li(3) 4g -0.500000 -0.166720 0.000000 0.999757 0.020071
Ru(3) 4g -0.500000 -0.166720 0.000000 0.000243 0.055812
Li(4) 2a 0.000000 0.000000 0.000000 0.999784 0.028834
Ru(4) 2a 0.000000 0.000000 0.000000 0.000216 0.05695
o(1) 8j 0.254592 0.168280 0.270732 1.000000 0.023340
0(2) 4i -0.241671 0.000000 0.272298 1.000000 0.031790




Table S6. Atomic coordinates of R-Li,RuO; sample from XRD refinement.

Coordinates
Atom  Site Occupation Uiso (A%
X y z
Ru 4h 0.000000 0.167859 0.500000 1.000000 0.053716
Li(1) 2d -0.500000 0.000000 0.500000 1.000000 0.019000
Li(2) 4g -0.500000 -0.158000 0.000000 1.000000 0.021024
Li(3) 2a 0.000000 0.000000 0.000000 1.000000 0.018437
o(1) 8j 0.248934 0.172385 0.267545 1.000000 0.039705
o) 41 -0.233513 0.000000 0.267525 1.000000 0.031569
...... Joeeee ccoctoinc o
@caoor o (BY Sscocoo @ .
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Figure S8. The observed SAED patterns (a-b) and simulated SAED patterns of ID-Li,RuO; and
R-Li;RuO; structure models along [100] (c-d) and [001] (e-f) zone axes, respectively. The
ID-Li;Ru0O;3 and R-Li;RuOj; structure models with C2/m space group used for SAED simulation

are taken from the XRD refinements.
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Table S7. Atomic coordinates of ID-Li,RuQOs from NPD refinement.

Coordinates
Atom  Site Occupation Uiso (A%)
X y z
Ru(1) 4h 0.000000 0.166732 0.500000 0.701204 0.031036
Li(1) 4h 0.000000 0.166732 0.500000 0.298796 0.023590
Li(2) 2d -0.500000 0.000000 0.500000 0.403153 0.030742
Ru(2) 2d -0.500000 0.000000 0.500000 0.596847 0.042297
Li(3) 4g -0.500000 -0.166719 0.000000 0.999751 0.027274
Ru(3) 4g -0.500000 -0.166719 0.000000 0.000249 0.047763
Li(4) 2a 0.000000 0.000000 0.000000 0.999753 0.027849
Ru(4) 2a 0.000000 0.000000 0.000000 0.000247 0.047832
o(1) 8j 0.254588 0.168285 0.270731 1.000000 0.024047
0(2) 4i -0.241668 0.000000 0.272302 1.000000 0.028501

Comment 4

As highlighted in the introduction by the present authors, there is a link between cation migration
and anionic redox in a number of Li-excess cathode materials. Did the authors calculate the energy
to form Ru anti-site defects in the delithiated ID-Li; <RuO; and R-Li, (RuOj; structures analogous

to the calculations of Ir and Sn antisite disorder in reference 36?

Response to Comment 4
Cation migration is linked with anionic redox especially in the case of oxygen release. The

migration is evaluated from DFT calculation and XRD refinement in the revised manuscript. The



energy to form Ru antisite defects (Ru migrate to octahedral sites of Li layer) in deep delithiated
ID-Li, \RuO; and R-Li, RuO; (x=1.5, 1.75, 2) were calculated at the same defect concentration
(1 out of 16 Ru ion migrated to octahedral site Li layer), as shown in Figure S5. Generally, the
anti-site defects formation energy of ID-Li, \RuO; are much higher than that of R-Li, (RuOs,
which means the Ru migration in ID-Li, y\RuO; is much harder than that in R-Li, \RuOs;,
Moreover, the formation energy become negative at a low Li content (x = ~ 2.0) for R-Li,RuO;3,
which means Ru ion is easy to migrate, thus harm to electrochemical performance such as cycling
stability.

On the other hand, the XRD refinement results of delithiated ID-Li, (RuO; is further
analyzed to confirm cation migration (Figure S16, Table S8, S9). The antisite defects of Ru in Li
layer are about 0.023% and 0.025% of the total Li site in Li layer for pristine (Table S5) and
charged (4.8 V) ID-Li, \RuO; (Table S9), respectively, which means the antisite of Ru in Li layer
in both pristine and charged (4.8 V) ID-Li,RuQ; are almost absent. Thus, the Ru migration during
delithiation is negligible. The negligible Ru migration is consistent with the excellent cycling

stability.

Changes in the revised manuscript

Figure S5 was added to predict the TM migration from DFT calculation. Figure S16, Table
S8-S9 were given to confirm the absence of TM migration XRD refinement. Discussions were
added in the revised manuscript (Line 9-13, Page 9; Line 12-22, Page 20; Line 1-2, Page 21) of
page 18. Charges are as follows:

In addition, since TM migration to Li layer would be promoted by oxygen release, the energy
to form antisite defects of Ru in Li layer is calculated (Figure S5), which shows a much higher
formation energy in ID-Li,RuQOj; than in R-Li,RuQOj3. Thus, the Ru migration should be much more
difficult in ID-Li,RuQOj5 than in R-Li,RuOs.

According to the refinement of XRD pattern of the 4.8 V charged ID-Li,RuO;, we find that
ID-Li;RuO; kept in C2/m phase with lattice parameter changed during delithiation, as shown in
Figure S16, Table S8 and S9. The § was changed from 108.5870° to 90.0097°, indicating that the
layered structure was altered from O3- to Ol-type C2/m phase.'>*® As shown clearly in Figure

S17, the phase changed gradually from O3- to Ol-type structure during charge process, then



almost returned back to O3-type structure of the pristine during discharge process. Hence, the
long-range structure of ID-Li,RuQOs; is reversible during charge and discharge processes. In
addition, the migration of Ru to Li layer is almost absent according to the XRD refinement as the
occupancies of Ru in Li layer are about 0.023% and 0.025% of the total Li site in Li layer for
pristine and charged (4.8 V) ID-Li, \RuQOj3, respectively, which is consistent with the results of the

formation energy of Ru anti-site defects (Figure S5).

3.5
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Figure S5. The formation energy (AE) of Ru anti-site defects (Ru migrate to octahedral sites of Li
layer) in deep delithiated ID-Li;.RuO; and R-Li, \RuOs (x=1.5, 1.75, 2). The same Ru anti-site

defects concentration of 1/16 (6% of the total Ru content) is considered for both ID-Li, xRuO3 and

R-Liz_XRuO3.
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Figure S16. The refinement of XRD patterns of ID-Li,RuOs that charged to 4.8 V.

Table S8. Crystallographic parameters and structure determination details for 4.8V charged

ID-Li,RuO; from XRD refinement.

Sample 4.8Vcharged ID-Li,Ru0O;
Space group C2/m (No. 12)
a(A) 5.037718
b (A) 8.718863
c(A) 4.712646
a=v(°) 90.000
B(°) 90.0097
Volume (A%) 206.99
Ry (%) 4.22
R, (%) 322

r 4757




Table S9. Atomic coordinates of 4.8 V charged ID-Li,RuO; from XRD refinement.

Coordinates
Atom Site Occupation Uiso (A%

X y z
Ru(1) 4h 0.000000 0.168110 0.500000  0.701547 0.045805
Li(1) 4h 0.000000 0.168110 0.500000  0.030000 0.039030
Li(2) 2d -0.500000  0.000000 0.500000  0.030000 0.039030
Ru(2) 2d -0.500000  0.000000 0.500000  0.596161 0.047284
Li(3) 4g -0.500000  -0.158000  0.000000  0.100000 0.038628
Ru(3) 4g -0.500000  -0.158000  0.000000  0.000254 0.045635
Li(4) 2a 0.000000 0.000000 0.000000  0.100000 0.038670
Ru(4) 2a 0.000000 0.000000 0.000000  0.000237 0.048176
o(1) 8§j 0.330751 0.170456 0.273423 1.000000 0.039911
0(2) 4i -0.150312  0.000000 0.276555 1.000000 0.037253

Comment 5

The properties of a range of delithated Li, \RuOj structures are calculated with DFT calculations,
but the authors do not give details about how the delithated structures were generated. Were
multiple Li orderings considered for each structure? The authors should provide more details

about the structures were generated and ideally include the lowest energy structures in the SI.

Response to Comment 5

The multiple Li ordering of each delithated Li, \RuOj; structures had been tested. The final



structures are the lowest energy structures among the multiple Li ordering. The formation energies
for Li removal in R-Li, yRuO; and ID-Li, \RuO; (x=0, 0.5, 1.0, 1.5, 1.75, 2.0) are given in Figure
S4, and the lowest energy structures for R-Li, (RuO; and ID-Li, (RuO; are shown in Figure S2
and S3, respectively.
Changes in the revised manuscript

Detailed structures (Figure S2, S3), formation energies (Figure S4), and corresponding
descriptions have been added to the revised manuscript (Line 18-20, Page 7). Changes are as
follows:
The final structures for R-Li, x\RuO; and ID-Li, \RuO; (x =0, 0.5, 1, 1.5, 1.75, 2) are shown in
Figure S2 and S3, which were tested to be the lowest energy structures among the multiple Li

ordering (Figure S4).

Li sRuO,

Figure S2. The lowest energy structures of R-Li, xRuO; for x=0, 0.5, 1.0, 1.5, 1.75, 2.0. The

purple, dark cyan, and red spheres are Li, Ru, and O, respectively.



Figure S3. The lowest energy structures of ID-Li, RuO; for x=0, 0.5, 1.0, 1.5, 1.75, 2.0. The

purple, dark cyan, and red spheres are Li, Ru, and O, respectively.
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Reply to Reviewer 2

General Comment

The author reported a new structural response mechanism that may inhibit O—O dimerization and
then improve cycling and voltage stabilities without oxygen release. Solving oxygen release is an
important but challenging task for Li-rich cathode. This is a very important piece of this work and
may impact on a wider field. While there were some interesting findings and good improvements,
such as suppressing O—O dimerization, the writing should be significantly improved, mainly in the

quality of figures before publication. Here are a few issues to fix.

Response to the General Comment
We thank the referee for considering that “there were some interesting findings and good
improvements”. And thank the referee for his/her useful comments on our work. We have revised

the manuscript according to the referee’s advices. The quality of figures was improved.

