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ABSTRACT

Recently honeycomb-ordered NazM,XO0g (M = Ni, Cu, Co; X = Sb, Bi etc.) layered oxide cathode mate-
rials have attracted significant interest because of their excellent voltage platform and high energy den-
sity. Despite their excellent prospects, they still suffer from insufficient rate capability and poor struc-
ture stability. Herein, we find that the specific capacity, electronic conductivity and structural stability of
honeycomb-ordered Na;Ni,SbOg cathode material can be well promoted through partial Ru substitution.
By combining the experimental analyses and theoretical calculations, we reveal that the partial substitu-
tion of Sb(V) with low valence Ru(IV) generated a strong Ru-O covalency reduces the bandgap, leading to
a decreased redox potential and enhanced electrochemical kinetics. Meanwhile, the formed honeycomb
RuNig-ring superstructure with structural distortion can adapt large strain fluctuation during cycling and
eventually enhance the electrochemical cyclability. Such a proposed strategy provides valuable insights

into further developments of the high-performance honeycomb layered oxides cathodes.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The severe scarcity of lithium resources has led to the grow-
ing concerns about the application potentials of lithium-ion batter-
ies (LIBs) in large-scale energy storage [1-3]. Among many other
energy storage systems, sodium-ion batteries (SIBs) are gaining
higher possibility in sustainability and affordability given the rich
resources and low cost [4-7]. Since the early 1980s, great efforts
have been devoted to the cathode materials for SIBs, and among
them, layered transition metal oxides with a general formula of
NaxMO, (x<1, M = Fe, Co, Ni, Mn, Cr, V, and etc.) have been ex-
tensively discussed used in sustainable energy storage application
model [8-10]. According to Delmas et al., layered transition metal
oxides can be generally grouped into P2- and O3-types, where Na™
occupy the prismatic and octahedral sites, respectively [11,12]. The
03-type oxides can host a higher Na content than the P2 oxides,
making it possible to obtain a higher reversible specific capac-
ity, especially in sodium full-cells [13-16]. Among these O3-type
compounds, honeycomb-ordered Na3M,XOg materials (M = Ni, Cu,
Co; X = Sb, Bi) have attracted great attention due to their rela-
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tively high voltage profile (average voltage > 3.3V) and high re-
versible capacity within the voltage range from 2 to 4V [17,18].
However, they still suffer from poor cycle stability and insufficient
rate performance owing to the irreversible 0O3-P3-0O1 phase trans-
formation and structural collapse during Na* insertion/extraction
process, impeding their practical application in SIBs [19-21]. To
address these issues, heterogeneous ion-substitution using other
electrochemically inactive cations such as Mg+, Zn?t, has been
employed to achieve good cycling stability [22,23]. However, due
to the incorporation of inactive species, chemical substitution gen-
erally brings about capacity loss. Thus far, it remains challenging
to obtain simultaneous improvements in specific capacity, rate ca-
pability and cycling stability.

From this perspective, herein, for the first time we present an
electronic-structure modulation strategy through partial substitu-
tion of Sb with Ru to concurrently increase the reversible capacity,
cycling capability and rate performance of the honeycomb-ordered
NazNi,SbOg compound. The formation of RuNig-ring superstruc-
ture induced by the strong covalence of active Ru with oxygen fa-
cilitates the generation of the electronic holes for the O-2p band
and lowers the band gap of the NazNi;SbggRug,0g compound, re-
sulting in higher ionic and electronic conductivities and effective
suppression of the structure collapse occurred in a deep state of
charge. These results demonstrate the relationship between the
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modulation of honeycomb superstructure and enhanced the elec-
trochemical performance in O3 layered oxides, providing useful
clues for designing high-performing cathode materials of SIBs.

2. Experimental section
2.1. Synthesis of Na3Ni;Sb;_xRuxOg

A simple solution combustion method combined with step-
wise high-temperature treatment were employed to synthesize the
Na3Ni,Sby_xRuxOg (x = 0, 0.1, 0.2 and 0.3). Specifically, stoichio-
metric amounts of NaNO3, Ni(CH3C0O0),, Sb(CH3C00)3, RuO, and
glucose were uniformly dissolved/dispersed in deionized water.
The mixture was heated at 80°C in a water bath to evaporate the
extra water until it turned into gel. Then, the gel was transferred
to a crucible and heated to 250°C then spontaneously combustion
reaction occurred. The obtained precursor was ground by using an
agate mortar and collected it in a corundum boat. Finally, the pre-
cursor was annealed at 800°C for 15h in a muffle furnace under air
atmosphere to obtain the target product. All samples were trans-
ferred into glove box with argon-filled atmosphere for storage.

