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Abstract

The effect of the 4d Ru element in P2-Nags[Mgo2Ruo2Mnos]O2 is investigated. Ru-free
Nag 6[Mgo2Mnog]O> is activated with the Mn**/Mn*" redox, after which the charge is
compensated by the sluggish oxidation of lattice oxygen (0*7) to O>" triggered by O, evolution
from the oxide lattice. These effects are generally unfavorable and result in poor long-term
cycle stability induced by the irreversible migration of Mg?" from the transition metal (TM) to
Na layers in the P2 structural framework. Benefiting from the covalent Ru bonded with O in
the TM layers, the Mg migration reversibly progresses from the TM to sodium slabs without
O evolution in the structure. The associated reaction progresses via the active Mn**/Mn** and
0% /(02)" reaction in addition to the Ru>*/Ru*/Ru** redox pairs, endorsing the capacity

increase (~210 mAh g '), with ~72.1% retention for 300 cycles.
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Mn-based P2-Na,[LiyTMi-,]O> cathode materials are available to reach high capacity
through the combination of cationic and anionic redox in Na cells.!”!! The Na-O-Li
configuration induces the delivery of additional capacity assisted by the oxidation of oxygen
when lone-pair electrons are formed in the O 2p orbital, provided that at least one of the

following conditions is satisfied: 1) lattice oxygen evolution!®!!

or 2) migration of the Li
element to Na layers although the corresponding charge transfer is kinetically sluggish.!®!2 The
reaction is not limited to compounds that have alkali ions in the TM layer but is also available
with divalent ions; namely, the presence of Mg in the TM layer,'*~!” P2-Nax[MgyMn;—]O, (x =
~2/3, y = ~0.28). Recently, Grey et al.'¢ and Bruce et al.!> evaluated the mobility of Mg from
TM to Na layers via Na — nuclear magnetic resonance (NMR), extended X-ray absorption fine
structure (EXAFS) analysis, and density functional theory (DFT) calculation. This effect
produces unpaired electrons in the O 2p orbital of lattice oxygen, enabling oxidation of the
oxygen. Similarly, the presence of vacancies in the TM layers improved the electrode
performance for P2-Nag 63[Mgo.14300.036Mno.82]02'® or P2-Nays[Mg190190Mn79]02".

Herein, we investigated P2-Nags[ Mgo2Mno 3]O2 (Mn: 3.75+) by replacing part of the Mn
with Ru element, P2-Nags[Mgo2Ruo2Mnos]O2 (Mn: 3.67+ and Ru: 4+), to stabilize the
electrode performance with improved reversibility. The introduced covalent Ru—O bond may
share its character with oxygen that bonds with Mg and Mn in the TM layers.?’ As-synthesized
Nao.s[Mgo2Mngs]O2 (NMM) and Nage[Mgo2Ruo2Mnos]O2 (NMRM) powders were refined
with P6s/mmc space group (see Figure S1, S2, Table S1-S3). The average oxidation state of
Mn was slightly reduced with the introduction of Ru in Nag.s[Mgo.2Ru02Mng¢]O> (~3.75 + for
NMM and ~3.66+ for NMRM). The presence of Ru** renders more formation of Mn** in
Nao.s[Mgo2Rug2Mng6]O2 for charge compensation. From this viewpoint, it is reasonable to
consider from the increase in both the a- and c-axis in Nags[Mgo2Ruo2Mnos]O2 that the
formation of Mn** through replacing Mn*" with Ru** in the TM layers is responsible for the

lattice expansion owing to the relation of ionic radii among Mn3* (0.72 A), Mn** (0.67 A), and
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Ru*" (0.76 A). Benefitting from the electro-conducting character of Ru, the electric
conductivity, measured by a four-probe method, was improved from 8.9 x 107 S cm™' (NMM)
to 1.7 x 107* S cm™! (NMRM). Details of powder properties are described in Figure S1-S3,
and Table S1-SS.