Comment 1
The telescopic O-TM—O configuration seems be something similar to the idea of electron hole
used by Tarascon's, Bruce's and Ceder's groups. Please elaborate the conceptive novelty in the

telescopic O—TM-O configuration with respect to or simply a realization of electron hole?

Response to Comment 1
We agree with the reviewer that there are two kinds of anionic redox behavior in reported
Li-rich compounds, i.e. 207 -0, (O-0 dimer or O, release)19 and 0¥ -0™ (hole state on O-2p

2021 The local structural response mode for the 202'—>02"' behavior is widely

orbits).
acknowledged, which is realized via O-O dimerization or even O, gas generation, as has been
evidenced directly by ABF-STEM image,'’ Raman spectra,”> and DEMS™ results.

For the second kind of behavior (0> —0™), it’s existence has been previously proposed by ruling

out O-O dimer formation based on spectroscopy results like RIXS, DEMS, Raman,zo’21 which,

however, only revealed a different charge compensation behavior related to hole state on O-2p



orbits from electronic structural considerations. The specific local structural response mode of
0*—0" have not been declared previously. Moreover, the validity of the local electron hole in O
2p band still requires more direct and competent experimental evidences, and more theoretical
analysis is needed to account for the rationality of why and when this behavior (02'—>O"') can
occur.

In our work, the clearly defined local structural response mode related to specific telescopic
O-TM-O configuration for 0 -0™ process is proposed for the first time. The specific local
structural response mode of telescopic O—Ru—O configuration show excellent reversibility. More
importantly, based on the comparative studies on R-Li,RuO; and ID-Li,RuO3, we for the first time
propose to tune the local structural asymmetry (Li/M intralayer disordering) to trigger this
0 -0™ process in order to have better reversibility of anionic redox, which is realized by means
of a specific telescopic O—-TM-O configuration as we proposed, of great paramount importance is
this work first exemplifies how we can utilize structural design approach to implement 0¥ -0™
process, rather than proposing a conceptual idea that is similar with previous work. Besides, what
differs lot from previous work is that we also supply various experimental evidences, such as
ABF-STEM (Figure 7a-c), Raman (Figure 7f), EXAFS (Figure 7g-h, Figure S21-23, Table
S10-11), DEMS (Figure 6d-e), and cycling stability (Figure 4), to either directly or indirectly
prove the existence of such electron-hole mechanism in opposite to O-O dimerization in
R-Li;RuO;. Lastly, as started from DFT, this work also gives theoretical instructions and
understandings on the realization of electron-hole anionic redox, which are totally absent in

previous works.

Comment 2

The quality of Figure 2 hinders understanding their discussions on oxygen release. They should
increase all fonts in Figure 2 larger enough to render notes readable. Additional DFT data of the
total energy should be provided for all the three kinds of oxygen sites at A, B, C in ID-Li2TMO3
systems and the original Li,RuO; as well. In the calculation of oxygen release energy, clarify what

reference have been used for delithiated ID-Li2TMO3 system and the original Li,RuOs.

Response to Comment 2



Thank you for prompting us to improve the readability of the results. The total energies of the
systems with oxygen loss at the three kinds of oxygen sites in ID-Li,RuQOj3 and original R-Li,RuO;
systems, as well as the reference energy for the calculation of oxygen release energy for
delithiated ID-Li, \RuO; and R-Li, \RuOj; are listed in Table S1 and Table S2, respectively. The

Gibbs free energy of oxygen release was calculated as Equation S1.

AG(OZ release) — AE(OZ release) + (_TS(OZ)) +ZPEo,) (S

where =TS,y and ZPE(,,) of the O, gas phase under standard conditions were taken from

previous studies.”* and AE (0, release) ar¢ defined as Equation S2

AE g, retease) = 2(Ex-0) + %E ) ~ Ew) (82)

where, E(x_g) and E(x) indicate the calculated total energy of Li» xRuO; with and without
oxygen vacancies, respectively, where E(q,) was modified by the experimental formation energy
of water as the binding energy of O, molecules from DFT calculations is overestimated.* > The
energy of the O, molecule was calculated based on Equation S3 and S4. Values used in the

calculation of the total energy of the O, molecule were shown in Table S1.
2H* +2e™ + %02 - H,0 (AG = —2.46¢€V) (S3)
AG = A(E — TS + ZPE) = [E(HZO) — E(H,) — %E(OZ)] + [—TS(HZO) + TS(H,) +

%TS(OZ)] + [ZPE(HZO) — ZPE(H,) — %ZPE(OZ)] (S4)

Changes in the revised manuscript
All fonts in Figure 2 were increased. The oxygen release energy for three kinds of oxygen
site in ID-Li,RuO; are supplemented in Figure 2c. Detailed definition of AG for oxygen release

are given in Supporting information, and Table S1-S3 are add in the supporting information.
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Figure 2. Optimized crystal structures and local RuOg octahedrons of Li,RuO; and the
corresponding delithiated state (LigRuOj;) for R-Li;RuO; (a) and ID-Li,RuO; (b). The values (in
angstrom) on the local structures are the Ru—O bond lengths and O—O distances. (c) Oxygen

release energy for R-Liy_4RuO; and ID-Li,_RuOj; systems.

Definition of AG for oxygen release: The total energy of the systems with and without oxygen
vacancies used in the calculation of oxygen release energy for ID-Li, \RuO; and R-Li, \RuO; are
listed in Table S1 and Table S2, respectively. The same oxygen vacancy concentration of 1/48
(2% of the total oxygen content) is considered for both ID-Li, RuO; and R-Li, \RuO;. The Gibbs
free energy of oxygen release was calculated as Equation S1.
AG 0, retease) = DE (0, retease) + (—=TS(0,)) + ZPE 0, (S1)

where =TS,y and ZPE(,,) of the O, gas phase under standard conditions were taken from

previous studies."” and AE (0, release) are defined as Equation S2

1
AE o, retease) = 2(E(x-0) * ;E(0,) — Ex)) (S2)



where, Ex_oy and E(x) indicate the calculated total energy of Li>yRuO; with and without
oxygen vacancies, respectively, where E(,) was modified by the experimental formation energy
of water as the binding energy of O, molecules from DFT calculations is overestimated."” The
energy of the O, molecule was calculated based on Equation S3 and S4. Values used in the

calculation of E(y,) were shown in Table S3.

2H* +2¢” +20, - Hy0 (AG = —2.46 eV) (S3)
AG = A(E — TS + ZPE) = [E(HZO) — E(H,) — %E(Oz)] + [—TS(HZO) + TS(H,) +

%TS(OZ)] + [ZPE(HZO) — ZPE(H,) — §ZPE(02)] (S4)

Table S1. The total energies of the systems with and without oxygen loss at the three kinds of

oxygen sites for ID-Li, \RuOs.

Ocenter[Ruy Ocenter[RU2 Ocenter[Ru3
Vacancy sites
Lis] Liy] Lis]

E(Li,RuO5— -532.050 -531.661 -531.660
E(LiRu0O3) -539.671

E(Li; sRuO;— -492.821 -491.853 -491.639
E(Li; sRuOs3) -499.557

E(Li;RuO5— -453.183 -451.212 -450.621
E(Li;Ru0O3) -458.800

E(LigsRuO;— -405.751 -403.612 -403.285
E(LigsRuOs3) -411.281

E(Lip2sRuOs— -380.719 -379.946 -378.729
E(Lig25RuOs) -386.417

E(Liy RuOs- -355.806 -355.471 -355.043

E(Li)RuO3) -360.711




Table S2. The total energies of the systems with and without oxygen loss for R-Li; \RuOs.

Ocenter[RUz
Vacancy sites
Liy]

E(Li,RuOs— -533.365
E(Li,Ru0s3) -541.172
E(Li; sRuO;— -493.482
E(Li; sRuO3) -501.158
E(Li;RuO5— -455.764
E(Li;RuOs3) -463.509
E(LipsRuO;— -406.474
E(LipsRuO;) -411.305
E(Lig25RuOs— -380.565

E(Li0,25RuO3) -385.533

E(Li)RuOs— -355.622

E(LioRuO;) -358.250

Table S3. Values used in the calculation of the total energy of the O, molecule. The energies of
the H,O and H, molecules were obtained from our first-principles study, while TS and ZPE were

taken from the literature.'

Molecule type H,O H, 0,
E(eV) -14.273 -6.800 -9.426"
TS(eV) 0.67 0.41 0.64
ZPE (eV) 0.56 0.27 0.10

* The E(O,) is obtained from Equation S4.



Comment 3

I do not understand “The Rietveld refinement indicates that the long-range structure of
ID-Li2RuO3 is consistent with that of ideal ID-Li,Ru0Os.” On page 9. What is ideal ID-Li,RuO;
referring to? Because they used ionic exchange method to synthesize the Ru/Li mixing layer,

clarify if there is any residual Na in the sample that makes the electrochemistry different?

Response to Comment 3

The “ideal ID-Li,RuQO;” structure was obtained by intralayer disordering the distribution of
Ru and Li ion in TM layer with 66.667% Ru and 33.333% Li occupancy for all sites in TM layer
based on regular Li,RuOj; structure from reference. The XRD pattern of “ideal ID-Li,RuO5” was
the simulated patterns of the “ideal ID-Li,RuO;” structure by using Materials Studio software. The
structural details from the refinement were shown in Table S4, S5. Specifically, according to
refinement results of ID-Li,RuOs3, the Ru and Li occupancies are 0.701515 (Ru) and 0.298485 (Li)
at 4h site, and 0.596268 (Ru) and 0.403732 (Li) at 2d site, which are close to 0.667 (Ru) and 0.333
(Li) of the Ru and Li occupancies at both 4h and 2d site in the ideal TM/Li-intralayer disordered
Li;RuOs;. Thus, the structure of ID-Li,RuO; sample was similar to the ideal intralayer disordered
Li;RuOs. In order to evaluate the extent of intralayer disordering, two phase including regular
Li,RuOj; and ideal intralayer disordered Li,RuO; were used for refinement, which shows that the
ratio of regular Li,RuO; and idea intralayer disordered Li,RuO; phases is about 35: 1. The
percentage of the idea intralayer disordered LiRuO; phase is 97.1%, confirming that the
ID-Li,Ru0O; sample is almost the ideal intralayer disordered Li,RuQO; phase. Thus, the intralayer
disordered Li,RuO; was achieved successfully.