2.2. Materials characterization

Inductively coupled plasma-atomic emission spectrometry (ICP-
AES) was conducted to determine the chemical composition of the
samples. The crystallographic structure of the samples was inves-
tigated using X-ray diffraction (XRD) with a Cu-Ko radiation in
the range of 10-80° (Bruker Advance D8 powder diffractometer,
0.02° 260 per step and 2 s duration). Rietveld refinement of the
XRD patterns was carried out by using GSAS+EXPGUI software
[2]. Field emission scanning electron microscopy (SEM, FEG250, FEI
QUANTA) was used to observe the morphology of the samples. An
ESCALAB 250Xi X-ray photoelectron spectrometer (XPS) was ap-
plied to determine the chemical state of the elements. All XPS
spectra were calibrated using the C 1s peak with a binding energy
of 284.8 eV. Background subtraction and curve fitting were fulfilled
using XPSPEAK Version 4.0 software. The atomic-resolution high
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and electron energy loss spectroscopy (EELS) were
conducted on an aberration-corrected FEI (Titan Cubed Themis G2)
equipped with an X-FEG gun at 300 kV, accompanied by the ~50
pA beam current. The convergence semi-angle was 30 mrad and
the collection semi-angle snap range was from 80 to 379 mrad.
The STEM-EDS mapping were acquired on a Bruker Super-X EDS
four-detector with a beam current of ~100 pA and counts ranging
from 1k cps to 3k cps for ~15 min. The EELS data was collected by
Gatan Enfinium system with the collection semi-angle of 5.9 mrad,
the convergence semi-angle of 25 mrad and a dispersion of 0.25
eV/ch.

2.3. Electrochemical characterizations

All the cathode materials were mixed with acetylene black
and polyvinylidene fluoride (PVDF) binder at the weight ratio of
8:1:1 and then dissolved completely in N-methyl-2-pyrrolidone
(NMP). After stirring for 1h, the obtained slurry was homoge-
neously pasted onto Al foil and dried at 110°C for 12 h in a vac-
uum oven. The coated foil was cut into circular pieces with a di-
ameter of 12 mm. A cathode electrode piece, a separator (glass
fiber) and a metallic sodium anode were assembled into a coin-
type half-cell (CR 2016) in an Ar-filled glove box (MBraun, Ger-
many). The electrolyte solution was prepared through dissolving 1
M NaPFg in ethylene carbonate (EC)/dimethyl carbonate (DEC) (1:1,
v[v) with 3 vol% fluoroethylene carbonate (FEC). The cycle and rate

tests were performed on Land cell test system at room temper-
ature, in a voltage window of 2V-4V (vs. Na*/Na). Electrochemi-
cal impedance spectroscopy (EIS) was tested on an electrochemical
workstation (PARSTAT 4000 A Potentiostat/Galvanostat, Princeton
Applied Research) and recorded at a frequency of 0.1 Hz-100 kHz
with an AC amplitude of 5 mV at room temperature.

2.4. Na* diffusion coefficients

The Na* diffusion coefficient (Dy,, ) is calculated based on the
following equation:

R2T2
Dnat = S asnaraczg

Where R is the molar gas constant (8.314 JKemol~1), T is the ther-
modynamic temperature (303K), A is the area of cathode electrode
(11309 cm?), n is the number of electrons every molecule partici-
pating in the redox reaction (1), F is the Faraday constant (96500 C
mol~1), C is the Na* concentration in cathode material (0.05) and
o is Warburg coefficient (Table S7).

