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Unveiling the Role of Ruthenium in Layered Sodium
Cobaltite Toward High-Performance Electrode Enabled by
Anionic and Cationic Redox

Natalia Voronina, Konstantin Koster, Jun Ho Yu, Hee Jae Kim, Min-Gi Jung, Hun-Gi Jung,
Kug-Seung Lee, Payam Kaghazchi,* and Seung-Taek Myung*

The effect of Ru substitution on the structure and electrochemical properties
of P2-type Na, ¢;Co0, is investigated. The first-discharge capacities of

Na, ¢,Co0, and Na, ¢ [Co, ;5Ru, ,,]O, materials are 128 and 163 mAh g~'
(23.5 mA g7), respectively. Furthermore, the rate capability is improved due
to the electro-conducting nature of Ru doping. Operando X-ray diffraction
analysis reveals that the Na, .;CoO, does not undergo a phase transition;
however, multiple Na* fvacancy ordered superstructures within the P2 phase
appear during Na™ extraction/insertion. In contrast, the Na, ¢[Co, ;5Ru, 5,10,
material undergoes a P2-OP4 phase transition during desodiation, with no
formation of Na™ /vacancy ordering within the P2 phase. The increased
discharge capacity of Na, ¢[Co, ;5Ru, 5,]O, is most likely associated with
additional cationic Ru** JRu** redox and increased anionic O?~/(O,"~) redox
participation. Combined experimental (galvanostatic cycling, X-ray absorption
spectroscopy, differential electrochemical mass spectrometry) and theoretical

diverse physical properties.['2] Moreover,
for Dbattery applications, investigation
of their electrochemical properties was
pioneered by Delmas et al.>~! These
researchers summarized the crystal
structure of Na,CoO, depending on the
Na content; namely, O3 (a), O’3 (),
P’3 (f), and P2 (y) phases.’] The four
main structural forms (a, o, §, and y)
differ in terms of the coordination of
sodium atoms (octahedral O (@ and «’)
or trigonal prismatic P (8 and y)) and
the corresponding stacking sequence of
the close-packed oxygen layers. O-type
structures intrinsically provide a high
sodium content, which is advantageous
in achieving high energy density and

(density functional theory calculations) studies confirm that Ru substitution
provokes the oxygen-redox reaction and that partial O, release from the oxide
lattice is the origin of the reaction. The findings provide new insight for
improving the electrode performance of cathode materials via 4d Ru
substitution and motivate the development of a new strategy for the design of

high-capacity cathode materials for sodium-ion batteries.

1. Introduction

Layered Na,CoO, attracted significant interest in the early 1980s
because of their promising thermoelectric applications and

high coulombic efficiency (CE) at the
first cycle.[’l However, the voltage profile
possesses complex behavior with several
flat and sloping regions, which follow the
sequence of 03—0’3—P’3—P3—P’3 phase
transformations on charge, increasing
the resulting c-lattice parameter.’] P-type
compounds undergo mitigated phase
transformations during de-/sodiation,
although Na*/vacancy orderings are
observed with Na contents within the P2 phase, such as x in
Na,CoO, (x = 0.5, 0.57, 0.66, 0.72, and 0.79), according to a re-
port by Delmas et al.[”! These two features are related to capacity
fade on subsequent cycles; therefore, the substitution of Co with
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electroactive elements (Nil®l and Mnl*1]) or inactive elements
(Til'>* and Cal'>®l) has been exploited to increase the capac-
ity, mitigate the phase transition, and prevent degradation of P2-
Na, CoO, during the de-/sodiation process.

For example, Ceder et al.l®l investigated Ni-doped P2-
Na,[Co, ,sNi,,,]0,, which provides a first discharge capacity of
~134 mAh g! with 54% retention over 200 cycles at 0.1 C.
Apart from the Na* extraction associated with a single-phase reac-
tion on desodiation, the corresponding Na* insertion progressed
via two stages: a two-phase reaction for the Na-deficient state
(Na,[Coy 75Niy 5,]0,, x = 0.2-0.4) followed by a single-phase reac-
tion in the range of x = 0.4-0.75 in Na,[Co, ;5 Ni, ,,]O,. However,
the raising of the operation voltages associated with the Ni** /Ni**
redox couple was not observed due to the domination of the repul-
sive Na*—Na'* interaction in the sodiated state. Mn substitution is
also noteworthy because of its widespread use; for instance, a Mn-
substituted P2-Na, 3[Co,;;Mn, 3]0, cathode presented a smooth
voltage profile in the range of 1.5-4 V.’ Nevertheless, increasing
the Mn content was not promising in terms of capacity retention
because of the structural instability resulting from Jahn-Teller
distortions of Mn>* ions in the structure and the low operation
voltage stemming from the Mn** /Mn>* redox reaction.[!!]

The introduction of electro-inactive moieties has undoubtedly
resulted in improved physical properties of active materials and
electrode performance. Ti is a widely accepted substituent de-
spite the empty 3d orbital of Ti**, whereas the inactivity stabilizes
the oxide structure,'?] as the corresponding Gibbs free energy
of formation at 298 K for TiO, is as low as —888 k] mol~1.113]
The stability assisted by Ti substitution in P2-Na,CoO, boosts
its long-term cyclability even in the presence of Na* /vacancy or-
dering mitigation.31*1 More efforts have been made to stabi-
lize the structure of P2-Na,CoO, by substituting the prismatic
Na sites with Ca?* (1.00 A), which has a similar ionic radius to
Na* (1.02 A).">16] The immobile Ca?* was demonstrated to par-
tially suppress the formation of numerous Na* /vacancy ordered
phases, resulting in stable electrochemical performance during
cycling.['! However, it is possible that facile migration of Na*
may be impeded by the presence of Ca?* in the prismatic Na sites.
In addition, the divalent ion can result in a decrease in the first
charge capacity as it induces an increase in the average oxidation
states of transition metals toward 4+.