During the ionic exchange processes, 400% excess LiNO; was mixed with Na,RuOs, and the
reacted in molten LiNO; at 280 °C for 4 h. Considering the absence of residue peaks, the excess
LiNO® and the long heating time, we think there was no residual Na in our ID-Li,RuQj. Previous
works demonstrated that the residue peaks resulted from Na contained compound are sensitive to
the incomplete ion exchange, and such as the obvious residue peaks between 14~17°, as show in

Figure R5 (copy from reference®®). In the XRD pattern of our ID-Li;RuO; sample, no residue



peaks from Na,RuOs, as shown in Figure 3a and Fiugure S7. Thus we consider that there are no
residual Na substantially. The ICP results can estimate the element ratio more exactly. However,
our sample need to be digested by alkaline NaOH as Ru cannot be digested by acid solution (even
for aqua regia). Since the ICP sample preparation would undergo a NaOH alkaline digestion
process, the Na would be taken into the sample during ICP test. It makes the ICP test to estimate
Na content very tricky. Nevertheless, in order to detect Na content in our ID-Li,RuO3 sample, the
ICP test was performed after an acid (aqua regia) digestion process (100 mg sample in 100 ml
solution). Keeping in mind that the Ru is hard to be digested, the ICP results show that Li and Ru
were detected to be 7.11 wt% (7.11 mg) and 6.82 wt% (6.82 mg) of the 100 mg sample,
respectively, which are both lower than the theoretical values of 62% for Ru and 8.5% for Li
based on Li,RuO;. However, Na was not detected. It means that the Na content is under the
minimum detectable range of 0.05 ppm, i.e., less than 0.005 mg in 100 ml solution, which is under

0.005 wt% of the 100 mg sample. Thus, there was no residual Na in our ID-Li,RuO; sample.
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Figure R5. XRD pattern of different lithium manganese oxides obtained by ion exchange. (A)
LiMnO, from a-NaMnO, (03), (B) Liy;3[Li;sMns;]O; obtained from Nays[Li;sMns,]O; (P2), (C)
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Lip7MnO,.y obtained from low temperature Nag;MnO,.y. (copy from previous work of Dahn et

al.?)

Changes in the revised manuscript



Descriptions on refinement results of ID-Li,RuO3; were given more specifically (Line 10-21, Page
11) as follows:

Specifically, according to refinement results of ID-Li,RuOs, the Ru and Li occupancies are
0.701515 (Ru) and 0.298485 (Li) at 4h site, and 0.596268 (Ru) and 0.403732 (Li) at 2d site, which
are close to 0.667 (Ru) and 0.333 (Li) of the Ru and Li occupancies at both 4h and 2d site in the
ideal TM/Li-intralayer disordered Li,RuQj;. Thus, the structure of ID-Li,RuO; sample was similar
to the ideal intralayer disordered Li,RuOs. In order to evaluate the extent of intralayer disordering,
two phase including regular Li;RuO; and ideal intralayer disordered Li,RuO; were used for
refinement, which shows that the ratio of regular Li,RuO; and idea intralayer disordered Li,RuO;
phases is about 35: 1. The percentage of the idea intralayer disordered Li,RuO; phase is 97.1%,
confirming that the ID-Li,RuQO; sample is almost the ideal intralayer disordered Li,RuO; phase.

Thus, the intralayer disordered Li,RuQO; was achieved successfully.

Comment 4

The quality of Figure 3 makes their XRD and TEM results difficult to understand at this stage.

Response to Comment 4

Thank you for your kind reminder, the quality of Figure 3 was improved in the revised manuscript.
XRD refinement (Figure 3a, Table S4-5) of ID-Li;RuO; sample demonstrated the intralayer
disorder arrangement of Ru and Li within TM layer on long-range scale. Furthermore, Neutron
powder diffraction (Figure S9, Table S4, S7) and the SAED pattern (Figure S8) confirmed the
intralayer disorder arrangement from the long-range scale. HAADF-STEM images (Figure 3c-d)
confirmed the disordered arrangement of the TM/Li intralayer in ID-Li,RuO; on short-range scale.
Changes in the revised manuscript

The quality of Figure 3 is improved.
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Figure 3. XRD patterns of ID-Li,RuO; (a) and R-Li,RuOj; (b). The insets show the corresponding
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[100] (c) and [001] (d) zone axes.

Comment 5
Figure 4 indicates that R-Li2RuO3 has significantly more discharge capacity 300 mAh g-1 than

does ID-Li2RuO3 at 230 mAh g-1. Does this mean without oxygen dimerization, the repondance



mechanism cannot achieve high capacity in ID-Li2RuO3? Were all the benefits in rate and
voltages in the cost of high capacity? Suggest to turn the inset of charge/discharge profiles into a
full figure 4a and compare both cycling plots in figure 4b. They should also mention what the

initial charge capacities were for both samples.

Response to Comment 5

Thanks for referee’s kind suggestions. The layout of Figure 4 is tuned in the revised
manuscript. The charge-discharge profiles are changed into a full Figure 4a, and the
charge-discharge profiles of R-Li;,RuO; are given in Figure 4b for comparison. ID-Li,RuO;
delivers a specific capacity of 230 mAh g in the first discharge, which is larger than the
theoretical capacity of 164 mAh g, estimated through the redox reaction of Ru*/Ru’". The
voltage platform at ~ 4.55 V for the first charge may be related with the oxygen redox as reported
from previous studies. The extra capacity could be assigned to the contribution of the oxygen
redox. ID-Li,RuO; can deliver an initial discharge capacity of 230mAhg” with an average
discharge voltage of 3.33 V in the voltage range of 2-4.8V, while R-Li,RuO; can deliver an initial
discharge capacity of 289 mAhg'1 with a lower average discharge of 3.24V in the voltage range of
2-4.8V. Both the midpoint and average discharge voltage of ID-Li,RuQOj; is higher than that of
R-Li;Ru0O3, as is shown in Figure 4c. The lower initial discharge capacity can be explained by the
higher voltage platform of ID-Li,RuO;. ID-Li,RuO; demonstrates a discharge capacity of 221
mAh/g with a capacity retention of 96% after 80 cycles, which are significantly higher than the 57
mAh/g discharge capacity and 20% capacity retention of R-Li,RuQO;. In addition, the voltage
decay of ID-Li,RuO; based on the midpoint discharge voltages is only 0.07 V after 80 cycles,
which is much less than that (1.13 V) of R-Li,RuOs;, as shown in Figure 4d. That means the
voltage decay in ID-Li,RuQOj is significantly suppressed. As show in Figure 4e-f, ID-Li,RuO;
showed a batter rate capacity with 145 mAh/g at 5C, while R-Li,RuO; can deliver only 93 mAh/g
at 5C. Furthermore, the capacity retention for the cycle at 0.1C after the progressive charging and
discharging test was 100% and 78.8% in the ID-Li,RuO; (Figure 4e) and R-Li,RuO; (Figure 4f)
systems, respectively, further confirming the excellent cycling stability of ID-Li,RuQOj.

In order to compare the cycling stability of ID-Li,RuO; and R-Li,RuQOj; in the comparable

initial discharge capacity, several voltage range had been tested for both R-Li;RuO; and



ID-Li;RuOs;. As is shown in Figure S11(a), capacity retentions of ID-Li,RuOj; in the voltage range
of 2.0-4.8V, 2.0-5.0V, 1.5-4.8V are all higher than that of R-Li,RuOj in the voltage range of 2.0—
4.8V, 2.0-4.6V, 2.0-4.2V. The initial discharge capacity of R-Li,RuO; in the voltage range of
2.0-4.2V is lower than that of the ID-Li,RuOj; in the voltage range of 2.0-5.0V, while the capacity
retention of R-Li;RuO; is still lower than ID-Li,RuO; even when the capacity of the first cycle of
R-Li,RuQs; is lower than ID-Li,RuQO;. Moreover, the voltage decay of ID-Li,RuO; and R-Li;RuO;
electrodes within several voltage ranges shown in Figure S11b also indicate less voltage decay in
ID-Li;RuO; in all cases. This is also true for comparison between higher capacity case of
ID-Li;Ru0O; and lower capacity case of R-Li,RuQO;. Thus, the benefits in cycling stability and

voltages decay are not in the cost of high capacity.

Changes in the revised manuscript

The layout of Figure 4 is tuned in the revised manuscript. The charge-discharge profiles are
changed into a full Figure 4a, and the charge-discharge profiles of R-Li,RuOs are given in Figure
4b for comparison. Descriptions are given in revised manuscript (Line 8-16) as follows:

The charge—discharge curves of R-Li,RuQ; in the voltage range of 2.0-4.8 V at a current

density of 30 mA/g that agrees well with previous reports“’44

were given for comparison (Figure
4b), showing an initial specific discharge capacity of 289 mAh g'. The initial specific discharge
capacity of ID-Li,RuO; with average discharge voltage of 3.33 V is lower than that of R-Li;RuO;
with average discharge voltage of 3.24 V within the same voltage range of 2.0—4.8 V, which can
be explained by the higher voltage platform of ID-Li,RuOs.

As shown in Figure S1la, the capacity retention of ID-Li,RuOj is significantly higher than that of

R-Li;RuO; in all cases, even when the initial specific discharge capacity of ID- Li,RuO; (260

mAbh/g for 2.0-5.0 V) turns higher than that of R-Li,RuO; (246 mAh/g for 2.0-4.2 V).
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Figure 4. The comparative electrochemical performance of ID-Li,RuO3 and R-Li,RuOs. The

charge—discharge profiles of ID-Li,RuOj; (a) and R-Li,RuOj; (b); (¢) Cycling performance of

ID-Li;Ru0O; and R-Li,RuOjs in the voltage range of 2.0-4.8 V at a current density of 30 mA/g (0.1

C); (d) Midpoint discharge voltages of the ID-Li;RuO; and R-Li,RuQO; during cycling. The

progressive charging and discharging of the ID-Li,RuO; (e) and R-Li,RuO;j (f) electrode in serial

stages at various current rates from 0.1C (30 mA/g) to 5C (1500 mA/g) in the voltage range of

2.048V.
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Comment 6

The quality of Figure 5/6 makes it impossible to guess what oxidation occurs in Ru or O.