The first charge curve of the NMM electrode consists of two distinct processes at 0.1C (26
mA g !): a sharp voltage rise accompanied by ~0.2 mol of Na* deintercalation in the voltage
range of 2.65-4.2 V followed by a flat voltage plateau over 4.2 V with ~0.3 mol of Na*
deintercalation (Figure 1a). In consideration of the redox potential, it is most likely that the
low-voltage process is related to Mn**/Mn*" charge compensation; however, the high-voltage
plateau originated from oxidation of lattice oxygen. The corresponding discharge emerged with
a stair-like voltage profile with two distinct regions: 3.5-2.5 V and 2.5-1.5 V, delivering a
discharge capacity of ~204 mAh g™!' with a large hysteresis in the operation voltage between
charge and discharge. The oxidized species are reduced during discharge. For the NMRM
electrode (Figure 1b), a similar tendency was observed; however, a more gradual voltage rise
was observed with a decreased operation voltage of the high-voltage plateau. Such a gradual
curve at low voltage can be caused by the oxidation of both Mn and Ru. In addition, a smaller
portion of oxidation of oxygen would participate in the charge process. The total delivered
capacity on charge was ~122 mAh g~!, which corresponds to ~0.49 mol of extracted Na per
formula unit. The discharge profile was also somewhat altered by the presence of Ru in NMRM.
There was a clear rise of operation voltage in the voltage range of 4-2.5 V, and the profile
became smoothened with reduced voltage hysteresis. The delivered discharge capacity was
~210 mAh g!. It is evident that Ru-replaced NMRM improves the cycling stability for 300
cycles (namely, 72.1% retention) compared to 27.7% for NMM (Figure S4a). The rate
capability was measured up to 7C (1820 mA g ') (Figure S4 b-d). The Ru-replaced NMRM
electrode had a discharge capacity of 122.1 mAh g! at 7C. As mentioned in Figure S1, the

improved electric conductivity for the Ru-replaced NMRM (1.7 x 107* S em™!) is thought to be
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the main factor resulting in the delivery of high capacity at high rates, compared to the value
for the Ru-free NMM (8.9 x 10> S em™).

To investigate the difference in the charge and discharge profiles for NMM and NMRM
electrodes, operando XRD (0-XRD) analysis was performed during the initial 2 cycles in the
voltage range of 1.5-4.5 V (Figure 1¢, 1d, and S5). The findings demonstrate that the presence
of Ru in the TM layers induced different structural evolution during electrochemical cycling,
namely, maintenance of the P2 phase via solid-solution behavior for the NMM electrode
(Figure 1c and S5a) and a reversible P2-OP4-P2/P’°2 phase transformation for the NMRM
cathode (Figure S5b). The details of the structural evolution and the corresponding variations
in lattice parameters are described and presented in Figure le, 1f and S5. The difference in
phase transformations in NMM and NMRM are related to the presence of the covalent character
introduced by the Ru—O bond in the TM layers, as evidenced from the decrease in the c-axis

parameter in the desodiated state, 0.4 <x < 0.2 in Nax[Mgo2Ruo2Mno]O2 (Figure 1f).
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We conducted ex-situ X-ray absorption spectroscopy (XAS) studies for fresh, fully
charged, and fully discharged electrodes (Figure 2). Mn with the average oxidation of 3.75+
was oxidized to 4+ (close to the reference Mn**0») at 4.2 V (x = 0.4 in Nax[Mgo2Mn 3]0,
Figure 2a and S6). However, there were negligible changes in the X-ray absorption near edge
spectroscopy (XANES) spectrum after charging to 4.5 V in comparison to the spectrum
observed at 4.2 V, indicating the inactivity of Mn*" on the high-voltage plateau over 4.2 V. This
finding agrees with the variation of the a-axis parameter shown in Figure 1e. That is, the a-axis
parameter increased to 4.2 V (x = 0.4 in Nax[Mgo.2Mno 3]O2) due to the oxidation of Mn toward
Mn*, whereas the inactivity of Mn over 4.2 V led to the negligible change in the g-axis
parameter on charge. During discharge, the Mn K-edge spectrum showed almost no shift to
lower photon energy to 3.0 V (x = 0.4 in Na,[Mgo>Mnos]O). Further sodiation, however,
resulted in a major shift at 1.5 V, reaching an average oxidation state of Mn of ~3.35+ (Figure
2a and S6). Similarly, for the NMRM electrode, Mn*%¢* in the fresh state was active upon
charging to 4.0 V, showing a visible shift toward Mn**, with no further change in the spectra
over 4V plateau (Figure 2b and S7). Despite the reduction of Mn on discharge, the NMRM
electrode exhibited similar reduction of Mn toward ~Mn 3.4+ in the fully discharge state (1.5
V). In addition, turning to the Ru K-edge spectra, there is a visible shift of ~0.2 eV toward the
higher-energy region during the first charge (Figure 2c¢), as Ru*" participated in the oxidation
process toward Ru®*, though slightly, in this operation range. Surprisingly, the spectra moved
toward lower energy much more (~ 1.6 eV) on discharge to 1.5 V (Figure 2¢), indicating
reduction of Ru®* to Ru** and even to Ru*". The Ru’*/Ru**/Ru’** redox was also active in the
second cycle (Figure 2d).