From the above viewpoint, engineering of the transition-metal
layer appears to be critical to stabilizing the crystal structure dur-
ing Na* de-/intercalation to avoid hindering the facile Na* mi-
gration. In addition, the activity of the d-orbital electrons is also
an important issue to support capacity improvement. The ele-
ment of 4d Ru, along with 5d Ir and 3d Mn, is recognized as one
of the elements in promoting oxygen redox reaction. Regardless
of the structure type of layered sodium cathodes, such as defi-
cient P2-typel'’! or stoichiometry 03-,181% or alkali-rich O3-120-21]
phases, the presence of Ru is known to facilitate oxygen redox
reaction once the oxidation state of Ru reaches 5+. This is at-
tributed to the stronger covalent bond between 4d Ru—O com-
pared to 3d TM—O bonds, typically leading to a stable oxygen re-
dox reaction. Another significant characteristic of the 44 Ru ele-
ment is its ability to lower the operating voltage for oxygen redox
(~4.0-4.2 V), compared to Mn-based compounds (x~4.2—4.4 V).[22]
This voltage reduction helps prevent electrolyte decomposition
at high voltages and improves electrochemical performance as-
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sisted by both TM and O redox. One possible mechanism
for oxygen redox involves the hybridization of Ru d-orbitals
with O p-orbitals. This orbital overlap endorses facile electron
transfer between the Ru and O atoms, realizing the participa-
tion of lattice oxygen in electrochemical redox process. Over-
all, these differences highlight the efficacy of Ru in promot-
ing oxygen redox reaction and improving the electrode perfor-
mance. To address these concerns, we have attempted to stabi-
lize the crystal structure during Na* de-/sodiation and increase
the capacity of Na, ;;CoO, using tetravalent 4d Ru, namely, P2-
type Na, ([Co,,5Ru,,,]0, (NCRO). The tetravalent Ru not only
is electrochemically active and contributes to additional capac-
ity but also improves the electrical conductivity of the active
material.[?*] As designated, we observed an increase of the capac-
ity from 128 mAh (g-oxide)~! for NCO to 163 mAh (g-oxide)~! at
23.5 mA g7! for the Ru-substituted Na,¢[Co,,5Ru,,,]0,, which
was enabled by the contribution of additional redox pairs by
Ru’*/Ru** and anionic O*~/(0,"") in addition to the Co** /Co’*,
as evidenced by X-ray absorption near-edge structure (XANES)
spectroscopy. According to the observation by operando X-ray
diffraction (0-XRD), it is also emphasized for the NCRO electrode
that the Ru substitution successfully suppressed the emergence
of Na*/vacancy ordering, although the associated phase transi-
tion from P2 to OP4 was evident on desodiation and vice versa on
sodiation. This absence of ordering would result from the pres-
ence of covalency by the Ru>*—O bond in the oxide matrix dur-
ing de-/sodiation, which plays an important role in stabilizing the
crystal structure. Therefore, the Na, [Co, ,sRu,,,]O, was able to
retain the capacity of 77% for 200 cycles. We herein report on
the efficacy of Ru substitution to stabilize the crystal structure of
P2-type Na, CoO,.

2. Results and Discussion

Figure 1a,b-1,b-2 presents crystal structure and XRD pat-
terns of the as-synthesized P2-type Na,,,CoO, (NCO) and
Na, [Co, ssRuy ,,]0, (NCRO) powders, refined using the hexago-
nal lattice with P6,/mmc space group (JCPDS card No. 87-0274).
The resulting structures determined from the refinement are
illustrated in Figure la. No superstructure peaks appeared in
the range of 18°-30° (20) for either material, which implies a
disordered Co/Ru arrangement in the TM layer. According to
the structural refinements by the Rietveld method, the a- and ¢-
lattice parameters and V increased after Ru substitution (Table
S1, Supporting Information). These variations may be related
to the oxidation states of the transition-metal elements; hence,
we conducted XANES analysis for the as-synthesized NCO and
NCRO products (Figure 1c). For the Ru K-edge spectra, the
average oxidation state of Ru was close to Ru* (Figure 1lc-1).
The photon energy of the Co K-edge shifted toward lower en-
ergy for the NCRO, implying a slight decrease in the oxidation
state of Co induced by the Ru substitution (Figure 1c-2). This
tendency explains the increase in the lattice parameter by the Ru
substitution. Namely, Ru** (t‘z*geg, 0.62 A) prefers to occupy the

Co™* site (t;geg, high spin, 0.53 A) rather than the Co** site (tggeg,
low spin, 0.545 A) for charge balance, as the average oxidation
state of Co was lowered. This result implies replacement of Co**

by Ru*t in the NCRO compound. In the NCO compound, Co
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Figure 1. a) Schematic illustration of NCO and NCRO crystal structures, b) Rietveld refinement of powder XRD patterns for b-1) Naj ¢;CoO, and b-2)
Nag [Coq 75RUg 22]O, (inset: P2 crystal structure of NCRO). c) XANES spectra of c-1) Co K-edge, c-2) Ru K-edge NCO, and NCRO compounds. d) TEM
of Nag g[Cog 73Ruq 2,]O, with corresponding d-1) SAED pattern along [001] zone axis and EDS mapping d-2—d-5).

exists as Co®* and Co** in a 2:1 ratio (Co®33*). For the NCRO com-
pound, Ru is stabilized as Ru**; hence, Co emerges with Co** and
Co** in a ratio of 3.33:1 (Co*?**). Therefore, the corresponding
chemical formula can be rewritten as Na, ¢;[Co, 33+ Co,4,°*]0,
and Nay¢[Ru,,* Coy 154t Coys>*10, for NCO and NCRO,
respectively.

The morphologies of the as-synthesized NCO and NCRO par-
ticles were observed using FE-SEM and HRTEM (Figure 1d;
Figures S1 and S2, Supporting Information). Both powders ex-
hibited similar morphologies (Figure S1, Supporting Informa-
tion). In addition, the TEM-EDX mapping data of NCRO clearly
shows the presence of Na, Co, Ru, and O elements, which are
uniformly distributed throughout the sample (Figure 1d; Figure
S2, Supporting Information). The selected-area electron diffrac-
tion (SAED) pattern along the [001] zone axis indicates that the
structure of NCRO was highly crystalline and stabilized in the
hexagonal symmetry.