Response to Comment 6

Thanks for referee’s suggestions. The quality of Figure 5/6 was improved. As shown in
Figure 5a, during the charging process, the absorption edge of Ru continuously shifts to a higher
energy below 4.3 V, indicating continuous oxidation of Ru, whereas the Ru K-edge remains
unchanged when charging from 4.3 V to 4.8 V. The O K-edge XANES spectra of ID-Li,RuO; in
Figure 5b show a continuous increase in intensity of the first peak for the charge processes, which
corresponds to the hybridization of the 2p orbital of O and the 40—ty orbital of Ru. As no Ru
oxidation occurred above ~4.3 V, this continuous increase in intensity of the O K-edge above ~4.3
V can be attributed to the anionic oxygen redox reaction. During the discharging process, the
absorption edge of Ru continuously shifts back to lower energy, and O K-edge XANES spectra
show a continuous decrease in intensity of the first peak. Thus, a joint of Ru and O charge
compensation is occurred during discharging.

The charge variations on the Ru ions and O ions during the delithiaton processes for the



R-Li;RuO; and ID-Li,RuO; systems obtained from Bader charge analysis are shown in Figure 5c
and d, respectively. Generally, the electronic structure variations are similar for R-Li,RuO; and
ID-Li,RuOs. The average charge on the Ru ions in Li, \RuO; decreases for X < 1, then remains
almost unchanged for X > 1. The average charge on the O ions in Li, \RuO; decreases with a
higher slope for x >1 than for X < 1. We conclude that Ru in Li,«\RuOj; mainly participates in
charge compensation at X < 1, whereas charge compensation can mainly be attributed to the
oxygen redox reaction at X > 1 in both the R-Li;RuO; and ID-Li,RuQO; systems, which is

consistent with the XAS results.

Changes in the revised manuscript

The quality of Figure 5/6 was improved.
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Figure 5. Ex situ Ru K-edge (a) and O K-edge (b) XANES spectra of ID-Li,RuQ;. Charge and
average charge on Ru ions and O ions in R-Li;RuO; (¢) and ID-Li,RuOj; (d) with respected to the

Li content.
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Figure 6. (a) Voltage profiles used for in situ XRD analysis for ID-Li,RuOj; at a current density of
30 mA/g. (b) Contour plot of in situ XRD patterns in the range of 20 = 16°-19°. (c) in situ XRD
patterns from the direct observations. Gas evolution at a current density of 30 mA/g in the

ID-Li;RuOs (d) and R-Li,RuOs (e) vs. Li cells from in situ DEMS analyses.



Comment 7

While DEMS measurements are valued techniques to detect gas generation, they cannot tell what
gas generated by their own. So, they should be cautious to claim the telescopic O-Ru-O
configuration to suppress oxygen release for two reasons. a) the actual effect of telescopic O—Ru—
O configuration seemed suppress the dimer formation. If no oxygen dimer, there is no suppressing
at all. b) the figure 6d and 6e were not exactly the same in the region of gassing. ID-Li,RuO;
showed higher increases after CO, detected at 4.1V. The charging curves were hardly comparable
between 6d and 6e. So, need to clarify the difference in the gas generation. Both 6d and e indeed
showed some gas generated once charging to high voltage. Be fairly enough, the 6d only showed
reduced gassing in the end of charging comparing to 6e. But this cannot rule out whether it is

oxygen or not without further analysis. The figure quality should be improved as well.

Response to Comment 7
In situ DEMS measurements were carried out to detect gas generation and what kind of gas is

o . . 5,23,25,26
produced, similar to previous literature reports.™

From the blue curve (m/z = 44) in Figure
6d and 6e, it can be seen that CO, release occurred once the charge voltage reached 4.1 V for both
ID-Li;Ru0O;5 (5.600 mg active material) and R-Li,RuO; (4.356 mg active material), which is

similar to the DEMS results in previous reports.”*2°

No oxygen was detected until the charge
reached 4.8 volts for ID-Li,RuOs3, as shown in the red curve in Figure 6d. Even when charged to a
high voltage of 5.0 V, no oxygen is detected (Figure S19), confirming the absence of oxygen
release from ID-Li,RuO;. However, evolution of O, from R-Li,RuO; was observed during
charging when the charge voltage approached ~ 4.2 V, as shown in the red curve in Figure 6e,
which is consistent with a previous in situ DEMS result for R-LizRuO3.5

Indeed, the in situ DEMS results show some differences in CO, evolution for ID-Li,RuO;
and R-Li,RuO;, but these differences are another evidence for the absence of O, release in

ID-Li;RuOs. In the earlier stage of CO, evolution, CO, evolution of ID-Li,RuO; was higher than

R-Li;Ru03;, while in the later stage of CO, evolution, CO, evolution of ID-Li,RuO; was higher



than R-Li;RuQ;. First, as for the earlier stage of CO, evolution, the average voltage of
ID-Li;,RuOs; during this stage is higher than that of R-Li,RuOj. The electrolyte decomposition rate
would increase at a higher voltage during charging, thus the average gas generation rate of
ID-Li;RuOs; is higher than that of R-Li,RuO;. Second, as for the later stage of CO, evolution,
although the average voltage of ID-Li,RuQj; is still higher than that of R-Li,RuO;, the CO,
evolution of ID-Li,RuO; turns lower than that of R-Li;Ru0Os. Since O; in the cell could promote
the electrolyte decomposition,” a rapid release of CO, would be observed once O, evolution rate
reached a certain value. Thus, the sharp increase of CO, for R-Li,RuQO; at ~ 4.3 V is caused by
O, generated in the cell. In contrast, the ID-Li,RuO; without O, release do not show sharp
increase of CO, evolution rate. Then, the CO, evolution of ID-Li,RuO; turns lower than that of
R-Li,RuO;s. This confirms the absence of O, release from ID-Li;RuQOs.
Changes in the revised manuscript

The quality of Figure 6 was improved. Further analysis on DEMS results were added in the
revised manuscript (Lines 11-15, Page 23) as follows:

In addition, a sharp increase of CO, generation at ~ 4.3 V for R-Li,RuO; was occurred as the
electrolyte decomposition was promoted by O, that generated in the cell once O, evolution
reached a certain high rate, as reported previously48. The O, release demonstrated here is in

accordance with the irreversible XRD evolution of R-Li;RuO; during charging/discharging.
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Figure 6. (a) Voltage profiles used for in situ XRD analysis for ID-Li,RuOj; at a current density of
30 mA/g. (b) Contour plot of in situ XRD patterns in the range of 20 = 16°-19°. (c) in situ XRD
patterns from the direct observations. Gas evolution at a current density of 30 mA/g in the

ID-Li,Ru0; (d) and R-Li,RuOj; (e) vs. Li cells from in situ DEMS analyses.

Comment 8
Provide some discussions or guidance how their proposed repondance mechanism would like to

work for light elements other than heavy elements like Ru in practical cathode. Will such a



mechanism only work for second row transitional metals? It seems the telescopic O—-TM-O

configuration unlikely stable for first row TM.

Response to Comment 8

Thank you for the good advice. Theoretically, since the structural response to oxygen redox would
be alter from O—-O dimerization to telescopic O—-TM—O configuration when the local symmetry is
tuned, as indicated in Figure 1. In order to evaluate the possibility of telescopic O-TM-O in light
TM based layered material, the Li,MnO; system is investigated by DFT calculation. As shown in
Figure S24, the delithiated state of local symmetry tuned ID-Li,MnO; also responds with
telescopic O-Mn—O configuration. Thus, we preliminarily predict that the telescopic O-TM-O
mechanism is also applicable for the first row light elements based layer structures. The telescopic
O-TM-O configuration is related to short terminal TM—O bonds which could be stable for the
first row TM row TM including Ti, V, Cr, and Mn?”. Thus, the telescopic O—TM—-O configuration
is stable for the first row light TM based Li-rich layered cathode materials. The structural response
to oxygen redox would be altered from O-O dimerization to telescopic O-TM—O configuration
when the local symmetry is tuned, avoiding O, release and thus enhancing the cycling stability of
oxygen redox reaction involved charging/discharging processes in Li-rich layered cathode

materials.

Changes in the revised manuscript

Figure S24 related to the prediction of the O-Mn—O from DFT calculation are supplemented.
Discussions are added in revised manuscript (Lines 13-15, Page 27; Lines 1-13, Page 28 ) as
follows:

Based on all the above results, the theoretical prediction of local symmetry tuning as a
strategy to achieve a structural response of telescopic O-TM-O configuration that avoiding
oxygen dimerization upon charging/discharging is confirmed in a model Li-rich layered cathode
material, Li;RuOs. In order to verify whether this telescopic O-TM—-O mechanism works for the
other cathode Li-rich layered cathode material related to first row TM, the Li,MnOj; system is
investigated by DFT calculation. As shown in Figure S24, similar to the ID- Li;RuO; system, the

delithiated state of local symmetry tuned ID-Li,MnOj; also responds with telescopic O-Mn—-O



configurations. The O-TM-O configuration is related to short terminal TM—O bond which could
also be stable for the first row TM including Ti, V, Cr, and Mn’!. Thus, we preliminarily predict
that the telescopic O—TM—O mechanism is also applicable for the first row light TM based Li-rich
layered cathode materials. The structural response to oxygen redox would be alter from O-O
dimerization to telescopic O—-TM—O configuration when the local symmetry is tuned, avoiding O,
release and thus enhancing the cycling stability of oxygen redox reaction involved

charging/discharging processes in Li-rich layered cathode materials.
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Figure S24. Optimized crystal structures and local MnOg octahedrons of Li,MnO; and the
corresponding delithiated state (LiyMnOs3) for ID-Li;MnOj3. The values (in angstrom) on the local
structures are the Ru—O bond lengths.



Reply to Reviewer 3

General Comment

This paper reports comparative studies on ordered and disordered Li2RuO3 as oxygen-redox
cathode materials, which I don't recommend for publication. The main claim 'telescopic O-Ru-O'
with short and long Ru-O bonds of 1.6 and 3.0 A, which is against the classic but fundamental
concept of 'ionic radius', is just a speculation based on the hypothetical calculations and
(subjective, in my opinion) fittings of EXAFS. I could not find any convincing experimental
evidence for their hypothesis to deny the fundamental concept of inorganic chemistry. The

followings are my serious concerns.