According to the extended X-ray absorption fine structure (EXAFS) spectra of Mn (Figure
2e), the Mn—O and Mn-M distances decreased to 4.2 V (x = 0.4 in Na,[Mgo>Mnog]O2);
however, not much changed during further charging to 4.5V. This result is consistent with the

operando XRD results (Figure 1f) that the dominant decrease of the g-axis parameter occurred
7



during the early stage of Na® deintercalation. Upon discharging to 3.0 V (x = 0.4 in
Nax[Mgo2Mng5]02), both the Mn—O and Mn—M distances slightly increased due to the changes
in the lattice oxygen environment, below which evident changes in both the Mn—O and Mn—-M
distances were observed due to the reduction of Mn*" toward Mn*". For NMRM, the variation
of the Mn—O and Mn-M distances were slightly more visible due to the higher degree of Mn-
redox participation (Mn*%¢*/Mn*") on charge. On discharge, the process was reversible with the
Mn-O and Mn-M distances increased as a result of reduction from Mn*" to Mn**. For the Ru
K-edge EXAFS spectra, a small change was observed in the distance of Ru—O and Ru—M during
the charge (Figure 2f). However, these distances varied much more as sodiation progressed,
verifying the activity of Ru’* to Ru*" and further toward Ru’*.

To clearly observe and determine the activity of oxygen for the NMM and NMRM
electrodes, ex-situ Mg and O K-edge XANES and operando DEMS measurements were
performed. The Mg and O K-edge spectra were collected under total fluorescence yield (TFY)
mode for the fresh, charged (4.5 V), and discharged (1.5 V) electrodes (Figure 2g—j). The Mg
K-edge spectra consisted of two major peaks at ~1306 (A) and ~1312 (B) eV for all the
electrodes (Figure 2g and 2h), which is in good agreement with previous XANES results?!-?2,
However, the XANES spectra of the charged NMM and NMRM electrodes showed different
peak intensity ratios, demonstrating that the coordination environment of the two systems
differed. Notably, for the charged electrodes, the peak position “A” of NMM shifted toward
lower photon energy; however, it did not return to the original position after discharge (Figure
2g). This result indicates the notable changes in the coordination environment around Mg atoms
during charge to 4.5 V. In contrast, the NMRM electrode showed recovery of the peak position
after discharging to 1.5 V (Figure 2h), implying that such coordination changes around Mg
ions were suppressed by the presence of the covalent Ru—O bond in the TM layers of NMRM.
In the O K-edge spectra, the two peaks appearing at ~529.5 and ~531 eV correspond to the

transition of the O Ls state to the hybridized state of O 2p with 3d/4d TM of £, and e orbitals
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(colored regions), respectively (Figure 2i and 2j). For the charged state of NMM, the intensity
between the £, and e, peaks increased (Figure 2i). The increase is attributed to the emergence
of the shoulder peak at 529.8 eV, which belongs to the (O2)" peak, associated with the oxidation
of O?" to (0O2)™ as well as 1s—2p hybridization, but disappeared after discharge to 1.5 V. In
contrast, there was a smaller increase in the shoulder peak after charge to 4.5 V for the NMRM
(Figure 2j). Upon discharge to 1.5 V, the shoulder peak disappeared, and the resulting spectra