NCO and NCRO composite electrodes were evaluated in the
voltage range of 1.5—4.3 V at a constant current of 23.5 mA g
(0.1 C). The NCO and NCRO electrodes delivered first-charge
(oxidation) capacities of 107 and 128 mAh g~!, which is con-
sistent with ~0.42 and 0.55 mol of Na* extraction, respectively
(Figure 2a,b). The NCO material exhibited a complicated stair-
wise voltage profile with numerous plateaus (2.73, 2.98, 3.28,
3.66, and 3.98 V) during the first charge; this behavior has been
previously reported in literature.”] The process is attributed to the
different Na*/vacancy ordering rearrangements resulting from
the strong coulombic interaction induced by vacancies and Na*
ordering in the sodium layers. In contrast, it is notable that the
NCRO electrode demonstrates a smooth sloppy charge profile up
t0 4.0V, followed by a flat plateau at 4.15 V (Figure 2b). The emer-
gence of a sloppy charge profile instead of stair-wise progress up
to 4.0 V results from the suppression of Na*/vacancy ordering
transitions during Na* extraction from the host structure. In ad-
dition, the flat plateau that emerged at 4.15 V implies the occur-
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rence of oxidation of lattice oxygen (O?~ to (O,)"7, n < 2). In-
deed, the dQ/dV curves showed numerous peaks for NCO and
only one peak for NCRO on charge (Figure 2¢,d), which agree
with the CV data for NCO and NCRO (Figure S3, Supporting In-
formation). On the first discharge, the NCO material displayed
even more plateaus than on charge (3.94, 3.63, 3.24, 2.93, 2.65,
2.52,2.4, and 2.32 V), which are related to the Na* /vacancy order-
ing (Figure 2¢; Figure S3, Supporting Information). The NCRO
electrode demonstrates smooth decay of the operation voltage
(Figure 2d). Figure 2e,f presents continuous charge-discharge
curves tested at 0.1 C for 200 cycles, with significant improve-
ment in the capacity retention as cycling progressed for the Ru-
substituted one. It is believed that this improvement is related
to the structural stability resulting from the electro-active Ru**
substitution (Figure 2g). The rate capability also confirms the
efficacy of Ru substitution over the tested current range from
0.1 C (23.5 mA g™!) to 20 C (4.7 A g™') (Figure 2h~j). The bet-
ter electronic conductivity of NCRO is responsible for the im-
proved rate performance, namely, 5 X 10 S cm™! for NCO
and 3 X 10~* S cm~! for NCRO measured by the four-point DC
method. Furthermore, to analyze the gradual capacity fading in
NCO and NCRO electrodes, we measured ac-impedance in a
half-cell configuration (Figure S4, Supporting Information). The
impedance measurements were conducted for the fresh state, af-
ter the first discharge, and after the 200th discharge for NCO and
NCRO cells. The charge-transfer resistance of NCRO was esti-
mated to be lower than that of NCO at the fresh state. And, the
charge-transfer resistance of NCRO was also lower than that of
NCO after the 1st and 200th discharge, confirming that the Ru
substitution is effective in improvement on electrochemical per-
formance. Summarizing the above electrochemical properties,
it is evident that Ru** plays a significant role in stabilizing the
structure by suppressing Na*/vacancy ordering during cycling,
with an additional contribution to conductivity for improved rate
performance.
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Figure 2. The first charge—discharge curves of a) NCO and b) NCRO measured at a current of 23.5 mA g—1 (0.1 C) in the voltage range of 1.5-4.3 V
at 25 °C. Differential capacity plot of ¢) NCO and d) NCRO. Charge/discharge curves of e) NCO and f) NCRO at different cycles. g) Cycle life for
both electrodes. Charge/discharge curves at different current densities from 0.1 (23.5 mA g~') to 20 C (4.7 A g~') for h) NCO and j) NCRO. i) Rate

performance for both electrodes at different current densities.

Assuming the 1 mole Na* transfer (insertion of Na* into
the structure: Na, ;CoO, and Na,, [Co,,sRu,,,]0, formulae)
in the formula unit, the calculated theoretical capacity to be
252 mAh g! for NCO and 235 mAh g' for NCRO. For
charge (assuming extraction of 0.6Na*) of Na, ;[Co,,5Ru,,,]0,,
the calculated theoretical capacity is 141 mAh g! to be
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Na,y[Co, 5sRuy ,,]0,, for which the observed capacity by Na* ex-
traction from the host structure was 128 mAh g! that results
in Nago6[Co,5Ru,,,]0, (extraction of Nat of ~0.54 mol). So,
the obtained capacity did not exceed the theoretical limit for
the charging process. For discharge (insertion of Na*) in the
composition of Na, o;[Co, ssRu, ,,]0,, the delivered capacity was

© 2023 Wiley-VCH GmbH
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Figure 3. 3D operando XRD data collected during the first 1.5 cycles for a) NCO and c¢) NCRO. 2D operando XRD data and 1st charge/1st discharge/2nd

charge curves for b) NCO and d) NCRO.

~163 mAh g~!. So, the inserted Na* into the host structure was
~0.69 mol, giving Na, ;5[Co, ,sRu, ,,]0,. The value is also within
the theoretical limit of 235 mAh g~'. The small first charge ca-
pacity observed in NCRO cathode material with relatively low
coulombic efficiency (~78.5%) resulted from the sodium de-
ficiency in the structure (0.6Na per formula unit). This phe-
nomenon is typically observed for sodium-deficient P2-/P3-type
cathodes. However, we believe that this issue can be resolved
to enable full-cell application. Possible approaches to address
this challenge are presodiation of the cathodes using sacrifi-
cial sodium additives. These additives supply additional sodium
ions to the anode during the initial charging process through
the oxidative decomposition of the sacrificial agent at high volt-
age. It becomes feasible to achieve high coulombic efficiencies
close to 100% during the first cycle. Various sacrificial agents, in-
cluding compounds such as NaNj,,[?4 Na,P,[?] Na,CO,,?°! and
diethylenetriamine penta-acetic acid salt (DTPA-5Na),[?’] have
been investigated to provide supplementary sodium ions during
the first charge. Therefore, the low first charge capacity of P2-
Na, ¢[Co, 7sRuy, ,,]0, cathode can be compensated by sacrificial
agents.