Response to the General Comment

Thanks for referee’s careful and serious review. We checked the validity of the calculation
models again and discussed in depth with other experts in inorganic chemistry and crystallography.
To further confirm the O—Ru—O configurations with short bond and long bond, we added the
results of ABF-STEM measurement and EXAFS fitting in the revised manuscript. Both
unambiguously confirm again the presence of the short and long Ru—O bonds in the delithated
ID-LigRuOs. Therefore, we thought that the short and long Ru—O bonds is rational in ID-LigRuOs3,
based on the complementary results of DFT calculation, EXAFS fitting and ABF-STEM
measurement. These results are also consistent with the previous reports about the length of Ru—O
bond, suggesting such O-Ru-O configuration is not against the fundamental concept of inorganic

chemistry.

Comment 1

Concerning the DFT part, the authors found a specific local structure, that is, short and long Ru-O
bonds in disordered Li2RuO3. I'm highly suspicious of such a chemically counterintuitive short
and long Ru-O bonds of 1.6 and 3.0 A, which are completely against the simple concept of ionic

radius. I believe that it is necessary for the authors to re-consider the validity of the calculation



models, especially for disordered one.

Response to Comment 1

Thanks for referee’s careful review and kind suggestion. We checked the validity of the
calculation models again and discussed in depth with other experts in inorganic chemistry and
crystallography. To further confirm the O—Ru—O configurations with short bond and long bond,
we added the results of ABF-STEM measurement and EXAFS fitting in the revised manuscript.
Both of them unambiguously confirm again the presence of the short and long Ru—O bonds in the
delithated ID-Li,RuOs. Therefore, we thought that the short and long Ru—O bonds is rational in
ID-LiyRuOs, based on the complementary results of DFT calculation, EXAFS fitting and
ABF-STEM measurement. These results are also consistent with the previous reports about the
length of Ru—O bond, suggesting such O-Ru-O configuration is not against the basic concept of
ionic radius.

To start with, we want to reconcile the ionic radius problem. Table R1 listed the Shannon
Effective Ionic Radii (copy from references™’). The ionic radius for specific element is related to
the coordination number and the net charge number. For example, when the coordination number
are 2 and 6, the ionic radii of O are 1.21 A and 1.40 A, respectively. And the ionic radii of Ru*
is 0.62 A and the ionic radii of Ru’* is0.57 A when the coordination number is 6. If the Ru’—O™
is pure ionic bond and n=2, the bond length is ~1.78 A, which is larger than 1.67 A of the
proposed short bond.

However, there are three factors resulting in ‘shortening’ of the Ru”—O"™ bond length as
compared with the ~ 1.78 A bond length. First, the ionic radius of O™ resulting from the oxygen
redox will be smaller than O as the net charge is reduced™®. Second, the coordination number of
the corresponding O ion is approximately one. The ionic radius would be smaller than
two-coordinated O™. Third, the covalency of the Ru—O bond increased in ID-LigRuO3 based on
the crystal orbital overlap population (COOP) analysis (Figure S1). The “covalent bond” effect
would shorten the bonds®™. Thus, the Ru-O bond length should be further decreased. Table R2
listed the covalent radii of O element (copy from references’ 0’31) which are 0.63, 0.57, and 0.53 A
for single-, double-, and triple-bond cases. That means the bond length of 1.67 A does not violate

the concept of 'ionic radius'.



On the other hand, as for the short 1.67 A Ru—O bond in the local RuOg4 octahedron of the
delithiated ID-LigRuO; system, the crystal orbital overlap population (COOP) analysis was
performed to study the difference of the bond interaction between short Ru—O bond in ID-Li;RuO;
and normal Ru—O bond in R-LigRuOs3, as shown in Figure S1. The integrated COOP of the short
Ru-O bonds below Fermi level in ID-LigRuO; increases by 51% when compared with Ru-O
bonds in R-LigRuOj;, implying that the net bond order of the short Ru—O bonds in ID-LioRuOj; is
much higher than that of Ru—O bonds in R-LipRuOs;. Considering the higher net bond order and
the bond length of 1.67 A that is close to the previously reported bond lengths of Ru’*=0 double
bond (1.63 A,' 1.676 A, 1.697 A,” and 1.70 A%), this terminal Ru—O short bond can be regarded
as quasi Ru>"—O double bond with n-type hybridization between Ru (t2g) and O (2p). This is
similar to the previous proposed Ir—O 7 bonds in Li,Ir;,Sn,O; system after TM ions migration to
Li layer.4 Besides the reports about the length of Ru”'=0 double bond in previous works , there
are also different reports about the length of Ru*=0 bond, such as 1.705 A, 1.718 A,* 1.732
A% It can be found that the short Ru-O bonds of 1.67 A in the delithiated ID-LioRuOQs is very
consistent with the length of Ru’*=0 double bond in previous works. Thus, these short Ru-O
bonds of 1.67 A are rational.

As for the long Ru—O bond of 3.015 A in the local RuOg octahedron, marked as Rul-O2 in
Figure RS. The 3.015 A-long bond essentially reflects the very weak interaction between Ru and
oxygen. Thus, it can also be called the distance between ruthenium Ru-ion and O-ion. Considering
the Ru-O distance would reversible shorten back to range of normal Ru—O bond length of 1.9-2.0
A during discharge processes, we call it Ru-O bonds in the whole processes of charging and
discharging. The Ru-Ru distance of 3.05 A in previous work'> was also called as bond length. As
shown in Figure RS, the coordination number of the O ion in O2 site is not one. Oxygen ion in O2
site is additionally bonded with another Ru (marked as Ru2 in Figure RS5), with a bond length of
1.77 A, which is close to the bond length of ~1.78 A Ru*~0” simply based on the sum of ionic
radii in Table R1. As discussed above, the bond lengths are affected by complex factors including
the net charge on O™, coordination number, and the “covalent bond” effect.”® Therefore, the Ru-O

bond lengths in our proposal are theoretically rational based on above discussions.



Table R1. The Shannon Effective Ionic Radii of Ru and O ions. (copy from references

Ion Coordination number Effective ionic radii (A)
Ru®’ 4 0.36
Ru’" 4 0.38
Ru’™’ 6 0.57
Ru*’ 6 0.62
Ru™* 6 0.68
o 2 1.21
o” 6 1.40
o~ 8 1.42
Table R2. The covalent radii of O element. (copy from references30’3l)
Single-bond radius 0.63 A
Double-bond radius 0.57 A
Triple-bond radius 0.53 A

28,29
)

Figure R5. The local structure of telescopic O—Ru—O configurations in fully delithiated state

LioRuO3.



Moreover, experimental proof is more persuasive, hence we performed ABF-STEM analysis,
as shown in Figure 7a. The telescopic O—Ru—O configurations with short bond and long bond are
observed directly by ABF-STEM image of 4.8V charged ID-Li,RuO; (Figure 7a). It should be
noted that the viewing direction is ascertained by the SEAD and FFT patterns, securing the
reliability of such analysis. According to the XRD refinement results of 4.8 V charged
ID-Li, \RuO; (Figure S16, Table S8, Table S9), the 4.8V charged ID-Li, RuO; kept in C2/m
space group with a beta angle of about 90°, indicating a O1-type layered structure.*'> The SEAD
of the Ol-type structure with Li/Ru disordering arrangement obtained from XRD refinement of
4.8V charged ID-Li,RuO; was simulated. The observed SEAD (Figure S20a) and FFT (Figure
S20b) patterns are consistent well with the simulated SEAD of the O1-type ID-Li,RuO; along
the [001] zone axis (Figure S20c). Thus, the [001] zone axis is confirmed. The theoretical atomic
structure along the [001] zone axis is shown in Figure 7d and e. Within the ABF-STEM image
(Figure 7a), TM atoms appear as dark black dots, and oxygen and lithium atoms appear as light
black dots. There are regular honeycomb domains, Li/vacancy concentrated domains, and Ru
concentrated domains. If the structural response of the charged ID-Li, RuO; behaves in a similar
manner with the R-Li,TMO;3, i.e., O—O dimerization which have been demonstrated by ABF

. . 19,22
image, and Raman spectroscopy previously

, we should observe it directly from the Ru-O
arrangement along the [001] zone axis that is schematically presented in Figure 7e, where the
Ru-O bond are rotated slightly with six equal projected distances, with the O-O dimerization being
nicely visualized. However, the ABF image of the charged ID-Li,RuO; shows a very different
projected Ru—O arrangement with the R-Li,TMOs case. The projected distances of the Ru-O
bonds along bl, b2, and b3 directions (marked with white dotted arrows) were evaluated by the
gray value of the ABF image, as shown in Figure 7b (b1-b3). The corresponding projected Ru—O
distances of the red hexagon marked RuQg are shown in Figure 7c, where the two Ru—O projected
distances along the bl and b2 directions are not equal, and the two Ru—O projected distances
along the b3 direction are equal. Therefore, the asymmetric Ru—O bonds with specific O—Ru-O
configuration around the Ru ions are observed, in contrast to the symmetric Ru—O bonds with O—
O dimerization that would take place in R-Li;RuOs. The telescopic O—Ru—O configuration of

ID-Li,RuO; was visualized by ABF image.

Furthermore, the Figure S21, S22, S23 show the fitting results for the magnitude of the



Fourier transforms performed on kz-weighted EXAFS oscillations of both the R-Li,RuO; and
ID-Li,Ru0O; during the first charge and discharge processes. Based on the presence of two crests
in the Ru K-edge XANES spectra shown in Figure Sa, two group of Ru—O bonds were considered
during fitting for both the R-Li;RuO; and ID-Li,RuOs;. As for R-Li,RuOs3, the variation in the Ru—
O shell from the fitting results (Figure S21) is given in Figure S23b with the detailed values listed
in Table S10. Generally, the Ru—O bond length decreased during charging then increased during
discharging. The total coordination number of the Ru—O bonds dramatically decreased when
charged to high voltage. However, as shown in Figure 7g, the total coordination number of the
Ru—O shell was not recovered to the pristine during the discharge process, indicating that the
structural variation is irreversible during charge and discharge processes. This irreversible
coordination number is related to O, release during charging, as is demonstrated by in situ DEMS
measurement in Figure 6e.

