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Selective Anionic Redox and Suppressed Structural
Disordering Enabling High-Energy and Long-Life
Li-Rich Layered-Oxide Cathode
Jinho Ahn, Jungmin Kang, Min-kyung Cho, Hyunyoung Park, Wonseok Ko, Yongseok Lee,
Hyun-Soo Kim, Young Hwa Jung, Tae-Yeol Jeon, Hyungsub Kim, Won-Hee Ryu,
Jihyun Hong,* and Jongsoon Kim*

The simultaneous use of cation and anionic redox reactions in
Li-rich layered oxides (LRLOs) results in high energy densities
(≈1100 Wh kg−1) far exceeding those of conventional stoichiometric layered oxides, LiMO2 (≈800 Wh kg−1), in Li-ion batteries
(LIBs).[1–6] However, LRLOs generally suffer from undesired

phase transitions to spinel-like or rocksaltlike disordered structures caused by the
irreversible migration of transition-metal
(TM) ions into the Li layers during longterm battery operation. The structural evolution continuously shuffles the chemical
potential of Li ions and impedes Li-ion
hopping, resulting in gradual voltage
decay and poor cycle life.
A predominant theory of the origin of
TM migration emphasizes the ability of
the material to stabilize oxygen holes and
inhibit oxygen release, which increases
with the covalency of the TMO bond.
When using a 4d TM instead of a 3d
TM, the enhanced covalency between the
TM and O enables the reversible anionic
redox.[2,7–9] For example, Li2RuO3 reversibly exhibits high capacity of the cationic
and anionic redox couples and releases a
negligible amount of O2 gas.[10] Nevertheless, significant voltage decay is observed
for Li2RuO3, which stems from the accumulation of Ru cations
in the Li layers,[11,12] indicating that the ability to hold oxygen in
its lattice does not necessarily inhibit TM migration. Recently,
Chueh and co-workers proposed a thermodynamic explanation for the coupling between the anionic redox and TM
migration, which is that the oxidized oxygen anions favor less
coordination with TM cations; this is achievable via structural
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Despite their high energy densities, Li-rich layered oxides suffer from low
capacity retention and continuous voltage decay caused by the migration
of transition-metal cations into the Li layers. The cation migration stabilizes
oxidized oxygen anions through the decoordination of oxygen from the metal
once the anions participate in the redox reaction. Structural disordering is thus
considered inevitable in most Li-rich layered oxides. However, herein, a Mg-substituted Li-rich layered oxide, Li1.2Mg0.2Ru0.6O2, with high structural and electrochemical stability is presented. Although using both cationic and anionic redox
reactions, Ru migration in Li1.2−xMg0.2Ru0.6O2 is thermodynamically unfavored
as a result of selectively oxidized O ions, suppressed structural disordering, and
the formation of short (1.75 Å) Ru=O bonds enabled within the layered framework, which effectively decoordinate the oxidized O ions. The unprecedentedly
high structural stability of Li1.2Mg0.2Ru0.6O2 leads to not only a high energy
density of 964 Wh kg−1 but also outstanding rate capability and cycle performance. These findings demonstrate the potential of this practical strategy for
the stabilization of Li-rich layered oxides even with prolonged cycling.

1. Introduction
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disordering.[13–15] It is therefore essential to design novel LRLOs
with the capability to stabilize oxidized oxygen species without
significant TM migration and to hold the oxygen anions with
sufficient TMO covalency to improve the practical feasibility
of Li1+xM1−xO2.
Herein, we report a new Mg-substituted LRLO,
Li1.2Mg0.2Ru0.6O2 or Li2−2xRu1−xMg3xO3 (x = 0.1), with excellent
capacity and voltage retention enabled by thermodynamically
suppressed structural disordering. While reversibly utilizing
93% of the theoretical capacity (283 mAh g−1), corresponding
to 1.12 Li per formula unit below the low charge cut-off voltage
of 4.4 V (vs Li+/Li) based on cationic and anionic redox reactions, Li1.2Mg0.2Ru0.6O2 underwent the reversible change of
long-range structural ordering with negligible out-of-plane and
in-plane cation migration. Using combined first-principles
calculations and various structural probes, we reveal that the
Mg ions stabilize the neighboring Ru in octahedral sites in
the delithiated state by selectively oxidizing oxygen anions and
forming short (1.75 Å) RuO bonds through a slight distortion,
which effectively decoordinates O anions from TM cations.
Because of the high structural stability, Li1.2Mg0.2Ru0.6O2
exhibits 46% less voltage decay than Li2RuO3 and excellent
cycle performance, retaining 83% of its initial capacity after
300 cycles. The suppressed cation hopping of Li1.2Mg0.2Ru0.6O2
results in high rate capability, delivering a specific capacity of
194 mAh g−1 at a current density of 608 mA g−1, corresponding
to 68.5% of the capacity at 15.2 mA g−1.