2.5. First-principle calculations

First-principle calculations based on density functional theory
(DFT) were performed using the Vienna Ab-initio Simulation Pack-
age (VASP) package. The generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE) functional was used to
describe the electronic exchange and correlation effects. Uniform
G-centered k-points meshes with a resolution of 27*0.03 A-! and
Methfessel-Paxton electronic smearing were adopted for the inte-
gration in the Brillouin zone for geometric optimization. The sim-
ulation was run with a cutoff energy of 520 eV throughout the
computations. These settings ensure the convergence of the total
energies to within 1 meV per atom. Structure relaxation proceeded
until all forces on atoms were less than 1 meV A-! and the total
stress tensor was within 0.01 GPa of the target value. To describe
the on-site Coulomb interaction, the DFT +U approach was used
to calculate all the elementary reaction steps, and the U term of
Ni-3d and Ru-4d is 6.8 and 4.0 eV, respectively. The layered struc-
ture of Na3zNi,SbOg was adopted as initial structure to build the Ru
doped compounds. In order to get the Na3Ni,SbggRug,0g struc-
ture model, a 6 x 1 x 1 supercell with the chemical formula of
Na1gNi;SbgO3¢ was built. The coordination environment of Ni or
Sb atoms is the same, so the Ni or Sb atom can be randomly re-
placed by Ru to get the NalgNi]25b5RU] 035 or Na18Ni]1Sb5RU1 035
supercells.

3. Results and discussion
3.1. Crystal structure analysis

The elemental composition of the NasNi;Sby_yRuyxOg com-
pounds determined by Inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES) (Table S1), indicates well consistent
along with the designed stoichiometry. Scanning electron mi-
croscopy (SEM) images of the as-prepared samples (Fig. S1) show
that all Na3Ni,Sb;_4RuxOg samples display irregular flaky morphol-
ogy with particle size ranging from 0.5 to 1.5um. As shown in Figs.
S2 and S3, high angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) images and the corresponding
EDS mappings demonstrate the homogeneous distribution of Na,
Ni, O, Sb and Ru elements in the layered oxides. As illustrated in
Fig. 1a, the X-ray diffraction (XRD) peaks of all the samples can
be fully indexed to a monoclinic phase with space group C2/m,
without any impurities after Ru substitution. The weak diffraction
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Fig. 1. (a) Powder XRD patterns of the Na3Ni,Sb;.xRuxOg samples. (b) Refined lattice parameters of the NasNi,Sb;_xRuxOg samples. HAADF-STEM images and corresponding
Z-contrast profiles with measured spacing of (c) NasNi;SbOg and (d) Na3NiySbggRug,0s observed along [100] zone axis.

peaks located at 18-32¢ are attributed to the superstructure reflec-
tions of honeycomb-ordered Ni/Sb arrangement within ab-plane
[21]. The Rietveld refined XRD patterns and the fitting results are
presented in Figs. S4 and 1b and Tables S2-S5. It is evident that
the lattice and volume parameters decrease steadily with the in-
crease of Ru content, which is in good agreement with the shift-
ing of the (006) peak in Fig. 1a. Further, as shown in the atomic-
resolution HAADF-STEM image along [100] direction (Fig. 1c and
1d), the spacing of TM layers become smaller after Ru doping, sug-
gesting shrinkage of crystal volume, which is consistent well with
XRD analysis results. The slight decreasing of the unit cell lattice
could be ascribed to the different bonding strength between Ru-O
and Sb-0 bonds, resulting in the shrinkage of the RuOg octahedron
than the SbOg octahedron in Ni,SbOg layers. Such a difference will
be discussed later in detail.

To figure out the atomic-scale structure variation induced by
Ru substitution, HAADF-STEM images along the [100] zone axis
taken from the Na3Ni,SbOg and NasNi;SbggRug,0g samples are
illustrated in Fig. S5a and S5b. Considering that the HAADF im-
age contrast is roughly proportional to Z1.7 (Z represents the
atomic number) [2], the brighter and darker spots correspond to
Sb and Ni atoms, respectively, showing the Sb-Ni-Ni-Sb ordered
arrangement in the Ni,SbOg layer. However, different atomic ar-
rays against the Sb-Ni-Ni-Sb ordered arrangement is also found
in pristine NasNi;SbOg sample (red frame in Figure S5a), indi-
cating an imperfect Ni/Sb honeycomb-ordered arrangement in ab-
plane. In contrast, Na3Ni;Sbg gRug,0g shows a highly-ordered hon-
eycomb arrangement, suggesting that Ru substitution can effec-
tively improve the in-plane honeycomb ordering. Besides, the con-
trasts between the bright and dark spots in the Ni,SbOg layer of
the two samples are rather different. To quantify this difference,