As for the ID-Li,RuO;3, the variation in the Ru—O shell from the fitting results (Figure S22) is
given in Figure S23b with the detailed values listed in Table S11. Generally, the Ru—O bond length
decreased during charging then increased during discharging. Furthermore, the coordination
number of the long bonds dramatically decreased whereas that of the short bonds increased
slightly during charging from 4.3 V to 4.8 V. We infer that a small portion of the long bonds was
shortened and some long bonds were stretched to such an extent that the stretched bonds were no
longer counted as part of the first Ru—O shell. Furthermore, the difference between two group of
Ru—-O bond length is much larger than that in R-Li,RuOj;, showing more inhomogeneous Ru—-O
bond lengths. Thus, the telescopic O—Ru—O configuration, including both shortened and stretched
portions, occurs in response to the oxygen redox reaction during the charge process, which agrees
well with the results of the DFT calculation and ABF image. More importantly, unlike the
irreversible coordination variation in R-Li,RuQj3, the total coordination number of the Ru—O shell
for ID-Li,RuO; (Figure 7h) was recovered during the discharge process, indicating that the
telescopic O—Ru—O configuration is reversible. This structural response in ID-Li,Ru0O; based on
the reversible telescopic O—Ru—O configuration show absence of O, release during charging, as
demonstrated by in situ DEMS measurement in Figure 6d, which is responsible for the enhanced

cycling stability of ID-Li,RuOs.



Changes in the revised manuscript

COOP analysis (Figure S1), ABF-STEM image (Figure 7a), and the EXAFS fitting of the
control group R-Li,RuO; (Figure S21, S23b, Table S10) were supplemented. Corresponding
discussions are given in revised manuscript (Line 2-13, Page 8; Line 1-22, Page 24; Line 1-9,
Page 25; Line 18-22, Page 25; Line 1-22, Page 26; Line 1-3, Page 27) as follows:

As for the short Ru—O bonds, the crystal orbital overlap population (COOP) analysis was
performed to study the interaction between Ru and O, as shown in Figure S1. The integrated
COOQP of the short Ru—O bonds in ID-LijRuO; below Fermi level increases by 51% when
compared with Ru—-O bonds in R-LigRuQj;, implying that the net bond order of the short Ru-O
bonds in ID-LigRuOj is higher than that of Ru—O bonds in R-LigRuO;. Considering the higher net
bond order and the bond length of 1.67 A that is close to the previously reported bond lengths of
Ru*'=0 double bond (1.63 A,”’ 1.676 A,* 1.697 A,** and 1.70 A*"), this terminal Ru-O short
bond can be regarded as quasi Ru”"=0 double bond with a n-type hybridization between with Ru
(tzg) and O (2p). This is similar to the previous proposed Ir-O m bonds in Li,Ir4SnO3 system
after TM ions migration to Li layer.*®

In order to reveal the structural evolution on the local-range scale, annular bright-field
scanning transmission electron microscopy (ABF-STEM) image of 4.8 V charged ID-Li,RuO;
along [001] zone axis was obtained (Figure 7a). It should be noted that the viewing direction is
ascertained by the SAED and FFT patterns (Figure S20a-b), securing the reliability of such
analysis. Based on the structure model of a O1-type layered structure with a space group of C2/m
obtained from the XRD refinement of 4.8 V charged ID-Li, ,RuO; as mentioned above, the
theoretical SAED patterns are simulated (Figure S20c). The observed SAED (Figure S20a) and
FFT Patterns (Figure S20b) are consistent well with the simulated SAED of this Ol-type
ID-LixRuOj; along the [001] zone axis (Figure S20c). Thus, the [001] zone axis is confirmed. The
theoretical atomic structure along the [001] zone axis is shown in Figure 7d and e. Within the
ABF-STEM image (Figure 7a), Ru ions appear as dark black dots, and oxygen and lithium ions
appear as light black dots. There are regular honeycomb domains, Li/vacancy concentrated
domains, and Ru concentrated domains, as marked in Figure 7a. If the structural response of the
charged ID-Li,RuO; behaves in a similar manner with the R-Li;TMOs3, i.e., O-O dimerization

1

which have been demonstrated by ABF image, and Raman spectroscopy previously,'*'* we should



observe it directly from the Ru—O arrangement along the [001] zone axis that is schematically
presented in Figure 7e, where the Ru—O bond are rotated slightly with six equal projected
distances, with the O—O dimerization being nicely visualized. However, the ABF image of the
charged ID-Li,RuO; shows a very different projected Ru—O arrangement when compared with the
R-Li, TMOj; case. The projected distances of the Ru—O bonds along bl, b2, and b3 directions
(marked with white dotted arrows) were evaluated by the gray value of the ABF image, as shown
in Figure 7b (b1-b3). The corresponding projected Ru—O distances of the red hexagon marked
RuOg¢ are shown in Figure 7c, where the two Ru—O projected distances along the bl and b2
directions are not equal, and the two Ru—O projected distances along the b3 direction are equal.
Therefore, the inhomogeneous Ru—O bonds with specific O—Ru—O configuration around the Ru
ions are observed, in contrast to the homogeneous Ru—O bonds with O—O dimerization that would
take place in R-Li,RuQOj;. Thus, the telescopic O—Ru—O configuration of ID-Li,RuO; was
visualized by ABF image.

The magnitude of the Fourier transform of the k’-weighted extended X-ray absorption fine
structure (EXAFS) oscillations, |x(R)|, along with the fitting results of ID-Li,RuO; and R-Li,Ru0;
are both given for comparison. Based on the presence of two crests in the Ru K-edge XANES
spectra shown in Figure 5a, two group of Ru-O bonds were considered during fitting. The
variation in the Ru—O shell from the fitting results of R-Li,RuO; (Figure S21) is given in Figure
S23a with the detailed values listed in Table S10. The Ru—O bond length decreases during charge
process then increased during discharge process. The total coordination number of the Ru-O
bonds dramatically decreased when charged to high voltage (4.1-4.6 V). However, the total
coordination number of the first Ru—O shell was not recovered to the pristine during the discharge
process (Figure 7g), indicating that the structural variation is irreversible during charge and
discharge processes. This irreversible coordination number might be related to O, release during
charging, which is inconsistent with the irreversible XRD and in situ DEMS results. In contrast,
the fitting results of ID-Li,RuO; show a reversible variation, as shown in Figure S22, S23a and
Table S11. Generally, the Ru—O bond length decreased during charging then increased during
discharging. The coordination number of the long bonds dramatically decreased whereas that of
the short bonds increased slightly during charging from 4.3 V to 4.8 V. We infer that a small

portion of the long bonds was shortened and some long bonds were stretched to such an extent



that the stretched bonds were no longer counted as part of the first Ru—O shell. Furthermore, as
shown in Figure S23a and b the difference between two group of Ru—O bond length is much
larger than that in R-Li,RuO;, showing more inhomogeneous Ru—O bond lengths. Thus, the
telescopic O—Ru—O configuration, including both shortened and stretched portions, occurs in
response to the oxygen redox reaction during the charge process, which agrees well with the
results of the DFT calculation, ABF-STEM image. The total coordination number of the first Ru—
O shell was recovered during the discharge process (Figure 7h), indicating that the telescopic O—
Ru-O configuration is reversible. As is mentioned above, this structural response based on the
reversible telescopic O—Ru—O configuration is responsible for the enhanced cycling stability of

ID-Li;RuOs.
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—— Short Ru-0 bond in ID-Li,RuO,
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Figure S1. The crystal orbital overlap population (COOP) of the short Ru—O bond in ID-Li,RuO;

and normal Ru—O bond in R-LiyRuOs.
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Figure 7. The local structure of ID-Li,RuO; and R-Li,RuO; upon charging and discharging. (a)
The ABF-STEM image of 4.8 V charged ID-Li,RuO; along [001] zone axis; (b) The gray value
variation of ABF-STEM image along b1, b2, and b3 directions (marked with white dotted arrows);
(c) the enlarged image of the of the red hexagon marked RuOg, the value between dark black dot
and light black dot are the corresponding projected Ru—O distances; (f) The Raman spectra of 4.8
V charged ID-Li,RuO; and R-Li;,RuQOs3; The variation of total coordination number of R-Li;RuO;

(g) and ID-Li,RuOj5 (h) during charge and discharge processes, obtain from EXAFS fitting.
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Figure S21. Fitting results for the magnitude of the Fourier transforms performed on k*-weighted
EXAFS oscillations of R-Li,RuO; during the first charge (a) and discharge (b) processes in the

R-range of 1-2 A (first peak only). Eo was set to —0.7 eV, and the amplitude reduction factor (Sy’)

was fixed at 0.95.

Figure $23. Fitted Ru—O shell of the Fourier-transformed k*-weighted EXAFS oscillations of

ID-Lilele, (a), and R-LizRUOg (b)



Table S10. Detailed fitting results (coordination number (CN), radial distance (R), and Debye—
Waller factor (02) for the first shell) for the EXAFS oscillations of R-Li,RuO; during the first
charge and discharge processes. Eq was set to —0.7 eV, and the amplitude reduction factor (S,°)

was fixed at 0.95.

Charge of state  Pair CN R (A) o’ (x107 A?)

Ru-0O1 1.8 1.97 4.5
Pristine

Ru-02 4.0 2.01 4.2

Ru-0O1 2.8 1.94 3.0
1C3.7V

Ru-02 3.0 1.98 34

Ru-0Ol1 2.8 1.94 4.5
1C4.1V

Ru-02 3.0 1.97 4.5

Ru-0Ol1 1.6 1.94 6.8
1C4.6V

Ru-02 3.0 1.97 7.0

Ru-0Ol1 1.6 1.96 4.0
1ID33V

Ru-02 33 1.98 4.3

Ru-0Ol1 1.6 1.98 4.1
1ID2.0V

Ru-02 33 2.01 4.3

Comment 2
Figure 3: Please confirm the disordered and ordered cation arrangements of two materials using
SAED rather than HAADF-STEM. More importantly, Figure 3d shows ordering of Li and Ru

within the Ru layer, which is not consistent with the claim 'the intralayer disordered Li2RuO3 was



achieved successfully.'. In this situation, Figure 3a (the XRD pattern for ID-Li,RuO; shows no
superstructure peaks) is not reasonable.
Response to Comment 2

Thanks for referee’s kind suggestions. HAADF-STEM image can give direct visualization of
the local-range Ru/Li arrangement. The HAADF image of ID-Li,RuQO; sample along the [100]
zone axis (Figure 3c) holds regular domains characterized by a periodic arrangement with one
dark spot followed by two bright dots, Li concentrated domains with continuous dark spots and Ru
concentrated domains with continuous bright dots, indicating TM/Li-intralayer disorder in the
transition metal layer. Moreover, the HAADF image of ID-Li,RuQO; sample along the [001] zone
axis (Figure 3d) also shows regular honeycomb domains, Li concentrated domains, and Ru
concentrated domains, respectively. Thus, the HAADF images confirmed the disordered
arrangement of the TM/Li intralayer on short-range scale in the as-prepared ID-Li,RuO; sample

Also, the intralayer disorder arrangement of Ru and Li within TM layer are confirmed based
on the XRD patterns, NPD patterns, SAED patterns, respectively. The SAED patterns are able to
characterize the intralayer disordering on the long-range scale. The observed SAED patterns of
ID-Li;RuO; along [001] and [100] zone axes that characterized with the marked weaker
diffraction spots (red cycles) are shown in Figure S8a and b, respectively, which are consistent
with the simulated SEAD pattern of ID-Li,RuO; with intralayer disorder arrangement of Ru and
Li within TM layer along [001] (Figure S8c) and [100] (Figure S8d) zone axes. Therefore, the
intralayer disordering is verified by SAED patterns on long-range scale. XRD and NPD patterns
are also the convincing method to characterize the structure in the long-range scale. The XRD
(Figure 3a, Table S4 and Table S5) and NPD (Figure S9, Table S4, and S7) refinement results for
ID-Li,Ru0O; both show Ru/Li-intralayer disordering.