Operando XRD (0-XRD) measurements were conducted to
understand the phase evolution for the NCO (Na,CoO,, x = 0.67)
and NCRO (Na,[Co,,5Ru,,,]0,, x = 0.6) electrodes upon Na*
extraction and insertion (Figure 3). The chemical compositions
of NCO and NCRO electrodes at the fresh, fully charged (4.3 V),
and fully discharged (1.5 V) states were analyzed using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES)
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(Table S2, Supporting Information), and the results were in good
agreements with our capacity-derived results. For the Ru-free
Na,CoO, (x = 0.67), desodiation resulted in a gradual shift of
the (002)p, and (004),, Bragg peak positions at 16.2° and 32.5°
(20) toward lower angles, whereas the (100);, and (102),, peaks
at 36.7° and 40.4° (20) shifted toward higher angles in the range
0f 0.25 < x < 0.67 for Na,CoO, within the P2 phase (Figure 3a,b;
Figure S5a, Supporting Information). Specifically, the desodi-
ation results in the formation of several single-phase domains
0.6 <x<0.67,0.46 <x < 0.6, and 0.25 < x < 0.46 in Na,CoO,,
which correspond to Na*/vacancies orderings. Upon further
desodiation, x <0.25 in Na, CoO, was also progressed via a single-
phase reaction, maintaining the P2 phase without any sign of 02
or OP4 phase (the intergrowth of 02-P2) formation. The single-
phase reaction at the highly desodiated states emerged with
shifts of the (002),, and (004);, peaks to lower angles, whereas
the (100),, and (102),, peaks did not show significant shifts to
the end of charge to 4.3 V. On discharge, several single-phase do-
mains were observed at 0.25 < x < 0.4, 0.4 < x < 0.54, and
054 < x < 0.6 in Na,CoO,, which are reversible in
comparison to the charge process. At lower voltages of
0.6 < x <0.68, 0.68 < x < 0.75 in Na,CoO,, two additional
sequences of the ordered Na'/vacancies arrangements were
clearly detected within the P2 phase. Hence, the de-/sodiation
of NCO material is progressed in the P2 framework with
the formation of several Na*/vacancy ordering arrangements
(Figure 3b; Figure S2a, Supporting Information). Moreover, the
phase-evolution behavior of NCO during the second charge is
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identical to that of the first discharge, which progressed via the
same Na*/vacancies orderings.

For the Na,[Co, ,5Ru,,,]O, (x = 0.6), the observed phase tran-
sitions differ greatly from those observed for NCO (Figure 3c,d).
For 0.3 < x < 0.6 in Na,[Co,,5Ru,,,]0,, the Bragg peak posi-
tions for the P2 phase at 16.1° and 32.5° (26) moved to higher
angles; however, the peaks at 36.4° and 40.4° (26) shifted to
lower angles, similar to those of the NCO electrode. Further
desodiation in the range of 0.1 < x < 0.3 in Na,[Co,sRu,,,]O
caused the (002),, and (004),, peaks to shift toward higher
angles; however, there was less movement of the (100),, and
(102);, peaks. Progressive deintercalation of Na* from the NCRO
structure was observed along with the smoothened voltage pro-
file, which indicates that the Ru substitution negated the oc-
currence of Na*/vacancy ordering (Figure 3c). For x = 0.15
in Na,Co,,sRu,,,0,, the emergence of the new OP4 phase at
17.4° (20) is inevitable, and the phase was maintained until
the end of charge (x = 0.05 in Na,Co,,sRu,,,0,). During so-
diation, the formed OP4 phase was visible until x = 0.15 in
Na, Co, ,5Ruy ,,0,, after which the phase was transformed into
the P2 phase that was dominant until the end of discharge. Note
that in comparison to the NCO material, the solid-solution pro-
cess within the P2 phase progressed more smoothly without vis-
ible formation of Na* /vacancy orderings (Figure 3c,d; Figure S5,
Supporting Information).

From the 0-XRD patterns, the lattice parameters were calcu-
lated using a least square method (Figure 4). For the NCO elec-
trode (Figure 4a), desodiation accompanied a continuous de-
crease in the a-axis parameter, presumably due to the oxidation
of Co** toward Co**, and an increase in the c-axis parameter,
which is induced by the increased repulsive ionic-character in-
teractions in the interlayer. The opposite tendency was observed
during desodiation, namely an increase in the a-axis parameter
but decrease in the c-axis parameter. The variation was ~1.8%
for the a-axis and 4.8% for the c-axis. The reversible behavior was
also perceived during the second charge. For the Ru-substituted
NCRO electrode (Figure 4b), the tendency, a decrease in the g-axis
parameter but increase in the c-axis parameter, was similar to that
of the NCO electrode. However, contraction of the c-axis was evi-
dent from x < 0.3 in Na,Co, ,sRu,,,0,, for which the structural
transformation from the P2 to OP4 phase is responsible for the
shrinkage of the interlayer distance as a result of the formation of
the octahedron environment in the interlayer. Sodiation resulted
in an increase of the a-axis parameter by ~1.6% until the end of
discharge. In parallel, the c-axis was expanded in the range of 0.05
< x < 0.3 in Na,Co,,5Ruy,,0,, after which a gradual decrease
in the c-axis parameter was observed until the end of discharge.
Its variation was ~4.1% for the P2 phase, which is slightly lower
than the variation observed in the NCO electrode (4.8%). In sum-
mary, the 0-XRD data clearly indicate that NCO and NCRO com-
pounds undergo different structural transformations with sev-
eral unique findings. For the NCO electrode, the P2 phase was
maintained along with the emergence of several Nat/vacancy
orderings. In contrast, the Ru-substituted NCRO effectively pre-
vents the Na* /vacancy orderings within the P2 phase; however, it
induces the phase transition from P2 to OP4 in the highly deso-
diated state. In addition, both the a- and c-axis parameters var-
ied less within the P2 phase framework with the Ru substitu-
tion. Therefore, in the NCRO material, a reversible P2—OP4—P2
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phase transition was observed without Na*/vacancy orderings
during de-/sodiation. (Figure 3c).

The electrochemical performance of NCO and NCRO cath-
ode materials is affected by both the Na* /vacancy ordering and
P2-OP4-P2 phase transition. The doping of Ru can successfully
suppress the Na*t /vacancy ordering in NCRO, although the P2-
OP4-P2 phase transition still occurs due to the activation of oxy-
gen redox at high voltage. This transition is accompanied by a
noticeable variation in the c-axis parameter. However, the tran-
sition has minimal impact on the cycling performance due to
good reversibility of the oxygen redox reaction, facilitated by the
strong hybridization between 4d Ru and O. Interestingly, numer-
ous studies have demonstrated excellent long-term cycling stabil-
ity of cathode materials based on Mn and Ru, exhibiting P2-OP4-
P2,[28291 P2.7.P2,3% and even P2-Z-P2/P’21"7] phase transitions.
Due to the large variation in the c-axis, the upper voltage cutoff
was reduced to 4 V, for which a topotactic solid-solution reaction
was progressed within the P2 structural framework (Figure S6,
Supporting Information). Although the capacity was decreased
to ~#132 mAh g™ by lowering the charge cutoff voltage, the re-
sulting capacity retention was ~98% for 50 cycles. This indicates
that there is no doubt that the additional capacity by the oxygen
redox is beneficial to increase the capacity. Meanwhile, further
elaboration is needed to progress the reaction within the stable
P2 framework via structural stabilization of the c-axis by addi-
tional doping or surface modification in the presence of oxygen
redox reaction for high voltage application.