recovered to the fresh state.
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Complimentary insights into the effect of Ru introduction on O; evolution were obtained
using operando-DEMS (Figure S8a and S8b). The CO; and O2 evolutions were monitored in
the NMM and NMRM electrodes during charge/discharge process. The NMRM electrode
showed greatly diminished release of CO> and almost no release of O, gas (Figure S8b), which
is in good agreement with the suppression of the formation of oxidized species as (O2)"" for the
charged NMRM electrode in the O K-edge XANES spectra (Figure 2j). The O, evolution
around Mg atoms in NMM electrodes hindered reversible Na migration from the Na layer to
TM sites on discharge, further leading to blockage of Na pathways and increasing the voltage
hysteresis between charge and discharge (Figure 1a). However, Ru incorporation in NMRM
enhanced covalency and prevented irreversible O; loss (Figure S8b). Therefore, as shown in
Figures S8c, S8d, S9 and S10, higher Dna+ for the NMRM electrode resulted in the improved
rate performance (Figure S4d).

To further explore local structures and Mg displacement in NMM and NMRM materials
(Figure 2Kk), atomic-resolution scanning transmission electron microscopy (STEM) was
employed at pristine, charged, and discharged states (Figure 3). The pristine NMM particle
shows the layered structure composed of heavy-metal ions along the [100] zone-axis, as shown
in the high-angle annular dark-field (HAADF)-STEM image in Figure 3a. Moreover, the
magnified atomic image (Figure 3a, green dashed area) clearly indicates the coordination of
the P2 layered structure with a uniform interlayer distance of ~5.6 A, which is consistent with
the XRD results. After charging to 4.5 V, there was a local environment change, which is most
likely caused by Mg?* migration out of the (001) plane (Figure 3b and S11). It is evident that
Mg?" still remained in the Na layer even after discharge to 1.5 V (Figure 3c). These results are
in agreement with the Mg K- and O K-edge XANES spectra and o-DEMS, which showed
irreversible Mg local structural change due to Mg displacement and the formation of O-O
dimers triggered by the O> gas release (Figure 2g, 2i, and S8a). The STEM image of the fresh

NMRM sample shows that it crystallizes in the same P2 crystal structure as NMM with a slight
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increase in the interlayer distance (~ 0.91%) between TM layers due to the larger ionic radius
of Ru*" compared with that of Mn*" (Figure 3d). Na* extraction to 4.5 V led to the phase
transition toward the OP4 phase with alternating octahedral and prismatic layers with interlayer
distances of ~4.8 A and ~5.5 A, respectively (Figure 3e and S12). Moreover, a small portion
of Mg?* migrated into the O-type slabs of NMRM (Figure 3e). As Na* is reinserted back into
the NMRM structure, the P2 stacking sequence was restored with a slight observed distortion
due to the formation of the P2/P’2 structure (Figure 3f). The structural transition from the P2
to P2/P’2 system is caused by the high level of sodium insertion into the structure, which results

from the distortion of MnOg octahedra originating from the Jahn—Teller effect (Figure 3f).
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The computed atomistic structures of NaxMgo.19Mno 8102 (NMM) and NaxMgo.19Ru0.19Mng 6202
(NMRM) with high and low concentrations of Na as well as without and with Mg migration
are illustrated in Figure 4a. Our DFT calculations (Figure 4a) show that the P2 phase is stable
for both high (x=0.81) and low (x=0.125) Na concentrations in the Na,Mgo.19Mng 8102 (NMM)
system. The Ru doping-induced increase in the lattice parameters of NMM is attributed to the
larger ionic radii of Ru** (0.82 A) and Ru** (0.76 A) compared with those of Mn®* (0.72 A) and
Mn** (0.67 A). For the NMRM system, the OP4 structure is more favorable than P2 after
desodiation. To understand the charge/discharge process, we characterized the redox
mechanism by computing the number of unpaired electrons (Nunp) on ions, which represent the
magnetic moment. To investigate the effect of desodiation on Nunp, we first focused on model I
(see SI for more details) in Figure 4b. For NaggiMgo19MnogiO2 (NaisMgzMni303z), the

computed average value of Nunp (Nynp) on all the Mn cations is = 2.9, showing a charge of