2. Results and Discussion
2.1. Comparison of Electrochemistry of Li1.2Mg0.2Ru0.6O2 and Li2RuO3
We designed Li1.2Mg0.2Ru0.6O2 as a model system comparable to
Li2RuO3 with respect to the redox chemistry. The oxidation state
of Ru is +4 in both materials in their pristine states. Theoretically,
Ru4+/Ru5+ cation oxidation results in the extraction of half of the
Li ions, forming Li0.6Mg0.2Ru5+0.6O2 and Li1Ru5+O3, respectively.
When fully delithiated, the formal oxidation states of oxygen are
−1.7 and −1.67 in Mg0.2Ru0.6O2 and RuO3, respectively. As Mg2+
is a redox-inactive element, we hypothesize that Mg2+ serves as a
structural stabilizer. Li1.2Mg0.2Ru0.6O2 was prepared via a simple
solid-state method, and the detailed experimental procedure is
described in the Experimental Section. As shown in Figure 1a,
using X-ray diffraction (XRD) analysis and Rietveld refinement,
Li1.2Mg0.2Ru0.6O2 was characterized as a layered structure (space
group: monoclinic C2/c, a = 5.02059(16) Å, b = 8.7517(3) Å, c =
9.85575(19) Å, and β = 99.842(3) °) with no impurity phases.
The low R-factors (Rp = 9.26%, RI = 4.77%, RF = 3.02%, and χ2 =
9.93%) indicate the high accuracy of the Rietveld refinement. The
detailed structural information of Li1.2Mg0.2Ru0.6O2, including the
atomic positions, Biso, and occupancies, are tabulated in Table S1
(Supporting Information). In addition, Mg was present at the
atomic sites of Ru and Li in the TM layer of the structure. The
sharp superlattice peaks in the 2θ range of 20°–32° reflect
the honeycomb-like in-plane structural ordering of Li(RM)2 (RM
= Ru–Mg) with few antisite defects or stacking faults.[16]
The transmission electron microscope (TEM) image and
energy-dispersive X-ray spectroscopy (EDS) elemental maps
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(Figure 1b) reveal that Mg and Ru were homogenously distributed in the Li1.2Mg0.2Ru0.6O2 particles. The atomic ratio of Ru
to Mg was 3.01, which is consistent with the value measured
using inductively coupled plasma atomic emission spectrometry (Table S2, Supporting Information). The average particle
size was ≈1 µm, as observed in the field-emission scanning
electron microscopy (FE-SEM) images in Figure S1 (Supporting
Information). The selected-area diffraction patterns (SAED,
Figure 1c) indicated the presence of the (002), (111), and (113)
planes of a monoclinic phase and confirmed the single-crystalline particles of the synthesized material.
To predict the electrochemical properties and reaction
mechanism of Li1.2Mg0.2Ru0.6O2 during Li+ de/intercalation, we
performed first-principles calculations based on the structural
information obtained from the XRD and Rietveld refinement
analyses. To determine the suitable supercell structure for firstprinciples calculation, we prepared various Li1.2Mg0.2Ru0.6O2
supercells with different Ru/Mg/Li arrangement using clusterassisted statistical mechanics (CASM) software[17] and compared
their formation energies using first-principles calculation.
As shown in Figure S2 (Supporting Information), the supercell used in our research was the most thermodynamically
stable supercell. Numerous Li+/vacancy configurations for
various LixMg0.2Ru0.6O2 compositions were prepared using
the CASM software. Their formation energies were compared
to identify the thermodynamically stable crystal structures of
LixMg0.2Ru0.6O2, and then, they were arranged using a convexhull plot (Figure S3a, Supporting Information). The theoretical
redox potentials of LixMg0.2Ru0.6O2 during Li+ de/intercalation
were calculated using the following equation
V = −

E [ Li x2 Mg 0.2 Ru 0.6 O2 ] − E [ Li x 1 Mg 0.2 Ru 0.6 O2 ] − ( x 2 − x 1 )E [Li ]

( x 2 − x1 )F

(1)

where V is the average redox potential in the range of
x1 ≤ x ≤ x2; E represents the calculated formation energy for
the most stable configurations of each LixMg0.2Ru0.6O2 composition; and E[Li] and F are the Li metal energy and Faraday
constant, respectively. The first-principles calculations results
imply that ≈1.2 mol Li+ are reversibly de/intercalated in the
LixMg0.2Ru0.6O2 structure. Figure S3b (Supporting Information) shows that these predicted theoretical redox potentials
of Li1.2Mg0.2Ru0.6O2 during Li+ de/intercalation are consistent
with the electrochemically measured galvanostatic intermittent titration technique (GITT) results in the voltage range of
2.0–4.4 V (vs Li+/Li). Li1.2Mg0.2Ru0.6O2 was shown to deliver specific capacities of 299 and 283 mAh g−1 during the first charge
and discharge, respectively, with a high Coulombic efficiency
of ≈94.6% for the initial cycle. These values correspond to 1.18
Li and 1.12 Li per formula unit, respectively, far exceeding the
redox capability of the Ru4+/Ru5+ couple (0.6 Li per formula
unit), thereby confirming the high reactivity and reversibility
of both cationic (Ru4+/Ru5+) and anionic (O2−/O1−) redox.
The low irreversible capacity and differential electrochemical
mass spectroscopy (DEMS) results (Figure S4, Supporting
Information) are consistent with previous DEMS results of Rubased Li-rich layered oxides showing negligible oxygen release
during cycling,[10,18,19] based on the highly covalent nature
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Figure 1. a) Rietveld refinement of XRD pattern of Li1.2Mg0.2Ru0.6O2 (Rp = 9.26%, RI = 4.77%, RF = 3.02%, χ2 = 9.93%). b) TEM-EDS map of Li1.2Mg0.2Ru0.6O2
(atomic ratio of Mg:Ru = 1:3.01). c) SAED pattern. d) Comparison of charge/discharge capacities and Coulombic efficiency in Li1.2Mg0.2Ru0.6O2 and
Li2RuO3 over 100 cycles at 15.2 mA g−1. e) Comparison of normalized charge/discharge profiles for 100 cycles in Li1.2Mg0.2Ru0.6O2 and Li2RuO3.
f) Comparison of average discharge voltage in Li1.2Mg0.2Ru0.6O2 and Li2RuO3.