Ex situ XANES analysis of the Co, Ru, and O K-edges was per-
formed to probe the origin of the charge-compensation mecha-
nism of both the NCO and NCRO electrodes (Figure 5). In com-
parison to the fresh NCO with desodiated electrodes, it is evident
that the desodiation resulted in a shift of the resulting XANES
spectra, namely, a shift of the pre-edge (%7709 eV, 1s—3d transi-
tion) and white beam (main) (%7729 eV, 1s—4p transition) spec-
tra to higher-photon-energy position, which results from the ox-
idation of Co** toward Co**. One additional feature at ~7720 eV
responsible for the so-called “shakedown” process disappeared
while charging to 4.3 V, which can be derived from the increased
ionicity resulting in a decreased level of overlap between the O 2p
orbitals and hybridized Co 3d—4p orbitals. Subsequent discharge
of NCO led to a reduction of Co to the original state at 2.0 V and
further toward Co®* at the end of discharge to 1.5 V, indicating
that Co is electrochemically active. Figure 5b presents the Co K-
edge spectra for the NCRO material, showing a similar tendency
for the pre-edge and white beam line spectra as for the NCO elec-
trodes. The shoulder peak disappeared, confirming the oxidation
of Co toward Co** on charge and vice versa on discharge. The Ru
K-edge spectra present evident shifts toward higher photon en-
ergy, mostly in the voltage range of 2.5-3.5 V, and there was no
change after charging to 4.3 V, corresponding to the high-voltage
plateau (Figure 5c¢). This finding suggests that Ru** was oxidized
toward Ru®* mostly in the voltage range of 2.5-3.5 V that belongs
to the sloping region. On discharge, the reaction was reversible,
and the spectra moved toward the negative direction and eventu-
ally overlapped with the spectrum of the fresh NCRO electrode.
To further prove the redox activity of Ru in NCRO, ex situ Ru
3p XPS was conducted at fresh, fully charged (4.3 V) and fully
discharged (1.5 V) states (Figure S7, Supporting Information).
The Ru 3p;;, and Ru 3p,, core peaks are presented at 465 and
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Figure 4. Calculated from the operando XRD results a- and c-axis parameters for a) NCO and b) NCRO; Schematic illustration of structural evolution of

c) NCO and d) NCRO during the 1st cycle.

487 eV, respectively, corresponding to the Ru**—O binding en-
ergy in the NCRO electrodes. Upon charging, a noticeable shift
was observed in the Ru 3p spectra. This finding is consistent with
the XANES (Figure 5¢) results that Ru is oxidized from 4+ toward
5+ during charge, in agreement with the result of Zhou et al.l**!
Moreover, the binding energy of the Ru 3p,, core was recovered
to the original position after discharging to 1.5 V, indicating the
reversible Ru oxidation/reduction. In the O K-edge spectra, the
pre-edge is characterized by two absorption peaks at ~528.8 and
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~531.1 eV, which correspond to the transition of the O 1s state to
the 3d/4d TM of the t,, and ¢, orbitals, respectively (Figure 5d,e).
Upon charging to 4.3 V, a new shoulder at ~530 eV emerged for
the charged NCRO electrode, which belongs to the (O,)"” (n <2)
peak, associated with oxidation of O% to (O,)*". This proves the
oxidation of oxygen in the NCRO electrode. Note that the shoul-
der peak disappeared, and the resulting spectra were recovered
to the original state. Therefore, it is suggested that the redox ac-
tivities assisted by the Co**/Co**, Ru>*/Ru*t, and 0%~ /(0,)"" are

© 2023 Wiley-VCH GmbH
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Figure 5. XANES spectra of Co K-edge for a) NCO, b) NCRO, and c) Ru K-edge for NCRO, O K-edge for d) NCO and e) NCRO.

responsible for additional Na* extraction and insertion, resulting
in improved capacity of NCRO over NCO, which is solely acti-
vated by the Co**/Co** redox pair.

Galvanostatic intermittent titration technique (GITT) analysis
was performed to compare the diffusion coefficients (Dy,, ) of the
NCO and NCRO electrodes (Figure 6a,b). Both electrodes exhib-
ited reasonable diffusion coefficients in the operation range, with
~1071°-10"!! cm? s~1. For the NCO electrode, stepwise variation
was observed at the border of Na* /vacancy ordering regions dur-
ing de-/sodiation (Figure 6a). However, the diffusion occurred
smoothly to x ~0.3 in Na,Co,,5Ru,,0, (~4.1 V) during deso-
diation, above which diffusion slowed down to ~107" cm? s7*
as oxidation of oxygen progressed (Figure 6b). The delayed dif-
fusion belongs to the region for the OP4 phase. Interestingly,
the diffusivity was recovered to ~107'° cm? s7! from x > 0.2
in Na,Co,,5Ru,,,0, (3.8 V) in the P2-phase regime on sodi-
ation. In comparison to other P2 layered materials, such as Ni-
or Mn-based materials with oxygen redox,!':?°! the overpotential
in NCRO at high voltage is much lower in magnitude, which is
favored for faster anionic redox.