Thus, the intralayer disorder arrangement of Ru and Li within TM layer are confirmed from
both the long-range scale and local-range scale by XRD, NPD, SAED patterns, and

HAADF-STEM images.

Changes in the revised manuscript
SAED patterns (Figure S8) were supplemented. Corresponding discussions were added in

revised manuscript (Line 14-22, Page 8) as follows:



The observed and simulated selected area electron diffraction (SAED) patterns (Figure S8)
were also given to analyze the structure on long-range scale. The ID-Li;RuO; and R-Li,RuO;
structures with C2/m space group used for SAED simulation are taken from the XRD refinements.
The observed SAED patterns of the as-prepared ID-Li,RuO; sample shown in Figure S8a and b
that characterized with the marked weaker diffraction spots (red cycles) are consistent with the
simulated SAED patterns of ID-Li,RuO; structure model along [100] (Figure S8c) and [001]
(Figure S8d) zone axis, respectively. Therefore, the intralayer disordering is verified by SAED

patterns on long-range scale.
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Figure S8. The observed SAED patterns (a-b) and simulated SAED patterns of ID-Li,RuO; and
R-Li;RuOj; structure models along [100] (c-d) and [001] (e-f) zone axes, respectively. The
ID-Li,Ru0O; and R-Li,RuO; structure models with C2/m space group used for SAED simulation

are taken from the XRD refinements.

Comment 3
Please compare the charge-discharge curves of ID-Li,RuO; and R-Li,RuOj; in Figure 4, rather
than only focusing on the cycle stability. I believe that the comparison of dQ/dV plots would also

be of interest to readers.



Response to Comment 3

Thank you for the good suggestions. The charge-discharge curves and dQ/dV plots of
ID-Li;RuOs; and R-Li,RuOj; are compared in Figure 4a-b and Figure S10 in the revised manuscript,
respectively. The charge—discharge curves of ID-Li;RuO; and R-Li,RuO; was tested by
galvanostatic discharge—charge in the voltage range of 2.0-4.8 V at a current density of 30 mA/g,
as shown in Figure 4a and 4b, respectively. ID-Li,RuO; delivers a specific capacity of 230 mAh
g'1 in the first discharge, which is larger than the theoretical capacity of 164 mAh g, estimated
through the redox reaction of Ru*'/Ru’*. The extra capacity could be assigned to the contribution
of the oxygen redox. The charge—discharge curves of R-Li,RuQOj; is consistent well with the
previous work.'"* The charge—discharge curves of ID-Li,RuO; largely differs from that of
R-Li;RuO;. Generally, there are two stages and three stages in the initial charge processes for
ID-Li,Ru0O; and R-Li,RuO; respectively. Besides, the voltage of ID-Li,RuO; are higher than that

of R-Li;RuQ;j in general, which can be seen clearly in dQ/dV curves (Figure S10).

Changes in the revised manuscript

The charge-discharge curves and dQ/dV plots of ID-Li,RuO; and R-Li,RuO; were compared
in Figure 4a-b and Figure S10, and corresponding discussions were given in the revised
manuscript (Line 2-17) as follows:

The electrochemical performance of the ID-Li,RuO; was tested by galvanostatic
charge—discharge in the voltage range of 2.0-4.8 V at a current density of 30 mA/g, as shown in
Figure 4a. It delivers a specific capacity of 230 mAh g in the first discharge, which is larger than
the theoretical capacity of 164 mAh g, estimated through the redox reaction of Ru*'/Ru’". The
voltage platform at ~ 4.55 V for the first charge may be related with the oxygen redox as reported
from previous studies. The extra capacity could be assigned to the contribution of the oxygen
redox. The charge—discharge curves of R-Li,RuO; in the voltage range of 2.0—4.8 V at a current
density of 30 mA/g that agrees well with previous reports“’44 were given for comparison (Figure
4b), showing an initial specific discharge capacity of 289 mAh g'l. The initial specific discharge
capacity of ID-Li,RuO; with average discharge voltage of 3.33 V is lower than that of R-Li,RuO3

with average discharge voltage of 3.24 V within the same voltage range of 2.0—4.8 V, which can



be explained by the higher voltage platform of ID-Li,RuQOj3. Indeed, the dQ/dV curves (Figure S10)
indicate that charge and discharge voltage platform of ID-Li,RuQO; are both higher than that of
R-Li,RuOs. Figure 4c compare the cycling performance of the ID-Li,RuO; and R-Li;RuO;
electrodes. ID-Li,RuO; demonstrates a discharge capacity of 221 mAh/g with a capacity retention
of 96% after 80 cycles, which are significantly higher than the 57 mAh/g discharge capacity and

20% capacity retention of R-Li,RuQOs.

5.0 a 20-48V,30mAlg] 5.0 2.0-4.8V, 30 mAlg
45 4.5
4.0 1st =40
@ ——40th| @ —— 40th
33'5 I ——80th 33'5 I ——80th
S3o0f G
S 3.0 3 3.0
25 25
2.0 2.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Specific capacity (mAh/g) < Specific capacity (mAh/g)
E.’ 2.0-4.8V, 30 mA/ =36 2.0-4.8V, 30 mA/;
=300/C | Sa4 d d
: -y
:250 3 § 3.2}
= o 3.0t
8200} =]
a @ 2.8
[} =
o150t 9,6l
5 3,
51001 = 241 O ID-Li,Ru0,
£ = O R-Li,RuC.
o 5| ©22¢ 2 3 7
g 50 " n 1 Solth CyClEf 20%’ % 2 0 1 1 L 1 Y
0 20 40 60 80 s 0 20 40 60 80
—_ Cycle number —_ Cycle number
D350 D350
5 e 2.0-4.8V é f 2.0-4.8v
£300F £300F
2250¢ 2250+
G200} @200}
o o
8150} S50}
[ 4]
gmo - §1 00}
5 50¢ 5 50t
A2 D
a 0 . |a%
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Cycle number Cycle number

Figure 4. The comparative electrochemical performance of ID-Li,RuO; and R-Li,RuO;. The
charge—discharge profiles of ID-Li,RuO; (a) and R-Li,RuOs; (b); (¢) Cycling performance of
ID-Li,Ru0O; and R-Li,RuQj in the voltage range of 2.0-4.8 V at a current density of 30 mA/g (0.1
C); (d) Midpoint discharge voltages of the ID-Li,RuO; and R-Li,RuO; during cycling. The
progressive charging and discharging of the ID-Li,RuO; (e) and R-Li,RuO; (f) electrode in serial
stages at various current rates from 0.1C (30 mA/g) to 5C (1500 mA/g) in the voltage range of
2.0-4.8 V.
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Figure S10. The dQ/dV plots of ID-Li,Ru0O; and R-Li,RuO; cathodes tested in the voltage range

0f2.0-4.8 V at a current density of 30 mA/g.

Comment 4

P13 'This behavior differs from that for the reductive coupling mechanism induced by the
formation of O—O dimers in R-Li,RuQj;, meaning that O—O dimers (O," ) may not be formed in
ID-Li;RuOs." I'm not convinced by this speculation. Whether O—O dimer is formed or not is
apparently the key question in this work. Therefore, it is mandatory for the authors to prove it by

experiments.

Response to Comment 4

In response to this comment, Raman analysis was performed to confirm whether O-O dimer
is formed or not, as it is sensitive to O—O peroxo vibrations. The Raman spectra of R-Li,RuO; and
ID-Li,RuO; that charged to 4.8 V were obtained with excitation light of a He-Ne laser at 633 nm
wavelength, as shown in Figure 7f. The Raman stretch of O—O dimer (0,)" at 847 cm’! (previous
reported to be ~ 850 cm™ in charged cathode material**) was observed in charged R-Li,RuO;
sample while not in charged ID-Li,RuQ;. Hence, unlike the R-Li;RuOj3, the O—O dimerization

didn’t occur in ID-Li,RuO; during charge, coinciding with our prediction.



Besides, as presented before (Response to Comment 1) in Figure 7, the ABF-STEM analysis
gives a clear evidence that cooperative O-O dimerization that happens in R-Li,RuQ; is absent in
ID-Li,RuOs3, whereas a structural response associated with telescopic O-Ru-O configuration is
observed.

Furthermore, Ru K-edge X-ray absorption near edge structure (XANES) spectra of
R-Li;RuOs; (Figure S12) and ID-Li,RuOs (Figure 5a) are given for further information in terms of
the O-O coupling. As for R-Li,Ru0Oj3, the absorption edge shifts to a higher energy level during the
earlier stage of charging, well corresponding to the change of Ru*" oxidation to Ru>". However,
instead of shifting further, the absorption edge shifts back gradually to a lower energy level during
later stage of charging. Such abnormal behavior is called as a reductive coupling mechanism
(RCM), as reported previously for Li;Rug75Sng,505 and regular Li;RuO; material,”’36 which is
known as a process where anionic redox is triggered that O ions are oxidized and structurally
accommodated by O-O dimerization. However, for ID-Li,RuOs3, the Ru K-edge shifts to a higher
energy without shifting back during charging, showing the absence of RCM and thus O-O
dimerization in ID-Li;RuOs.