of 4d transition metaloxygen bonds. The highly accessible
capacity within a reasonable voltage window (2.0–4.4 V vs Li)
is consistent with the theoretical electrochemistry predicted
by first-principles calculations. In addition, it was verified
that Li1.2Mg0.2Ru0.6O2 exhibited poor Coulombic efficiency of
≈89.5% in the voltage range of 2.0−4.8 V (vs Li+/Li), whereas
its Coulombic efficiency was greater than ≈94.6% in the voltage
range of 2.0−4.4 V (Figure S5, Supporting Information). The
reduced Coulombic efficiency in the voltage range of 2.0–4.8 V
was speculated to result from the irreversible reaction caused
by the instability of conventional carbonate-based electrolytes in
the high-voltage region above 4.4 V.[20–22]
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We then compared the electrochemistry of Li1.2Mg0.2Ru0.6O2
with that of Li2RuO3 with the same space group and redox
couples and similar particle morphology (Figure S6, Supporting Information). According to the initial charge and discharge measured by GITT in the voltage range of 2.0−4.4 V at
a current density of 15.2 mA g−1, Li1.2Mg0.2Ru0.6O2 exhibited a
higher reversible capacity than Li2RuO3 (Figure S7, Supporting
Information). For the Ru4+/Ru5+ redox reaction, 0.6 mol Li+
and 1 mol Li+ were deintercalated from Li1.2Mg0.2Ru0.6O2 and
Li2RuO3, respectively, with specific capacities of ≈152 and
≈164 mAh g−1, respectively. Whereas there were no remarkable
differences in the Ru4+/Ru5+ redox reaction for Li1.2Mg0.2Ru0.6O2

2102311 (3 of 12)

© 2021 Wiley-VCH GmbH

www.advenergymat.de

www.advancedsciencenews.com

and Li2RuO3, the anionic redox reactions of O2−/O1− differed for
Li1.2Mg0.2Ru0.6O2 and Li2RuO3. For Li2RuO3, the voltage greatly
increased after 1 mol Li deintercalation, and only 0.4 mol Li+
(corresponding to ≈65.6 mAh g−1) could be deintercalated
from the structure via the anionic redox reactions of O2−/O1−.
In contrast, for Li1.2Mg0.2Ru0.6O2, 0.58 mol Li+ (corresponding
to ≈146.9 mAh g−1) could be deintercalated by the anionic
redox reactions of O2−/O1− without remarkable change of the
voltage profile. The increased use of the anionic redox reaction (0.6Li/2O vs 0.4Li/3O) is attributed to the improved structural stability of Li1.2Mg0.2Ru0.6O2, which enabled occurrence
of the stable and considerable anionic redox reactions of O2−/
O1− at Li1.2Mg0.2Ru0.6O2 unlike for Li2RuO3. Because of the different phase behavior during charge/discharge, the voltage plateau of anionic redox reaction appeared at lower potential for
Li1.2Mg0.2Ru0.6O2 than for Li2RuO3. The long-term electrochemical stability of Li1.2Mg0.2Ru0.6O2 was then measured and compared with Li2RuO3. Figure 1d confirms that Li1.2Mg0.2Ru0.6O2
and Li2RuO3 both exhibited stable cycle performance, retaining
specific capacities of 232 and 174 mAh g−1 after 100 cycles,
respectively, with high Coulombic efficiencies above 99%
in both cases. Interestingly, we note that the evolution of the
voltage profiles significantly differed (Figure 1e). The electrochemical profiles of Li1.2Mg0.2Ru0.6O2 stably retained their
overall shape for 100 cycles, whereas Li2RuO3 suffered from
dramatic voltage decay, losing its original profile, as observed in
the differential capacity versus voltage (dQ/dV) plots (Figure S8,
Supporting Information). In addition, we calculated the average
discharge voltages by dividing the total energy density by the
specific capacity measured in the voltage range of 2.0−4.4 V
(vs Li+/Li). Quantitatively, the average discharge voltages of
Li1.2Mg0.2Ru0.6O2 and Li2RuO3 decreased from 3.40 to 3.21 V
and from 3.36 to 3.00 V, respectively, from the 1st to 100th cycle
(Figure 1f). For Li1.2Mg0.2Ru0.6O2, the rate of voltage decay was
−1.9 mV per cycle, equivalent to 54% of that for Li2RuO3. As
the chemical potential of Li ions, i.e., the local atomic configuration, determines the (de)lithiation voltage, we attribute the
suppressed voltage decay observed in Li1.2Mg0.2Ru0.6O2 to the
mitigated cation migration. In contrast, Li2RuO3 suffers from
structural disordering, similar to most LRLOs.[11,15,23,24]
2.2. High Structural Stability of Li1.2Mg0.2Ru0.6O2 with Suppressed
Structural Disordering and Restricted Cation Migration
To confirm the role of Mg in stabilizing the Li1.2Mg0.2Ru0.6O2
structure, we captured scanning transmission electron
microscopy-high-angle annular dark field (STEM-HAADF)
images and selected-area electron diffraction (SAED) patterns
of Li1.2Mg0.2Ru0.6O2 and Li2RuO3 electrodes before and after
repeating charge and discharge for 50 cycles (Figure 2a–d).
In the pristine states, both materials are consisted of layered
structures without interlayer cation mixing (Figure 2a,c), with
histograms across the Li and RM slabs (RM = Ru–Mg) confirming a sharp intensity contrast between the Li and RM
layers. STEM-HAADF analyses further showed that Mg was
not detected in the Li layer of the Li1.2Mg0.2Ru0.6O2 structure.
After 50 cycles, Li1.2Mg0.2Ru0.6O2 and Li2RuO3 exhibited distinct
structural characteristics. Notably, Li1.2Mg0.2Ru0.6O2 maintained
Adv. Energy Mater. 2021, 11, 2102311