To overview the gas evolution from NCO and NCRO mate-
rials, operando differential electrochemical mass spectrometry
(o-DEMS) measurements were conducted during the first cy-
cle (Figure 6¢,d). No significant O, gas evolution was detected
from the NCO material. In contrast, the NCRO material un-
derwent the release of O, gas at highly desodiated states, x <
0.15 in Na,Co,,5Ru, ,,0,, where the OP4 phase was dominant.
Correlating the O, release and emergence of the OP4 phase
in this range, it is worth mentioning that the O, release pro-
vides an unpaired electron in O 2p orbitals, which can trig-
ger the oxidation of oxygen. From this reaction, the extracted
amount of Nat was ~0.1 mol Na per formula unit in the range of
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0.05 < x < 0.15 in Na Co,,sRu,,,0,. Therefore, the increased
extraction of Nat by the activity of oxidation of lattice oxygen
induced the formation of the OP4 phase in the host structure.
As oxidation of oxygen progresses rather sluggishly compared
with that of TMs, the corresponding Na*t diffusivity triggered
by the oxygen activity appears to be slow. The above 0-DEMS
results allow qualitative estimation for O, evolution. This esti-
mation aligns with our calculations that will be mentioned in
Figure 8, indicating that strong oxidation of certain oxygen ions
in the NCRO material could potentially lead to the formation of
a peroxide or an oxygen dimer with subsequent O, gas release.
Typically, the release of O, gas is detrimental to the stability of
cathode materials. However, it has been widely observed in Li-
rich materialsP®!l and sodium oxygen-redox cathode materials.!”]
For instance, in the case of the Ru-based sodium cathode mate-
rial P2-type Na, ¢ Liy,,Ruy,50,, Zhou et al.l'”! observed oxygen
release at high voltage during the first cycle. However, on subse-
quent cycles, no irreversible oxygen loss was detected. Therefore,
we also included the 0-DEMS data for the NCRO material dur-
ing the second cycle (Figure S8, Supporting Information), which
clearly shows no evolution of O, gas. This indicates a reversible
process associated with the oxygen redox in the NCRO material;
hence, the formed vacancies in the lattice oxygen provide lone
pair electron in O 2p orbital to trigger the oxygen redox.

We further elucidated the proposed redox mechanism and
structural trends by applying density functional theory (DFT) cal-
culations to the sodiated and desodiated phases for NCO and
NCRO. Our DFT-PBE calculation confirms that the formation
of the OP4 phase for the desodiated NCRO is energetically very
close to that of the P2 phase (E(OP4)— E (P2) = 0.027 eV per
formula unit). A comparable Ru-doping-induced change in the
lattice parameters, as observed in the XRD patterns, was also
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Figure 6. Charge/discharge voltage profiles and Na* diffusivity obtained from galvanostatic intermittent titration technique (GITT) for a) NCO and
b) NCRO. O-DEMS results of gas evolution for O, and CO, tested using c¢) NCO and d) NCRO electrodes.

reproduced with our DFT-PBE calculation: although NCO
shows a = 2.864 A and ¢ = 10.773 A, NCRO was opti-
mized to a = 2.909 A and ¢ = 10.919 A. As already dis-
cussed in the experimental section, this increase can be ex-
plained by the larger ion radius of Ru** compared with that of
Co**.

The computed total energies (per formula unit in Table S3,
Supporting Information) with different total magnetic moments
(number of unpaired electrons) with DFT-HSE06 do not differ
greatly (AE<1 eV). This result could indicate a tendency to elec-
tron delocalization, which is in line with the fairly high elec-
tronic conductivities for the NCO and NCRO cathode materials
observed using the four-point probe method. For all the materi-
als, the solution with the lowest magnetic moment is the low-
est in energy, indicating a tendency toward low-spin arrange-
ments of the cobalt ions. Charge states were assigned to the ions
by calculating their magnetic moments, which can also be vi-
sualized as spin density difference (SDD) plots, as shown for
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one metal layer of the investigated materials in Figure 7 and
Figure S9, Supporting Information. Interestingly, all parts with
a significant number of unpaired electrons show the same spin
direction. Especially for the sodiated materials (Figure 7a,c), it
can be seen that there are no cobalt ions with magnetic mo-
ments remaining after doping with Ru. This state would cor-
respond to Co’* (low spin, t,,°,°), whereas a cobalt ion with
a magnetic moment of roughly “1” would correspond to Co**
(low spin, t,,°¢,”). The magnetic moments assigned to the cobalt
ions are shown in Figure 8a. The Co**/Ru*" replacement ob-
served in the experiments matches the replacement of Co** by
Ru** ions (Figure 7a,c). However, because of the slightly differ-
ent composition used for the theoretical models, the results sug-
gest an exchange of Co** by Ru*®* ions. The assignment of a
charge close to 4+ to the Ru ions can be again justified by a
magnetic moment on the ions that is close to “2” (Figure 8),
which corresponds to a low-spin t,,*¢, configuration. Consider-
ing charge balance, this would yield the following formulas from
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Figure 7. a) Spin density difference (SDD) plot of Ng75CO, N 25CO, Ng¢gCRO, and Ngo¢CRO at an iso-value of 0.05 unpaired electrons A=3. In
general, the number of unpaired electrons increases on oxidation (charge) while the oxidation of cobalt is reduced on ruthenium doping. The oxidation
of ruthenium can also be observed by the change in the shape of SDD located at the Ru ions.

the theoretical perspective for the discharged cathode materials:
Nay ;5[Co’* 4 55Co* 55]0, and Nay 9[Co™*( 7sRu*#*( 55]0,. These
proposed charges also match the calculated total magnetic mo-
ments of the supercells, as presented in Table S3 (Supporting In-
formation).

On desodiation, an increase in the number of cobalt ions with
a spin density close to 1 is observed, showing the activity of the
Co’*/Co** redox pair that was also observed in the experimen-
tal XANES studies. Therefore, the exchange of Co** by Ru*?>*
also increases the activity of the Co**/Co** redox pair by forcing
the cobalt ions to be 3+ in the discharged NCRO material. As
the magnetic moments of oxygen undergo only minor changes
(mostly less than 0.1) (Figure 8b), the redox activity in the NCO
cathode can be exclusively assigned to the Co**/Co** redox pair
with the calculations. This finding yields the following charge-
balanced formula: Na, ,5[Co** ,5Co** 5]0,, which corresponds
to the ratio of the number of cobalt ions with a magnetic mo-
ment of ~0 (Co**) to that with a magnetic moment of ~1 (Co**)
in Figure 8a and also matches the calculated magnetic moment of
28.00 of the whole supercell (Table S3, Supporting Information).
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The same redox pair is also active in NCRO according to the
calculations; however, only half of the cobalt ions are oxidized
from 3+ to 4 + on charge (Figure 8). Figure 8 also reveals a slight
oxidation of Ru, as the number of unpaired electrons per ion in-
creases from 1.79 to 2.18. This value is below the expected mag-
netic moment of 3 for Ru’* (t,,’¢,). However, the change in the
shape of the SDD in Figure 7c di 1s quite severe. In addition, the
magnetic moments on the oxygens reveal much more fluctua-
tions in NCRO (Figure 8b) than in NCO, indicating a stronger
oxidation of Ru to Ru’*. Under this assumption, the fluctuations
in the magnetic moments of oxygen would correspond to both
the delocalization of oxidation of the ruthenium ions and the acti-
vation of oxygen redox in NCRO. These conclusions are also sup-
ported by the experimental findings that suggest the presence of
Ru’* as well as oxygen redox in the NCRO material. TMs are also
highly oxidized toward Co** (0.53 A) and Ru’* (0.565 A), which
explains the Co**—O bond is stronger than the bond of Ru>*—0
due to the short distance with oxygen. This implies that the delo-
calization (forming lone pair electron) in Ru**—O0 is more favor-
able than that in Co**—O0, as confirmed by the DFT calculation.