the Ni,SbOg layer contrast intensity profiles of the two different
samples are presented in Fig. S5c, which are taken from the yel-
low rectangle area in Fig. S5a and S5b. It is evident that the dif-
ference between the high peaks and low peaks in the Na3Ni,SbOg
cathode material is larger than that in the Na3Ni,SbygRug,0g sam-
ple. In addition, the HAADF-STEM images of the two samples pro-
jected along [010] and [001] zone axis are presented in Fig. S6.
As it has been reported in our previous study, the rotation of lay-
ers induce out-of-plane stacking disorder, making the Sb/Ni super-
structure cannot be observed from the [010] and [001] zone axis
[24]. Since the atomic number of Ru (44) is smaller than that of
Sb (51) but larger than that of Ni (28), hence it is hard to deter-
mine whether Ru substitutes the Sb site or Ni site based merely
on the HAADF-STEM results.

In this regard, first-principles calculations were performed to
confirm the substitution site of Ru*t ijons [25,26]. By calculating
the formation energy (Hy) of NazNi;SbygRug,0¢ compound with
different Ru*t substitution sites, the thermodynamic stability of
different Ru occupancies can be determined. The formulas for cal-
culating the Hy of Ru substituted at Sb and Ni sites are as follows,

Hf (Na18Ni125b5Ru036)
= E(Na]gNi125b5Ru035) + %E(szOs)

. 1
— E(NaygNi3Sbs036) — jE(RuOZ) —E(0y) (1)

Hf (Na18NinSb6RuO35) = E(Na18Ni11Sb5RUO35) + E(N102)
—E(NaigNippSbs036) — E(Ru0z)  (2)
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Fig. 2. (a-b) EELS spectra of the NasNi;SbOg and Na3Ni;SbggRug,0s samples. (¢) The corresponding total and partial density of states (DOSs) of TM and O ions. (d) The
relaxed crystal structures of the Na3NiySbOg and Nasnirshosruo206 Viewed from the [001] zone axis. (e) The calculated charge density and charge density difference (CDD) for

Sb and Ru maps of SbNi6-ring(left) and RuNi6-ring (right). The CDD maps are calculated by the formula: Ap=p(total)-
in charge density difference images represent the gain and loss of electrons, respectively.

where E(Na18Ni125b5Ru036) or E(NalgNiHSbﬁRuO36) is the total
formation energy of substituted compound, E(Na;gNij;SbgOsg) is
the total formation energy of pristine compound, and E(RuO,),
E(Sby05), E(NiO,) and E(O,) are the formation energies of RuO,,
Sb,0s5, NiO, and O, gas, respectively. The calculated formation
energy of all the compounds mentioned in Eqs. (1) and (2) are
listed in Table S6. The lower value of H{Na;gNi;;SbsRuOs6) than
Hi{Na;gNij;SbgRuO36) suggests a preferential occupancy of Ru in
the Sb site, probably due to the similarities in ionic radius and va-
lence state between Ru and Sb without affecting its in-plane hon-
eycomb ordering by the Nig-rings [27-29].

3.2. Electronic structure variations

To appreciate the electronic structure changes induced by Ru
substitution, complementary electron energy loss spectroscopy
(EELS) (Fig. 2a and 2b) and X-ray photoelectron spectroscopy
(XPS) analyses (Figure S7) were performed on pristine and Ru-
substituted materials. Ru substitution brings about nearly no
changes to the EELS Ni-L,3 edges and the Ni 2p XPS spectra. In
contrast, as for the Sb ions, a small shift to lower energy values
for the Sb 3d XPS spectra can be observed in Fig. S7c, indicat-
ing a very slight decrease in Sb-O binding energy (Sb 3d;, peak
shift from 539.04 eV to 538.89 eV). As shown in Fig. 2b, the O K-

p(total-Ru/Sb)- p(Ru/Sb). The yellow and blue part

edge pre-peak at 530 eV accounts for the hybridization between
the O-2p band and the transition metal 3d band, which can re-
flect the valence state of transition metal [30-32]. By comparison,
the pre-peak position do not change after Ru-doped, suggesting
that the valence state of Sb and Ni have no change. Moreover, the
second main peak for O K-edge accounts for the transitions to O-
2p states hybridized with the more-delocalized transition-metal 4s
and 4p states, reflecting the intrashell multiple scattering within
the first oxygen coordination shell which is related to the first-
neighbor 0-0 distance in compound [31-33]. The main peak for O
K-edge shift to a lower energy after Ru substitution, implying a lit-
tle higher O-2p valence state and oxygen vacancy formation. That
is mainly attribute to partial Sb substituted by Ru, which has a
stronger interaction with the neighboring O and weaken the Sb-O
bonding through the surrounded Nig-ring superstructure. Thus, the
substitution of high valent Sb>+ with low valent Ru** makes rather
marginal impacts on the chemical coordination environments of Ni
and Sb cations, which can be related to the honeycomb-ordered
Nig-ring superstructure that weakens the effect on chemical envi-
ronments [27].