its original layered structure with a negligible number of heavy
elements in the Li layers (Figure 2b). Accordingly, no notable
differences were observed in the SAED patterns of the pristine
and cycled samples. This high structural stability is considered
to be the origin of the suppressed voltage decay (Figure 1e) of
Li1.2Mg0.2Ru0.6O2. In stark contrast, severe disordering of the
original structure of Li2RuO3 occurred during prolonged cycling
(Figure 2d), consistent with previous reports.[25] The STEMHAADF image reveals a considerable number of Ru ions in the
octahedral sites of the Li layer, as highlighted by the red arrows
in the signal profiles. The SAED pattern reveals the emergence of additional spots, indicating the local formation of new
phases. Moreover, to improve the validity of our observation,
we included more STEM-HAADF images of cycled samples in
Figure S9 (Supporting Information). Ex situ XRD analysis confirmed the extraordinary structural stability of Li1.2Mg0.2Ru0.6O2.
The honeycomb-like in-plane cation ordering remained intact
even after long-term cycling (Figure S10, Supporting Information), which has rarely been observed in most LRLOs exploiting
anionic redox.[15,26,27]
Because the long-term structural evolution is determined by
the accumulation of the irreversibility in every cycle, we investigated the phase behavior of Li1.2Mg0.2Ru0.6O2 and Li2RuO3
during the initial delithiation and lithiation processes using
operando XRD analysis (Figure 2e–h). The XRD patterns
of Li1.2Mg0.2Ru0.6O2 (Figure 2e,f) confirm its unprecedentedly high structural stability and reversibility. As shown in
Figure S11 (Supporting Information), the (002) peak shifted
toward lower angle during Ru4+/Ru5+ oxidation and the formation of Li0.6Mg0.2Ru0.6O2. This result indicates the occurrence
of a solid-solution reaction with lattice expansion of 0.1% along
the c-axis (from 9.89 to 9.91 Å). Further charging beyond 3.8
to 4.1 V and oxidizing oxygen anions resulted in a transition
from the α phase (O3-type phase) to the α’ phase (distorted
O3-type phase). At the voltage plateau at 4.1 V, the delithiation
occurred via a solid-solution reaction of the α’ phase, resulting
in an increase in the c lattice parameter by 0.01%. The total
volume change in Li1.2Mg0.2Ru0.6O2 was less than 3%. During
discharge, the phase transition occurred symmetrically in a
reverse manner, resulting in full recovery of the original structure. Notably, the intensity and sharpness of the superstructure peaks and (002) peak were maintained throughout the
electrochemical cycling (Figure S12, Supporting Information).
These results strongly indicate that the migration of Mg and
Ru cations did not occur in either the in-plane or out-of-plane
directions in Li1.2Mg0.2Ru0.6O2 (Figure S13 and Tables S3–S5,
Supporting Information). In contrast, Li2RuO3 underwent a
phase transition from the α to β phase (O1-type phase) accompanying the irreversible cation migration, similar to other
LRLOs.[8,11,15,27–29] Notably, the α’ phase of Li1.2−xMg0.2Ru0.6O2
does not require slab sliding to form, unlike the β phase of
Li2−xRuO3. Slab sliding causes severe strain or micro-cracks of
the particles. The higher structural stability of Li1.2Mg0.2Ru0.6O2
during Li+ de/intercalation relative to that of Li2RuO3 was also
confirmed by comparing the variation of the residual strain as
a function of Li content for Li1.2Mg0.2Ru0.6O2 and Li2RuO3. We
calculated the lattice strain using the Williamson–Hall isotropic
strain model (W-H ISM), based on the broadness of the operando XRD peaks.[30,31] To account for peak broadening by the
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Figure 2. STEM-HAADF images and SAED patterns. The plots below show the HAADF signal profiles of the regions enclosed by the dotted lines in the
STEM images. a) Li1.2Mg0.2Ru0.6O2, pristine, b) Li1.2Mg0.2Ru0.6O2, after 50 cycles, c) Li2RuO3, pristine, and d) Li2RuO3, after 50 cycles; images along the [
110] and [310] zone axis. The highlights in the signal profiles, SAED patterns, and STEM image indicate the Ru migration. e) Operando XRD patterns and
f) magnified views of Li1.2Mg0.2Ru0.6O2 during charge/discharge. g) Operando XRD patterns and h) magnified views of Li2RuO3 during charge/discharge.

instrumental effect, the corrected full-width at half-maximum
(FWHM) was determined using the following equation

β hkl =

β12 − β22

(2)

where βhkl, β1, and β2 are the corrected FWHM, observed
FWHM, and instrumental broadening, respectively. They
were determined using lanthanum hexaboride (LaB6) standard
Adv. Energy Mater. 2021, 11, 2102311

powder.[32] βhkl indicates the contribution of lattice strain and
crystallite size in the W-H ISM. The two independent factors,
the lattice strain and crystallite size, also contribute to the total
peak broadening, as shown in the following equation