06 T T T T T T
b & O (No.75CO)
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Figure 8. Magnetic moments of a) metals and b) oxygen for charged and discharged NCO and NCRO, atom numbers correspond to the numbers
in Figure 7. It can be seen that the cobalt ions either have a magnetic moment of 0 (Co3*) or 1 (Co**) and that the amount of Co** increases on
charge. Oxidation of ruthenium is seen by the increase of ~0.5 in the magnetic moment on desodiation. The magnetic moments of oxygens show more
fluctuations in NCRO than in NCO indicating the activation of oxygen redox by the ruthenium doping.
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Figure 9. Schematic illustration of structure, phase transitions, and corresponding reaction mechanisms for NCO and NCRO.

Such that the observed evolution of oxygen in Figure 6d would be
mainly ascribed to the oxygen bonded with Ru in the TM layer.

Next to the activation of (reversible) oxygen redox by ruthe-
nium doping, the computational magnetic moments also re-
veal one very strongly oxidized oxygen ion (atom number 5 in
Figure 8) with a magnetic moment of ~0.5. This strong oxida-
tion might indicate the beginning of the formation of an O~
ion that could then continue to form a peroxide or an oxygen
dimer eventually. Unfortunately, the formation of such a dimer
for DFT geometry optimization is kinetically strongly hindered in
NCRO and was therefore not observed in the calculations. How-
ever, the presence of such a strongly oxidized oxygen ion is in
good agreement with the experimental O-DEMS measurements
that revealed oxygen-gas release for NCRO, especially in compar-
ison with NCO, where no oxygen gas was observed and for which
the calculations show only minor magnetic moments (oxidation)
on the oxygen ions. Taking all of this information into account,
the following formula can be assigned to the charged NCRO ma-
terial: Nay os[Co™*(33C0*" o 33RU™  55][0g,05' 0104”7 ]- Again, this
composition ensures charge balance and would correspond to
a magnetic moment of the simulated supercell of 19.0, which
perfectly matches the value of 19.0 obtained in the calculations
(Table S3, Supporting Information). Based on our DFT calcula-
tions, the redox processes can be summarized as follows: the ac-
tivity of NCO appears to stem exclusively from the Co**/Co**
redox, whereas that of NCRO originates from less Co**/Co**
redox (compared to NCO) but additional Ru**/Ru’* as well as
0%7/(0,)"" redox. These findings are in good agreement with
the experimental data and explain the observed superior perfor-
mance of the NCRO cathode material compared with that of the
NCO cathode material.
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Our study explored the potential of Co substitution by Ru in
layered P2-Na,;CoO, as an exciting and challenging strategy
in the search for new materials. We concluded that Ru substi-
tution allows for rational tailoring of electrochemical properties
by mitigating Na* /vacancy ordering and activating oxygen-redox
phenomena. Despite the partial release of O, gas on the first
charge, the NCRO material demonstrates higher capacity and en-
ergy density (NCO 380.5 Wh kg=!, NCRO 499.9 Wh kg~') be-
cause of the involvement of all the Co, Ru, and O elements in
the charge-compensation process and reasonable performance
compared with that of the NCO material (Figure 9). In conven-
tional sodium-ion battery cathode materials, the capacity is lim-
ited and usually delivered solely by TM redox reactions. How-
ever, recent studies have revealed that oxygen can also partici-
pate in electrochemical reactions, providing additional capacity
and improving the overall performance of the battery. There-
fore, in the current work, we verified the improved the capac-
ity and rate capability of P2-Na, ,,CoO, cathode by Ru substitu-
tion (Table S4, Supporting Information). This paper aims to de-
velop sodium-ion batteries with higher energy density by utiliz-
ing both cationic and anionic redox reactions, making them more
competitive with other energy storage technologies. Our findings
suggest a strategy for unlocking the electrochemical activity in
the P2-Na CoO, framework via 4d element substitution, which
can support the development of high-energy-density cathode
materials.

3. Conclusion

In this study, the substitution of Ru in layered Na,CoO, was in-
vestigated. Benefiting from the Ru doping, Na, ([Co, ,sRu,,,]0,
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delivered a high discharge capacity of 163 mAh g~' at 0.1 C, which
is superior to that of Na, ;;CoO,. Furthermore, using a combina-
tion of operando-XRD, X-ray absorption spectroscopy, and theo-
retical studies, it was demonstrated that the presence of Ru sup-
presses the formation of Nat*/ordering in the structure and also
activates itself via a Ru**/Ru’* and additional 0%~ /(0,"") redox
process in the layered structural framework. As a result, higher
capacity is delivered in Na, ;[Co, ;sRu,,,]0, owing to the use of
both cationic and anionic redox reactions. Our findings indicate
the feasibility of designing new high-capacity cathode materials
for sodium-ion batteries by using 4d elements.

4. Experimental Section

Synthesis:  P2-type Nagg;CoO, (NCO) and Nagg[Coq 7gRug22]0,
(NCRO) powders were synthesized by the self-combustion method.
Stoichiometric amounts of Co(NO3),-6H,0 (98%, Sigma—-Aldrich) and
NaNO; (99.5%, Alfa) were mixed with citric acid (99.5%, Sigma-Aldrich)
and sucrose (99.5%, Sigma-Aldrich) in a weight ratio of 1:0.2:0.05
(salts:citric acid:sucrose) in water. The mixture was then stirred for 1 h
and heated at 120 °C to evaporate the solvent. Further dried powders were
heated at 220 °C to induce self-combustion. The collected powders were
preheated at 400 °C for 4 h in air to remove the residual organics, and the
obtained powders were mixed with RuO, (ACROS Organics) in an agate
mortar. Both the NCO and NCRO powders were calcined at 900 °C for 12 h
in an air gas and then slowly cooled to room temperature.