To rationalize this idea, density-functional-theory (DFT) calcu-
lations were conducted to obtain the total and partial density of
states (DOSs) of Ni, Sb, Ru and O ions, as illustrated in Fig. 2c. As
expected in the relaxed honeycomb-layered structure, each SbOg
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Fig. 3. Electrochemical performance of the Na3Ni,Sb;_4RuxOg cathodes including (a) First galvanostatic charge/discharge curves at a rate of 0.1C, (b) Corresponding dQ/dV
curves, (c) Rate performance of all samples at various rates and (d) Charge/discharge curves of Na3Ni,SbggRug,0s sample at different rates. (e) Nyquist plots of the
Na3Ni,Sb;.xRuxOg samples and the simulated curves fitted by equivalent circuit. (f) The Rct of Na3Ni,Sb;.xRuxOg samples after equivalent circuit fitting. (g) Zre vs. w™/?
diagram with linear fitting results of all samples. (h) Cycling performance of NasNi,Sb;_xRuxOg samples at 0.1C rate.

octahedron (purple) surrounded by six NiOg octahedra (orange) to
form the TM layer in Na3Ni,SbOg structure, where one fifth of the
Sb cations are occupied by Ru cations in NasNi;Sbg gRug,0g struc-
ture (Fig. 2d). It is evident that the incorporation of Ru cations
makes nearly no impacts on the DOS profiles of Ni and Sb, which is
well consistent with the experimental EELS and XPS results. Nev-
ertheless, the 4d empty orbitals introduced by Ru#* and the strong
covalency of active Ru cations with oxygen that facilitates the gen-
eration of the electronic holes for the O-2p band, which can lower
the band gap of the compound by about 0.7 eV. This indicates
that the Na3Ni,Sbg gRug,0g structure, which possesses active Ru*+
cations and exhibits a lower band gap, would display a decreased
redox potential and enhanced electrochemical kinetics when com-
pared with the Na3Ni,SbOg structure. In addition, the calculated
charge density and charge density difference (CDD) in Fig. 2e com-
pares the electronic structure of SbNig-ring and RuNig-ring. The
Nig-ring superstructure with a Sb center, the charge density around
the Sb is evenly distributed and exhibits a polygon-like shape. In
contrast, as a Ru located at the Nig-ring center, the charge distri-
bution around the Ru center shows a strong tendency concentrated
along the neighboring O, suggesting that the strength of Ru-O bond
is higher than that of the Sb-O bond and the electronic conduc-
tivity of RuNig-ring superstructure is better than the SbNi6-ring
superstructure [27,34]. All these DFT calculation results including

DOS and CDD suggest that partial substitution of Sb by Ru may
enhance the electrochemical kinetics and structural stability of the
Na3Ni;Sbg gRug,0g layered cathode material.