β hkl cosθ hkl = 4ε sin θ hkl +

2102311 (5 of 12)
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here θhkl, K, λ, and ε are the Bragg angle, shape factor
(=0.9), X-ray wavelength, and lattice strain, respectively. The
strain information can be calculated in the linear fitting with
an x-axis (4sinθhkl) and y-axis (βhklcosθhkl) based on the equation
above. After being charged and discharged, the lattice strain of
Li1.2Mg0.2Ru0.6O2 increased to 111.7% and recovered to 106.6%
of the original value. For Li2RuO3, the lattice strain increased
to 212.2% and 225.6% after charge and discharge, respectively,
and did not recover (Figures S14 and S15, Supporting Information). Li1.2Mg0.2Ru0.6O2 delivered a lower strain change than
Li2RuO3, with the lack of slab sliding contributing to the high
structural stability of Li1.2Mg0.2Ru0.6O2.
2.3. Localized Oxidation of Oxygen Anions in Li1.2−xMg0.2Ru0.6O2
The reversible cationic and anionic redox reactions in
Li1.2Mg0.2Ru0.6O2 were verified by ex situ X-ray absorption near
edge structure (XANES) and soft X-ray absorption spectroscopy
(sXAS). The Ru K-edge XANES spectra shifted to higher energy
during the initial charge to 3.9 V and negligibly moved upon
further delithiation to 4.4 V (Figure 3a), indicating the sequential oxidation of Ru and O. The extended X-ray absorption fine
structure (EXAFS) spectra reveal the reversible shortening and
recovery of RuO bond lengths, confirming the reversible cationic and anionic redox reactions (Figure 3b). The successive
oxidations of Ru and O during delithiation were confirmed by
the sXAS O K-edge spectra and corresponding difference plots
(Figure 3c). The pre-edge peak corresponds to the unoccupied
Ru 4d–O 2p t2g hybridized orbital moved from 530 to 529 eV,
and the increased intensity during the half-charge to 3.9 V
indicates an increase in the hole occupancy in the hybridized
orbital, confirming the oxidation of Ru4+ to Ru5+.[33–35] During
further delithiation from 3.9 to 4.4 V, an increase in the absorbance at 530.4 eV was observed in the difference plot (lower
panel of Figure 3c). The increased intensity at 530.4 eV originates from the localized feature of the oxidized oxygen state,
which confirms the anion redox.[13–15,36–39]
To investigate the redox mechanism of Li1.2Mg0.2Ru0.6O2
at the atomic level, density functional theory (DFT) calculations were performed. Figure 3d shows the changes
in the projected density of states (pDOS) of O and Ru in
Li1.2−xMg0.2Ru0.6O2, where x = 0, 0.6, and 1.2. The delithiation
from Li1.2Mg0.2Ru0.6O2 to Li0.6Mg0.2Ru0.6O2 creates holes in the
Ru 4d–O 2p hybrid orbital, indicating the oxidation of Ru4+ to
Ru5+, consistent with the XANES and sXAS results. The electron density in O 2p was dominant over that in Ru 4d near the
Fermi level in Li0.6Mg0.2Ru0.6O2, indicating that the oxygen–
redox reaction will likely occur during the further delithiation
from Li0.6Mg0.2Ru0.6O2. As expected, an increased hole density
in O 2p near the Fermi level was observed in Li0Mg0.2Ru0.6O2,
confirming the anionic redox. The sequential oxidation of Ru
and O species was further supported by the successive changes
of the total magnetic moments of Ru and O, as shown in
Figure S16 (Supporting Information).
Visualization of the electron and hole densities further revealed the redox mechanism of individual atoms in
Li1.2−xMg0.2Ru0.6O2 (Figure 3e). The shape of the unoccupied Ru orbitals in Li0.6Mg0.2Ru0.6O2 was the same as that
Adv. Energy Mater. 2021, 11, 2102311