~3.9+. The computed charge on O anions is =2.0—. Upon a desodiation of x=0.81—0.125, the
calculated m for all Mn cations becomes =3.0, indicating that the Mn oxidation state is
~4.0+. Some oxygen anions (e.g., number 2 in Figure 4b), which are close to Mg at the TM
sites, are significantly oxidized by the desodiation. In the Nao.9aMgo.190Ru0.19Mno.6202

(NajsMgzRusMni¢O32) system, the calculated value of Ny, for Mn cations is 3.6, indicating a

charge of =3.4+ on Mn. The predicted average charge on Ru (Nyp,=1.1) cations is =3.1+. The
low charge state of Ru is forced by the large number of accommodated Na (Naoo4) in the
discharged state. This phenomenon might indicate that the reduction of Mn to 3+ is less
favorable compared with that of Ru. One of the reasons for the high capacity of the Ru-doped
system is the high tendency for the reduction of Ru. For the Ru-doped system, with the
desodiation of x=0.94 — 0.125, all the Mn cations have a charge state of ~4.0+ (m ==3.0).
The desodiation-induced oxidation of Ru depends on the position of Ru cation at TM sites.

When a single Ru cation exists at each TM layer in the supercell (i.e., the nearest neighbors of
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Ru are Mn), it experiences almost a full oxidation from 3.1+ to 4.1+ (Nypp=1.1- 2.1).

However, when Ru cations are nearest neighbors, they undergo a smaller oxidation from 3.1+

t0 3.5+ (Nynp=1.1-1.5), which is probably due to the strong overlap of d orbitals of Ru cations
with p orbitals of O anions and those of their nearest neighbors. As a larger (desodiation-
induced) oxidation of Ru is observed in our experimental XANES results (Figure 2¢ and 2d)
compared to our calculations, we concluded that the Ru cations should be homogeneously
distributed in TM layers and not clustered in the O—TM-O layer. To confirm this conclusion
and investigate the influence of Hartree—Fock HF mixing constant on TM charges we studied
model II (Figure 4b, see SI for more details). It is found that the average desodiation-induced
oxidation of Mn in the NMM system (3.5+—3.9+) is similar to that in the NMRM one
(3.5+—3.9+). The average oxidation of O in the NMM system is, however, larger (+0.24 for
NMM and +0.11 for NMRM); however, both Ru cations in the NMRM supercell are very active
compared to Mn cations and O anions. The average oxidation of Ru cations due to the
desodiation of x=0.875—0.125 is 1.27. Half of the Ru cations oxidize to~4.3+, which is the
highest value that we obtained from DFT calculation. The oxidation state of both Ru and Mn
can slightly change with the value of the HF mixing constant of the HSE06 functional. The
computed value of Muyp for Ru and Mn with the value of 0=0.35 appears to be closer to the
experiment. The computed average oxidation state of Ru in model II (4.1+) agrees better with
our experimental XANES data (Figure 2¢ and 2d) in comparison to Model I (3.7+). This
confirms our hypothesis that Ru cations do not occupy nearest-neighbor sites at TM layer,
which can be understood by the unfavorable repulsive interaction between strongly oxidized
Ru cations that would occupy nearest-neighbor sites. However, we find that the Mg migration
to Na sites (model IT), which leaves behind vacant sites in the TM layer, cannot greatly increase
the oxidation state of Ru as this value is even lower in the sodiated case of Model II compared

with that in Model 1.
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Ru incorporation into the TM layer instead of Mn balances the cationic and anionic redox
participation and, as a result, delivers higher capacity. The charge compensation in Ru-free
Naos[Mgo2Mnog]O, is progressed by O?7/(02)™ and Mn**/Mn*" redox couples in
approximately equal proportions. In the Ru-assisted one, TM redox pairs, such as
Ru**/Ru*"/Ru** and Mn**/Mn*", are more dominant. Ru, which increases the covalency with
oxygen, adjusts the degree of O?7/(02)" redox participation and not only suppresses the oxygen
release but also diminishes the voltage hysteresis in the Nao.s[Mgo2Ruo2Mng]O2 material.
Moreover, the presence of the higher-covalency Ru—O bond minimizes Mg migration from the
TM to Na layers during charge, promoting reversibility of the redox reactions and structural

stabilization for long-term (Figure S13).
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