3.3. Electrochemical performance

The electrochemical tests of Na3Ni,Sby_yRuxOg (x = 0, 0.1, 0.2,
and 0.3) were performed using Na half-cells in a voltage range of
2.0-4.0 V (Fig. 3). The initial charge-discharge profiles and cor-
responding derivative capacity-potential (dQ/dV) plots of all cath-
odes at 0.1C (1C=200 mA g-1) are displayed in Fig. 3a and 3b. The
pristine Na3Ni,SbOg (x=0) exhibits two main discharge plateaus
at about 3.3 V and 3.65 V with a few of small shoulder peaks
neighboring them, indicating multiple intermediate phase transi-
tions during charge/discharge process. With the stepwise increase
of Ru content (x increased from 0.1 to 0.3), the discharge plateau at
about 3.3V gradually shifts to a lower voltage and merged with the
neighboring peaks, which suggests that intermediate phase tran-
sitions are effectively suppressed by Ru substitution. Changes in
charge-discharge curve shapes are mainly due to the electrochem-
ical activation of Ru**+/5*+ redox couple which possesses a long
platform near 2.6V and the formation of Ru-Ru dimers [35-37].
The initial discharge capacity of the NasNi;Sb;_xRuxOg cathodes
increases with the Ru content, exhibiting 102.5, 103.9, 112.7 and
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117.8 mAh g1, respectively. Considering that Ru substitution can
effectively improves the electronic and ionic conductivity of the
doped-materials, the enhanced electrochemical kinetics allow the
extraction and reinsertion of more Na ions within the same voltage
range of 2.0-4.0 V vs. Na+/Na, explaining the extra reversible ca-
pacities achieved in the Ru-doped materials. Fig. 3c compares the
rate capability of all the cathodes in the voltage range of 2.0-4V
versus Na*/Na. At all C-rates, the Na3Ni,Sb;_yRuxOg sample with
x=0.2 shows the optimized rate performance, delivering discharge
capacities of 114.6, 93.7, 83.8, 76.9, 70.7 and 60 mAh g-! at cur-
rent rates of 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respectively (Fig. 3d).
The enhanced rate performance of cathode materials may attribute
to the enhanced electronic conductivity and Na* transport kinetics
especially at high rates.

To understand the enhanced electrochemical Kkinetics,
electrochemical impedance spectroscopy (EIS) analysis of
Na3Ni,Sby xRuxOg cathodes was conducted and the results
are shown in Fig. 3e-3g [38-42]. The Nyquist plots of all samples
exhibit similar profiles with a semicircle in the high frequency
and a sloping line in the low frequency, corresponding to the
charge transfer resistance (R¢t) and the Warburg impedance (W,),
respectively. In comparison, the NasNi;SbggRug,0g cathode dis-
plays the smallest R and a fast charge transfer kinetics, which
is consistent with the lower band gap after Ru substitution that
results in improved electronic conductivity (Fig. 2c). In addition,
the Na*t diffusion coefficients (Dy,.) of all samples were also
calculated. By comparing the calculated value of Dy,,, x=0.2
sample demonstrates the highest diffusion coefficients, inferring
that Ru substitution greatly enhance the Na* diffusion kinetics by
expanding the d-spacing between Na* diffusion layers (Tables S7
and S8) [43-46]. Note that the further increase of Ru content to
0.3 cause the reduction of d-spacing in the lattice, deteriorating
the rate capability of the Na3Ni,Sbg7Rug 306 electrode.

The effect of Ru substitution on cycling performance is demon-
strated in Fig. 3h. It is worth noting that NasNi,;SbggRug,0g cath-
ode displays the optimal cycling stability. When cycled at 0.1C, a
capacity retention of pristine NasNi,SbOg cathode is only 39.5%
(44.1 mAh-g-1) after 100 cycles, while the Na3Ni,SbygRug20¢ dis-
plays a reversible capacity of 64.5 mAh g-! with a capacity re-
tention of 55% (Fig. S8). Even cycled for 200 times at 1C rate,
Na3Ni;Sbg gRug;0g still possess the highest reversible capacity of

54 mAh g~! with a capacity retention of 48.5% (Fig. S9). It is worth
noting that, however, the cycling stability of Na3Ni2Sb1-xRux06
cathodes also declines when Ru content reaches x = 0.3, which can
be ascribed to the fact that excessive amount of active Ru species
might weaken the structure stability by interrupting Ni/Sb order-
ing [19,20], as shown in Figure S10. The above results indicate that
an appropriate amount of Ru substitution can apparently improve
the cycling stability and rate performance of Na3Ni,SbOg cathode
through enhancing electrochemical kinetics and structure stability.