in Li0Mg0.2Ru0.6O2, indicating that further oxidation of Ru
beyond the pentavalent state did not occur. In addition, the
hole density of oxygen anions increased during the delithiation from Li0.6Mg0.2Ru0.6O2 to Li0Mg0.2Ru0.6O2. Interestingly,
in Li1.2−xMg0.2Ru0.6O2, only a fraction of the oxygen anions participate in the redox reaction, whereas all the oxygen anions
equally contribute to the capacity in Li2−xRuO3. For instance,
the oxygen anions neighboring two Ru cations form a localized
hole more than those neighboring Mg cations highlighted by
dotted circles in Figure 3e. The localized oxidation of oxygen
anions is attributed to the diverse local environments in
Li1.2Mg0.2Ru0.6O2 in contrast to the uniform oxygen environments in Li2RuO3 (see Figure S17 for further details, Supporting
Information). Whereas there is only one local environment of
all O anions in the Li2−xRuO3 structure (two Ru near each O),
O anions in Li1.2−xMg0.2Ru0.6O2 can have various local environments because of the presence of Mg (Figure S17, Supporting
Information). The possible local environments of O anions in
the Li1.2−xMg0.2Ru0.6O2 structure are as follows: 1) two Ru near
one O, 2) two Ru and one Mg near one O, 3) one Ru and one
Mg near one O, and 4) one Ru and two Mg near one O. The anionic redox reaction of O2−/O1− can occur at the O anions with
the large pDOS of the O 2p orbital below the Fermi level.[40] For
the Li1.2Mg0.2Ru0.6O2 structure, certain O anions were shown to
have a large pDOS below the Fermi level, implying that certain
O anions in the Li1.2Mg0.2Ru0.6O2 structure selectively participate in the anionic redox reaction of O2−/O1−.
2.4. Origin of Suppressed Structural Disordering in Delithiated
Li1.2−xMg0.2Ru0.6O2
Given the localized oxygen oxidation induced by the Mg cations, first-principles calculations were performed to determine
the thermodynamic reason for the suppressed structural disordering in the delithiated Li1.2−xMg0.2Ru0.6O2. Figure 4a,b shows
the site energy on the path of cation migration from the original
octahedral site in RM layers to the octahedral site in Li layers.
Unexpectedly, the results indicate that both the intermediate
and final sites were less stable than the original site for the Ru
cation in delithiated Li1.2−xMg0.2Ru0.6O2, unlike for Li2−xRuO3.
We believe that the selective oxidation of oxygen anions
caused by the Mg substitution contributes to the improved
structural stability of the LRLO. The localized anion oxidation left some oxygen anions inert, stabilizing the (RM)O6
octahedral sites. Figure 4c shows the changes in the volume
of RuO6 octahedral sites in Li1.2−xMg0.2Ru0.6O2 and Li2−xRuO3,
for which Ru and O are in comparable formal oxidation states.
In the pristine states with Ru4+ and the half-charged states
with Ru oxidized to 5+, both materials have similarly sized
RuO6 octahedrons. However, when fully delithiated via anionic
redox, many of the RuO6 in Li1.2−xMg0.2Ru0.6O2 remain more
spacious than those in Li2−xRuO3. The localized oxygen oxidation and consequently mitigated contraction of the octahedral sites result in the suppressed formation of OO dimers
and, thereby, the less distorted RuO6 in Li1.2−xMg0.2Ru0.6O2
(Figure S18, Supporting Information). The bulky MgO6 with
rigid OMgO bond angles likely reduced the contraction
of RuO6. The suppressed distortion and the sufficiently large
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Figure 3. Ex situ analyses of Li1.2Mg0.2Ru0.6O2: a) Ru K-edge XANES spectra, b) EXAFS spectra, c) O K-edge sXAS spectra and difference spectra (lower
panel) of sXAS obtained from (a). d) pDOS of Ru 4d and O 2p of LixMg0.2Ru0.6O2 (0 ≤ x ≤ 1.2). e) Visualized pDOS on O 2p and Ru 4d orbitals on
Li0.6Mg0.2Ru0.6O2 and Li0Mg0.2Ru0.6O2: electron density (yellow) and hole density (blue).
Adv. Energy Mater. 2021, 11, 2102311
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Figure 4. a) Illustration of Ru-migration paths from initial to intermediate to final state. b) Relative site energies of tetrahedral (intermediate state) and
octahedral (final state) sites calculated along the migration path of Ru ions. The site energies were normalized based on the initial state. c) Volume of
RuO6 octahedral sites in LixMg0.2Ru0.6O2 (0 ≤ x ≤ 1.2) and LixRuO3 (0 ≤ x ≤ 2) as a function of the oxidation states of Ru and O ions. d) Average volume
of RuO6 octahedral sites in Li0RuO3 as a function of the octahedral sites of the final state. e) Magnified view of crystal structures corresponding to
dotted circle and RuO6 local structure with RuO bond lengths in Li0Mg0.2Ru0.6O2, Li0RuO3, and Li0RuO3 after Ru-migration state.

space for Ru5+ stabilized the original octahedral sites in the
Ru–Mg layers, making the cation migration less favorable in
Li1.2−xMg0.2Ru0.6O2.
For Li2−xRuO3, the severe distortion and contraction of RuO6
destabilized the original sites, inducing the thermodynamically
driven Ru migration. This migration leads to the formation of
short RuO double bonds (1.68–1.69 Å) or makes the oxygen
effectively less coordinated (e.g., RuO > 3.0 Å in the final
state in Figure 4d,e) to stabilize the oxidized oxygen species,
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consistent with a previous report.[14] Depending on the local
configuration, some of the RuO6 sites in Li1.2−xMg0.2Ru0.6O2
have smaller volumes than those in Li2−xRuO3 (highlighted in
Figure 4c). The smallest RuO6 octahedrons in Li0Mg0.2Ru0.6O2
consist of long RuO bonds (2.22–2.25 Å), regular RuO bonds
(1.86 Å), and short RuO bonds (1.75–1.78 Å) similar to RuO
double bonds, showing higher heterogeneity in bond lengths
than that found in Li0RuO3 without disordering (1.81–2.09 Å in
Figure 4e). The formation of effective dangling bonds and the
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Figure 5. a) Charge/discharge curves of Li1.2Mg0.2Ru0.6O2 in the voltage range of 2.0–4.4 V at various discharge current densities and a charge current
density of 15.2 mA g−1. b) Rate capability of Li1.2Mg0.2Ru0.6O2. c) Predicted Li+ diffusion pathway in Li1.2Mg0.2Ru0.6O2 and d) predicted activation barrier
energy for Li+ diffusion in Li1.2Mg0.2Ru0.6O2. e) Cycle performance of Li1.2Mg0.2Ru0.6O2 at 30.4 mA g−1 over 300 cycles in the voltage range of 2.0–4.4 V
(vs Li+/Li).

short bonds was enabled by a small displacement of Ru from
the center of the octahedral sites without the long migration to
the adjacent sites. We attribute this finding to the large honeycomb-like superstructure containing Mg2+, which provides
enough space for Ru5+ to stabilize the oxidized anions within
the original sites (Figure S19, Supporting Information). The
results suggest that the substitution of elements with large
ionic sizes and rigid OMO bond angles can improve the
structural stability of LRLOs.
2.5. Outstanding Electrochemical Performance
of Li1.2Mg0.2Ru0.6O2
The in-plane and out-of-plane cation migrations of LRLOs are
sluggish and partially reversible processes, impeding (de)lithiation.[41] Thus, the restriction of cation migration likely results
in the high rate capability of Li1.2Mg0.2Ru0.6O2. Figure 5a,b
shows that Li1.2Mg0.2Ru0.6O2 delivers a specific capacity of
194 mAh g−1 at 608 mA g−1, corresponding to 68.5% of that
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measured at 15.2 mA g−1. In addition to the suppressed structural disordering, we attribute the excellent rate capability to the
minimized strain induced during the electrochemical cycling.
As a result, Li ions can rapidly move through the unstrained
paths within the crystal structure. The reduced strain of
Li1.2Mg0.2Ru0.6O2 compared with that for other LRLOs such as
Li2RuO3 (Figures S14 and S15, Supporting Information) stems
from the distinct structural features. First, Li1.2−xMg0.2Ru0.6O2
remains in the O3 structure even in the fully delithiated state
and does not form the O1 phase. The O3–O1 phase transition
observed in most LRLOs[8,42,43] accompanies the sliding of the
entire TM slabs along the ab-plane (Figure S20, Supporting
Information). During the repeated O3–O1 and O1–O3 phase
transitions, the accumulated stacking faults build up the strain
within the active particle and decrease the crystallinity near
the Li diffusion paths, impeding the Li migration. Second, the
absence of high-valent Ru ions in the Li layers keeps the distance between the RM layers sufficiently large for the Li ions
to move throughout the entire reaction. Based on the structural solution obtained experimentally, we also measured the
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Figure 6. Comparison of the cycle performance of Li1.2Mg0.2Ru0.6O2 and other Ru-based LRLOs.