In addition, in situ DEMS measurement (Figure 6d and e) shows no O, gas generation during
charge process of ID-Li,RuQOj; (even for charge voltage of 5.0 V) in opposite to R-Li,RuQOs; that
has substantial O, release. Considering that in both structures the first charge delivered extra
capacities that calls for both oxidations of Ru and oxygen, there is no reason to have ID-Li,RuO;
to be free of oxygen release while R-Li,RuQOj; isn’t. The only possible explanation could be that
ID-Li,RuOs; has a different oxygen redox behavior from O-O dimerization which is highly prone
to form O, gas.

Overall, we demonstrate that the complementary evidences of Raman, ABF-STEM, XANES,

and DEMS can convincingly prove ID-Li,RuQ; is free of O-O dimerization during its oxygen

redox.

Changes in the revised manuscript
Raman spectra (Figure 7f), ABF-STEM (Figure 7a), Ru K-edge X-ray absorption near edge
structure (XANES) spectra of R-Li,RuOs served as control group (Figure S12) were supplemented

and corresponding discussions were given in the manuscript (Line 10-17, Page 25; Line 19-22,



Page 16; Line 1-8, Page 17) as follows:

Raman analysis was also performed to confirm the structural response mode. The Raman
spectra of the 4.8V charged ID-Li,RuO; and R-Li,RuO; were obtained with excitation light of a
He-Ne laser at 633 nm wavelength, as shown in Figure 7f. The Raman stretch of O—O dimer (O,)™
at 847 cm’ (in accordance with ~ 850 cm’! reported preViouslyM) was observed in charged
R-Li;RuO; sample while not in charged ID-Li,RuO;. Hence, unlike the R-Li,RuQOs;, the O-O
dimerization didn’t occur in ID-Li,RuO; during charge process, coinciding with our prediction
from DFT calculation and Ru K-edge XANES spectra.

Changes in the Ru oxidation state in ID-Li,RuO; were determined by examining the ex situ
X-ray absorption near edge structure (XANES) spectra of the Ru K-edge, as shown in Figure 5a.
The Ru K-edge continuously shifts to a higher energy below 4.3 V, indicating continuous
oxidation of Ru, whereas the Ru K-edge remains unchanged when charging from 4.3 V to 4.8 V.
This behavior differs from the Ru K-edge XANES spectra of R-Li,RuOj; (Figure S12). R-Li,Ru0O;
presents a shift of absorption edge back to lower energy at the end charging (4.1-4.6 V), i.c., the
reductive coupling mechanism (RCM), as reported previously for Li;Rug75Sn,50; and regular
Li,RuO; material,*>** which is known as a process where anionic redox is triggered that O ions
are oxidized and structurally accommodated by O-O dimerization. However, for ID-Li,RuQO3, the
Ru K-edge shifts to a higher energy without shifting back during charging, showing the absence of

RCM and thus O-O dimerization in ID-Li;RuOs.
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Figure 7. The local structure of ID-Li,RuO; and R-Li,RuO; upon charging and discharging. (a)
The ABF-STEM image of 4.8 V charged ID-Li,RuO; along [001] zone axis; (b) The gray value
variation of ABF-STEM image along b1, b2, and b3 directions (marked with white dotted arrows);
(c) the enlarged image of the of the red hexagon marked RuOg, the value between dark black dot
and light black dot are the corresponding projected Ru—O distances; (f) The Raman spectra of 4.8
V charged ID-Li,RuO; and R-Li,RuOs3; The variation of total coordination number of R-Li;RuO;

(g) and ID-Li,RuO; (h) during charge and discharge processes, obtain from EXAFS fitting.
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Figure S12. Ru K-edge XANES spectra of R-Li,RuQO; during charge and discharge processes.

Comment 5
Figure 6: Please compare the difference of the phase evolution of R-Li2RuO3 and ID-Li2RuO3,
and explain why the differences occur. Then, the authors would be able to discuss the origin of the

better cycle stability of ID-Li,RuQOs;. The present Figure 6 and relating part only report 'results'.

Response to Comment 5

The phase evolution of both ID-Li,RuO; and R-Li,RuQO; are analyzed from XRD patterns.
According to the refinement of XRD pattern of the 4.8 V charged ID-Li,RuO;, we find that
ID-Li,RuO; kept in C2/m phase with lattice parameter changed during delithiation, as shown in

Figure S16, Table S8, and Table S9. The B was changed from 108.5870° to 90.0097°, indicating



that the layered structure was altered from O3- to Ol-type C2/m phase.‘"19 As shown clearly in
Figure S17, the phase changed from O3- to Ol-type structure gradually during charge process,
then almost return back to O3-type structure of the pristine during discharge process. In addition,
the migration of Ru to Li layer is almost absent according to the refinement. Hence, the long-range
structure of ID-Li,RuOs is reversible during charge and discharge processes. More importantly, O,
release was not occurred, demonstrated by in situ DEMS measurement (Figure 6d).

In contrast, the R-Li,RuO; undergoes an irreversible phase transition, as shown in Figure S18.
The XRD patterns variation of our R-Li;RuO; during charge and discharge processes are similar

to the results that reported by Inaguma et al.'' As revealed by Inaguma et al., the structure changed

from C2/c (or C2/m) phase to a mixed phase of R3 and C2/c when charged to 3.8 V, then the
structural transition with oxygen evolution occurs when further charged to 4.8 V, and the
corresponding structure is unknown.'' Similar to the reference,' the structure of R-Li,RuO;
cannot be recovered to the pristine during discharge processes. The crystallinity is lowered after
the first charge-discharge cycle. Hence, the long-range structure of R-Li,RuQ; is irreversible
during charging and discharging, which should be related to the oxygen evolution and TM
migration. Indeed, the in situ DEMS result of R-Li,RuOj; (Figure 6¢) show considerable O, release,
in accordance with the irreversible processes revealed by XRD patterns, resulting in a poor
cycling stability.

Combining the results of the XRD patterns and DEMS, the main difference of phase
transition between ID-Li,Ru0O; and R-Li,RuO;3 is reversibility. The irreversible phase transition of
R-Li;RuOs; is induced by the structural degradation associated with oxygen loss. In contrast, the
phase transition of ID-Li,RuQj is reversible with no oxygen loss occurred. The origin of these
difference is related to the local structural response mode of O—O dimerization and telescopic O—
Ru-O configuration for R-Li,RuO; and ID-Li,RuOs, respectively. Therefore, ID-Li;RuO; shows

much better cycling stability than R-Li,RuQOj;.
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Changes in the revised manuscript

Comparative ex situ XRD analysis of ID-Li,RuO; (Figure S16, S17, Table S8, S9) and
R-Li;RuO3 (Figure S18) during charging/discharging was supplemented, corresponding
discussions were given in the manuscript (Line 12-22, Page 20; Line 1-12, Page 21). Changes are
as follows:

According to the refinement of XRD pattern of the 4.8 V charged ID-Li;RuO3;, we find that

ID-Li,RuOs; kept in C2/m phase with lattice parameter changed during delithiation, as shown in



Figure S16, Table S8 and S9. The  was changed from 108.5870° to 90.0097°, indicating that the

layered structure was altered from O3- to Ol-type C2/m phase.u’36

As shown clearly in Figure
S17, the phase changed gradually from O3- to Ol-type structure during charge process, then
almost returned back to O3-type structure of the pristine during discharge process. Hence, the
long-range structure of ID-Li,RuQOs; is reversible during charge and discharge processes. In
addition, the migration of Ru to Li layer is almost absent according to the XRD refinement as the
occupancies of Ru in Li layer are about 0.023% and 0.025% of the total Li site in Li layer for
pristine and charged (4.8 V) ID-Li, RuO3, respectively, which is consistent with the results of the
formation energy of Ru anti-site defects (Figure S5). In contrast, the R-Li,RuO; undergoes an
irreversible phase transition, as shown in Figure S18. The XRD patterns variation of our

R-Li;RuO; during charge and discharge processes are similar to the results that reported by

Inaguma et al.¥ As revealed by Inaguma et al., the structure changed from C2/c phase to a mixed

phase of R3 and C2/c when charged to 3.8 V, then the structural transition with oxygen evolution
occurs when further charged to 4.8 V, and the corresponding structure is unknown.* Similar to the
reference,” the structure of R-Li,RuOs cannot be recovered to the pristine case during discharge
processes. In short, the long-range structure of ID-Li,RuO; is reversible during charge and

discharge processes, in contrast to the irreversible processes of ID-Li,RuQ;, resulting in better

cycling stability.
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Figure S16. The refinement of XRD patterns of ID-Li,RuOj that charged to 4.8 V.



Table S8. Crystallographic parameters and structure determination details for 4.8V charged

ID-Li,RuO; from XRD refinement.

Sample 4.8Vcharged ID-Li,Ru0O;
Space group C2/m (No. 12)
a(A) 5.037718
b (A) 8.718863
c(A) 4.712646
a=v(°) 90.000
B(°) 90.0097
Volume (A%) 206.99
Ryp (%) 4.22
R, (%) 3.22

r 4.757




Table S9. Atomic coordinates of 4.8 V charged ID-Li,RuQO; from XRD refinement.

Coordinates
Atom Site Occupation Uiso (AZ)

X y z
Ru(1) 4h 0.000000 0.168110 0.500000 0.701547 0.045805
Li(1) 4h 0.000000 0.168110 0.500000 0.030000 0.039030
Li(2) 2d -0.500000 0.000000 0.500000 0.030000 0.039030
Ru(2) 2d -0.500000 0.000000 0.500000 0.596161 0.047284
Li(3) 4g -0.500000 -0.158000 0.000000 0.100000 0.038628
Ru(3) 4g -0.500000 -0.158000 0.000000 0.000254 0.045635
Li(4) 2a 0.000000 0.000000 0.000000 0.100000 0.038670
Ru(4) 2a 0.000000 0.000000 0.000000 0.000237 0.048176
0O(1) 8j 0.330751 0.170456 0.273423 1.000000 0.039911
0(2) 4 -0.150312 0.000000 0.276555 1.000000 0.037253
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Figure S17. The ex situ XRD patterns of ID-Li,RuO;. 1C, 1D represent the first charge and

discharge, respectively.
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Figure S18. The ex situ XRD patterns of R-Li,RuO; during charging and discharging. 1C, 1D

represent the first charge and discharge, respectively.
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