3.4. Phase transformation and structural evolution

To appreciate the origin of the enhancement in structure stabil-
ity, phase transition and structural evolution during the first cycle
were characterized via ex situ XRD. As shown in Fig. 4a, ex situ
XRD patterns of the Na3Ni,SbOg and Na3Ni,SbggRug,0g cathodes
were collected at different states of charge (SOC). For both ma-
terials, the 0’3-P3-0’3 phase transformation process occurs upon
Na+ desertion/insertion. Different from some previous reports on
Na3Ni;SbOg, no O1 phase can be observed at 4V charged state,
which is due to the different degree of ordering in NasNi;SbOg
[19,21,22,23]. The diffraction peaks of calcium carbonate impu-
rity is brought by the plasticine, which was used to fix the elec-
trode piece on the XRD sample stage. Fig. 4b compares the mag-
nified ex situ XRD diffraction patterns of the NaNa3Ni,SbOg and
Na3Ni, Sby gRup 06 samples in the region of 15°—17.3° to explic-
itly show the effect of Ru substitution on structural evolution.
In addition to a trace amount of residual P3 phase, the peak
broadening and shifting to a lower angle are evident in 0’3-(003)
diffraction peak for the discharged Na3Ni,SbOg cathode, implying
less insertion of Na+ and poor structure reversibility of pristine
Na3Ni,SbOg, as schematically illustrated in Fig. 4c (left). In con-
trast, the Na3Ni,Sbg gRug,0g sample remains well crystallinity and
no peak shift of 0’3-(003) diffraction peak can be observed after
the initial cycle, demonstrating effective improvements on phase
transition reversibility, Na+ storage capability and structural stabil-
ity (right panel in Fig. 4c). The XRD patterns of these samples after
100 cycles at 0.1C rate are depicted in Fig. S11 to further confirm
the positive effect of Ru substitution on structural reversibility,
where the Na3Ni,SbggRug,0g electrode maintains pure O3 struc-
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Fig. 5. Atomic resolution HAADF-STEM images of (a) Na3Ni;SbOg and (b) Na3Ni;SbggRug,0¢ in [100] zone axis at 4V charged state. (c) The corresponding atomic contrast
and slab distance of Na3Ni;SbOg (bottom) and NasNi,SbggRug,06 (top). HAADF-STEM images of (d) NaszNi,SbOg and (f) Na3NiySbggRug,06 in [010] zone axis at 4V charged
state. Corresponding geometric phase analysis (GPA) patterns of (e) Na3Ni;SbOg and (g) Na3NiySbggRug,0s materials.

ture while the Na3Ni,SbOg sample still possesses some residual P3
phase.

To understand the enhancement in structural integrity induced
by Ru substitution in atomic scale, HAADF-STEM imaging of the
charged NasNi,SbOg and NasNi;SbggRug,0g materials was per-
formed and compared in Fig. 5. Apparently, as shown in Fig. 5a and
5b, the lattice of the charged NasNi,SbOg material was severely
distorted, demonstrating misplaced TM layers and cation mix-
ing (yellow frame). Compared with the pristine material, the
NasNi;SbggRug,0g exhibits a consistent interlayer distance and
perfect atomic arrangement, indicating a well preserved in-plane
honeycomb ordering even at deep Na* extracted state (Fig. 5¢). On
the other hand, atomic-scale simulated geometric phase analysis
(GPA) was also conducted to study the internal strain and structure
distortion (Fig. 5d-5g) [47]. Evidently, the pristine material display
large strain distribution especially in the distorted area, while a
relatively smaller and uniform internal strain distribution is ob-
served in the Ru-substituted material. In other words, due to the
enhanced stability of Ni,Sb(Ru)Og layer induced by the strong Ru-
O interaction, the structural stability of the cathode material is sig-
nificantly improved and the lattice distortion is well suppressed,
which also explain the noticeable enhancement in electrochemical
performance of honeycomb-ordered materials.

4. Conclusions

In summary, we demonstrate an electronic-structure tun-
ing strategy of honeycomb-ordered Na3Ni,SbOg cathode material
through the incorporation of Ru cations. Appropriate Ru substitu-
tion in the Sb site significantly improves the electronic conductiv-
ity, Na* diffusion kinetics and structural integrity, leading to an
increased capacity, better rate performance and cyclability. We at-
tribute the enhanced performance to the 4d empty orbitals intro-
duced by Ru** and the strong covalency of active Ru cations with
oxygen that facilitates the generation of the electronic holes for
the O 2p band and stabilizes the honeycomb layered structure. We
anticipate that reasonable cationic substitution with different M-
O bond energy in layered oxides, such as V3+, Bi°*, Ru*t, Mo*t,
etc., can modulate the cationic ordering in the lattice to enhance
the electrochemical kinetics and cycling stability, which offer some
inspiration in designing layered cathode candidates for high per-
formance SIBs.
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