Characterization:  For characterization of the synthesized powders X-
ray diffraction was conducted using X'Pert, PANalytical diffractometer
with Cu Ka radiation in the scan range from 10° to 80°. Rietveld refine-
ment was performed to analyze the obtained powder XRD patterns us-
ing the full proof program.3?] The particle morphologies of the synthe-
sized materials were investigated using field-emission scanning electron
microscopy (SEM; SU-8010, Hitachi) and high-resolution transmission
electron microscopy (TEM; Jeol, JEM-ARM200F) combined with energy-
dispersive X-ray spectroscopy (EDX). Operando XRD measurements (o-
XRD, X'Pert, PANalytical diffractometer) were conducted to monitor the
structural evolution during Na* de-/intercalation.333*] The direct-current
electrical conductivity of both NCO and NCRO powders was measured by
using the direct volt-ampere method (CMT-SR1000, AIT). Disc samples
were contacted with a four-point probe during the measurement process.
The atomic ratios of elements in the samples were examined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES; OPTIMA 8300;
Perkin-Elmer, USA). X-ray absorption near-edge structure (XANES) spec-
troscopy measurements were performed at the 8 C beamline for the Co
K-edge, the 10 C beamline for the Ru K-edge, and the 4 C beamline for the
O K-edge at the Pohang Accelerator Laboratory, South Korea. The Athena
software package was used to process the XANES data, as described in
the reference.[3’]

Electrochemical Testing:  Electrodes were prepared by mixing the active
materials (80 wt.%), polyvinylidene fluoride (PVDF, 10 wt.%), and con-
ducting agent (Super P, 10 wt.%) in N-methyl-2-pyrrolidone (NMP) so-
lution. The well-mixed slurry was applied on Al foil using a doctor blade
and then dried at 110 °C for 24 h. Discs were cut out of the dried elec-
trodes (loading mass: ~3 mg cm~2). All the procedures for the electrode
fabrication and handling were performed in a dry room. Half cells were
fabricated in an Ar-filled glovebox, using Na metal as the counter elec-
trode, in an R2032 coin-type cell. The electrolyte solution used was 0.5 m
NaPFg in a mixture of propylene carbonate (PC) and fluorinated ethylene
carbonate (FEC), with a volume ratio of 98:2. The electrochemical perfor-
mance of each half cell was evaluated by applying a constant current of
23.5 mA g~! (0.1 C) in the voltage range of 1.5-4.3 V at room tempera-
ture. Galvanostatic intermittent titration technique (GITT) measurements
were performed by applying the repeated current pulses for 30 min at a rate
0f0.05 C (11.75 mA g~ for charge/discharge followed by an open-circuit
periods of 1 h in the voltage range of 1.5—4.3 V. Differential electrochemi-
cal mass spectrometry (DEMS) was conducted in a R2032 coin-type. The
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cell was charged and discharged at a current rate of 23.5 mA g~ (0.1C). Ar
served as the carrier gas for charge and discharge processes at a flow rate
of 15 sccm. Gas emissions were measured using HPR-20 R&D O-DEMS
(Hiden Analytical).

First-Principles Calculations: Spin-polarized density functional theory
(DFT) calculations with the projector augmented wave (PAW)[3¢] poten-
tial as implemented in the Vienna Ab Initio Simulation Package (VASP)[3’]
were performed for the undoped and doped Na,CoO, materials for both
fully charged and discharged states. The geometries of the structures were
optimized using the Perdew—Burke—Ernzerhof (PBE)[*8] functional and an
electronic convergence criterion of 107# eV as well as a force convergence
criterion of 2 x 1072 eV A~1. PAW potentials containing only the valence
electrons of the considered elements were used, and the energy cut off
was set to 520 eV. The electronic structures were determined by single-
point calculations with the Heyd—Scuseria—Ernzerhof (HSE) 06[*°! func-
tional. As the first step, four electronic optimizations with different initial
magnetic moments (number of unpaired electrons) considering different
redox activities of the metal ions as well as high- or low-spin configurations
for cobalt ions were performed for each compound (Table S3, Supporting
Information). An electronic convergence criterion of 1072 eV was used,
and the structures with the lowest energies were further converged to
10~* eV for the final analysis. The Na and Ru contents as well as the struc-
ture types were adjusted to the experimental findings, resulting in the fol-
lowing models: Nag 75Co0O, (P2), Nag 5Co0, (P2), Nag ggRug 25C0og 750,
(P2), and Nag ggRuq 25C0g 750, (OP4). Supercells of 4 x 2 x 1 (k-point
mesh: 2 X 4 x 2) were used for the P2 phases, and a 2 X 2 x 1 (k-
point mesh: 4 x 4 x 1) supercell was used for the OP4 phase, con-
taining 16 formula units each. For the electronic-structure calculations,
Nag gRUg.25C0g 750, was also modeled in the P2 phase, assuming that
the inter-layer interactions could be neglected for the electronic structures.
An HSE optimization with 1073 eV electronic and 4 x 1072 eV A~ force
convergence criteria as well as a reduced k-point grid of 1 x 2 X1 was per-
formed for the P2 structure. The electronic structures of desodiated NCRO
were obtained using this P2 model. The arrangements of the Na, Ru, and
Co ions were determined using a coulomb-energy analysis with the help
of the so-called supercell code.[*?] The following charges were applied for
the analysis: —2 for oxygen, +1 for sodium, +3 for cobalt, and +4 for ruthe-
nium. The required additional positive charges for the charge balance were
assigned evenly to cobalt and ruthenium ions. All possible Na arrange-
ments were iterated together with the Ru and Co arrangements, and all
possible distributions of Na ions between the two different P sites were
considered, resulting in a full screening of all possible configurations, in to-
tal 102 structures including symmetry equivalents. Atomistic structures
were visualized with the VESTA software package,[*! and spin-density dif-
ferences were calculated using the Vaspkit software.[4?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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