theoretical activation barrier energies of Li+ diffusion in the
Li1.2−xMg0.2Ru0.6O2 structure using the nudged elastic band
method and first-principles calculations. When a Li+ ion moves
through the diffusion path shown in Figure 5c, the predicted
activation energy is 437 eV (Figure 5d). This value is comparable to the energy barrier of Li migration in LiCoO2,[44] LiNi0.5
Mn0.5O2,[45] and Li[NixCoyMn1−x−y]O2,[46] theoretically supporting
the high rate capability demonstrated here.
Furthermore, Li1.2Mg0.2Ru0.6O2 retained 83% of the capacity
after 300 cycles with a high Coulombic efficiency of over 99%
(Figure 5e). The excellent cycle life originates from the highly
reversible phase transition between two O3-type phases,
avoiding the O3–O1 phase transition, as well as the strongly
restricted cation migration, which results in deterioration of the
structural and electrochemical reversibility. Because of the high
structural stability and low strain, the active particles retained
their original morphology and crystal structure even after
300 cycles (Figure S21, Supporting Information). In addition,
the cyclability of Li1.2Mg0.2Ru0.6O2 was enhanced compared
with that of previously reported Ru-based LRLOs[11,12,26,47–50]
(Figure 6), indicating that Mg substitution can play a key role
in the structural stabilization and high electrochemical performance of LRLOs.

along the in-plane and out-of-plane directions. First-principles
calculations revealed that the heterogenous local configuration
near oxygen anions resulting from the Mg substitution induces
the selective anionic redox reaction, leading to suppressed
contraction of RuO6 octahedral sites. The spacious RuO6 octahedrons with less severe distortion enable the effective decoordination of the oxidized oxygen and the formation of short
RuO bonds via a minor displacement of Ru within the original sites, forbidding the structural disordering. Given the high
structural stability, Li1.2Mg0.2Ru0.6O2 delivered a high reversible
capacity of 283 mAh g−1, corresponding to 1.12 mol Li+ de/intercalation per formula unit, with retention of 83% of the initial
capacity after 300 cycles.
Our discovery establishes the role of substituents with large
ionic sizes and rigid OMO bond angles in stabilizing layered structures. Although further study is needed to confirm
the effect of Mg substitution in 3d-TM-based LRLOs, we believe
that our approach will be an effective strategy for the design of
high-capacity LRLOs with improved structural, microstructural,
and electrochemical stability through control of the local atomic
configurations and oxygen electronic structure.

4. Experimental Section
3. Conclusion
We showed that the substitution of redox-inactive Mg2+ in
the LRLO structure can be used as an effective strategy to
achieve excellent capacity and voltage retention while reversibly exploiting the cationic and anionic redox reactions. Using
various structural probes, we demonstrated that unlike most
LRLOs, Li1.2Mg0.2Ru0.6O2 exhibits unprecedently high structural
stability and suppressed structural disordering, with avoidance
of cation migration and the O3–O1 phase transition. Even after
numerous electrochemical cycles, Ru cations barely migrated
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Synthesis of Li1.2Mg0.2Ru0.6O2 and Li2RuO3: The materials were
prepared using a simple solid-state method. Li2CO3 (Sigma Aldrich,
99.99%), Mg(NO3)2∙6H2O (Samchun Chemical, 98%), and RuO2 (Alfa
Aesar, 99%) were used as precursors. Stoichiometric amounts of the
precursors were mixed using high-energy ball milling at 400 rpm for 3 h.
After mixing, the obtained powder was pelletized and calcined under
0.3 L min−1 flow of dried air gas in an alumina crucible. Li1.2Mg0.2Ru0.6O2
and Li2RuO3 were calcined at 950 °C for 15 h.
X-Ray Diffraction: Li1.2Mg0.2Ru0.6O2 and Li2RuO3 were analyzed using
an X-ray diffractometer (PANalytical Empyrean) with Cu Kα radiation
(λ = 1.54178 Å) in the 2θ range of 10° to 80° with a step size of 0.013°.
Rietveld refinement of the XRD data was performed using FullProf
software.[51] Operando XRD (o-XRD) patterns were obtained during
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charge/discharge at a current density of 30.4 mA g−1 within the voltage
range of 2.0–4.4 V (vs Li+/Li). Operando XRD patterns of Li2RuO3 were
obtained using an X-ray diffractometer (PANalytical Empyrean) with Cu
Kα radiation (λ = 1.54178 Å) in the 2θ range of 16° to 60° with a step size
of 0.013°. An operando XRD battery cell (ISBC) made by PANalytical with
PDF TECH was used for the operando XRD experiments. In addition,
Li1.2Mg0.2Ru0.6O2 operando synchrotron XRD (o-SXRD) patterns were
obtained at the 3D XRS beamline at the Pohang Accelerator Laboratory
(PAL), South Korea, using synchrotron radiation (λ = 0.688725 Å) with
a Mar345 image plate detector in transmission mode and an X-ray
exposure time of 5 s. After the measurement, the 2θ angles of all the
o-SXRD patterns were converted into the corresponding angles for
λ = 1.54178 Å (the wavelength of a conventional X-ray tube source with
Cu Kα radiation) for ease of comparison with other studies.
Inductively Coupled Plasma Atomic Emission Spectroscopy: The atomic
ratio of elements such as Li, Mg, and Ru was determined using an
inductively coupled plasma emission spectrometer (ICP-AES; OPTIMA
8300, Perkin-Elmer).
Scanning Electron Microscopy: The morphology of the materials
was determined using FE-SEM (SU-8010, HITACHI) at 15 keV. All the
samples were coated with Pt nanoparticles to enhance the conductivity.
Transmission Electron Microscopy: High-resolution TEM (HR-TEM)
particle images, atomic-resolution STEM-HAADF images, SAED
patterns and the d-spacing, and EDS elemental maps were obtained
using a Cs-corrected microscope (FEI, TITAN TM 80–300) operated
at 300 keV. The available point resolution was better than 1 Å at the
operating accelerating voltage. Each image was recorded by a 4k × 4k
CCD camera (Gatan Oneview 1095). Before the measurements, each
sample was dispersed in ethanol using an ultrasonicator, and a drop of
the suspension was sprayed onto a carbon-coated Cu TEM grid, which
was dried at room temperature overnight to evaporate the ethanol.
X-Ray Absorption Spectroscopy: Ex situ XAS spectra for the Ru K-edge
were obtained at the 10 C Wide XAFS beamline at Pohang Accelerator
Laboratory (PAL). Ru K-edge spectra were collected in transmission
mode with an energy range of 21 917–23 088 eV including the XANES
and EXAFS regions, and Ru reference spectra were simultaneously
obtained from Ru metal foil. sXAS spectra for the O K-edge were
measured in high-energy grating (HEG) with a photon energy range of
525–560 eV at the 4D PES beamline at PAL. The collected XAS and sXAS
data were analyzed using Athena software.[52] Each sample was prepared
in the form of an electrode.
Electrochemical Characterization: The Li1.2Mg0.2Ru0.6O2 and Li2RuO3
electrodes were fabricated by mixing 70 wt% active material, 20 wt%
Super P carbon black, and 10 wt% polyvinylidene fluoride (PVDF) using
N-methyl-2-pyrrolidone (NMP) as the solvent. The slurry was cast on
Al foil and dried at 100 °C overnight under the vacuum condition. After
drying, the electrode was punched into a disk of 10π mm diameter. The
mass loading of the electrode was ≈2 mg cm−2. CR2032-type coin cells
were assembled as half-cells using Li metal as the counter electrode,
a separator (Celgard 2400), and 1.2 m LiPF6 in ethylene carbonate
(EC):dimethyl carbonate (DMC) = 3:7 v/v as the electrolyte. The coin
cells were assembled in an Ar-filled glove box. Galvanostatic charge/
discharge tests were performed at various current densities (15.2, 30.4,
60.8, 152, 304, and 608 mA g−1 in the voltage range of 2.0–4.4 V (vs Li+/Li);
the charge current density was fixed at 15.2 mA g−1) using an automatic
battery charge/discharge test system (WBCS 3000, WonATech). The cycle
performance was measured after the first charge/discharge at a current
density of 15.2 mA g−1. In addition, GITT measurement of the electrodes
was performed at a current density of 15.2 mA g−1 with 30 min charge/
discharge and 10 min relaxation for each step.
In Situ Differential Electrochemical Mass Spectroscopy: The mass
spectroscopy (Hiden Analytical, UK) was used to detect the amounts of
O2 and CO2 gases that evolved during the electrochemical test. Coin cells
with a hole in case were used for DEMS test and inserted into DEMS cell
enabling gas flow in and flow out. Each cell was connected to the DEMS
analysis line, which comprised Ar carrier gas, a mass flow controller, an
inlet/outlet gas line for cell connection, and a mass spectrometer. Ar gas
(99.999%) was used as the carrier gas, and the flow was adjusted to
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2.5 mL min−1. The inner space of the cell was washed out with Ar gas
to remove residual impurities, and after flushing, the cell was charged/
discharged at a current density of 30.4 mAh g−1 in the voltage range of
2.0–4.4 V.
Computational Details: All the DFT calculations were performed
using the Vienna Ab initio Simulation Package (VASP).[53] Projectoraugmented wave pseudopotentials were used with a plane-wave
basis set, as implemented in VASP.[54] Perdew–Burke–Ernzerhof
parametrization of the generalized gradient approximation[55] was used
for the exchange-correlation functional. For the DFT calculations, a
6 × 6 × 2 k-point grid was used to calculate a 1 × 1 × 1 supercell
structure of Li1.2Mg0.2Ru0.6O2. The GGA+U method was adopted to
address the localization of the d-orbital in Ru ions, with a U value of
4.0 eV, as used in a previous study.[40] The Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional was applied to accurately calculate the pDOS
of O and Ru.[40,56] A kinetic energy cutoff of 500 eV was used in all the
calculations, and all the structures were optimized until the force in the
unit cell converged to within 0.03 eV Å−1. CASM[17] software was used
to generate all the Li/vacancy configurations for each composition,
followed by filling DFT calculations on a maximum of 20 configurations
with the lowest electrostatic energy for each composition used to obtain
the convex hull of Li1.2Mg0.2Ru0.6O2.
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