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a b s t r a c t 

Although O3-type NaCrO 2 has various merits as a promising cathode material for Na-ion batteries, only ∼0.5 mol 
Na + in O3-type NaCrO 2 can be used because of irreversible phase transition by Cr migration to the Na layers. 
Thus, it is important to increase the Na + content that can be reversibly de/intercalated by O3-type NaCrO 2 . 
Through combined studies using first-principles calculation and experiments, we demonstrate that the presence 
of Sb 5 + in the NaCrO 2 structure can suppress Cr migration even after charging to 4.1 V ( vs . Na + /Na) and enables an 
increase in the Na content that can be reversibly de/intercalated. During charge/discharge at C/20 (1C = 175 mA 

g − 1 ), O3-type Na 0.72 Cr 0.86 Sb 0.14 O 2 delivers a specific capacity of ∼175 mAh g − 1 corresponding to ∼0.72 mol 
Na + de/intercalation, representing highly enhanced electrochemical performance compared with that of O3-type 
NaCrO 2 , which exhibits poor coulombic efficiency of only ∼37% under the same conditions. 
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. Introduction 

With increasing concerns over the environmental pollution resulting
rom the use of fossil fuels, many researchers have focused on the de-
elopment of not only renewable and eco-friendly energy sources but
lso efficient energy storage systems (ESSs) [ 1 , 2 ]. Li-ion batteries (LIBs)
ave received considerable attention as one of the most promising ESSs
ecause of their high energy and stable cycle life [1–6] . Their applica-
ion has thus expanded from small electronic devices to large-scale ESSs
uch as electric vehicles (EVs) [7–9] . Despite the undeniable merits of
IBs, the limited Li resources in the Earth’s crust is considered a major
rawback in terms of satisfying the accelerating demand for LIBs for
rid-scale ESSs, preventing their further application [10–15] . 

Recently, Na-ion batteries (NIBs) have attracted attention as poten-
ial alternatives to LIBs for large-scale application because of the essen-
ially unlimited Na resources as well as the monovalent-ion-based reac-
ion mechanism similar to that of LIBs [16–21] . In particular, layered-
ype oxide materials Na x TMO 2 (TM: transition metals) have been in-
ensively studied as promising cathode materials for NIBs owing to
heir notable merits such as the large gravimetric energy density and
mall molar mass and the large two-dimensional ionic pathways for fast
a + diffusion [22–26] . O3-type NaCrO 2 (O3-NaCrO 2 ) is also consid-
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red an attractive layered-oxide cathode for NIBs because of its large
heoretical capacity of ∼250 mAh g − 1 , corresponding to ∼1 mol Na + 

e/intercalation [27] . In real operation under the NIB system, however,
t was reported that only ∼0.5 mol Na + in O3-NaCrO 2 can be reversibly
e/intercalated in the structure with phase transition between the O3
nd P3 phases, indicating that the available specific capacity of O3-
aCrO 2 is only ∼120 mAh g − 1 [ 22 , 27 ]. During further Na + deinterca-

ation from O3-Na 0.5 CrO 2 , Cr ions are moved to Na layers and Na x CrO 2 
ndergoes irreversible phase transition, preventing facile Na + interca-
ation into Na layers and causing the poor cycle-performance of O3-
aCrO 2 [27] . Thus, suppression of the irreversible Cr migration to the
a layers to enhance the electrochemical performance of O3-NaCrO 2 is

mportant and has been investigated in several studies. 
Herein, we demonstrate that Sb substitution in the O3-Na x CrO 2 

tructure can successfully suppress the Cr migration to Na layers. Fur-
hermore, more than 0.14 mol Sb substitution in the structure en-
bles reversible ∼0.72 mol Na + deintercalation in the Na x CrO 2 struc-
ure during charging to 4.1 V without irreversible phase transition
nd oxidation to Cr 6 + . Through electrochemical tests at a current
ensity of C/20 (1C = 175 mA g − 1 ), it was verified that the O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 delivers a large specific capacity of ∼175 mAh
 

− 1 with a high initial coulombic efficiency of above 98.7%. The com-
nuary 2022 
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ined studies using first-principles calculation, operando X-ray diffrac-
ion (XRD), and ex-situ high-angle annular dark-field scanning trans-
ission electron microscopy (HAADF-STEM) indicate that Cr ions in

he O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 structure did not migrate to Na layers
ven after full deintercalation of ∼0.72 mol Na + and that only re-
ersible O3–P3 phase transition was observed without any irreversible
hase deformation by Cr migration to Na layers during charging to
.1 V ( vs . Na + /Na). Furthermore, even at 5C, a specific capacity of
124 mAh g − 1 was maintained by O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 , correspond-

ng to ∼71.31% of the capacity measured at C/20. In terms of cyclabil-
ty, O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 exhibited a capacity retention of ∼78.64%
or 200 cycles at 2C. These electrochemical properties indicate the out-
tanding power-capability and cyclability of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 as
 promising cathode material for NIBs. 

. Results and discussion 

.1. Crystal structure and morphology of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 

O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 was successfully synthesized via the con-
entional solid-state method [28] and the detailed synthetic pro-
edures and crystal structure information are arranged in the sup-
orting information. To investigate the structural information of O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 , we performed XRD analyses with Rietveld re-
nement. Fig. 1 a shows that O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 with 𝑅 ̄3 𝑚 space
roup was prepared without any impurities or second phases, and its
attice parameters are a ( = b ) = 2.96598(9) Å, c = 16.2099(8) Å,
nd V = 123.494(8) Å3 . Detailed structural information for O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 including the atomic coordinates, thermal fac-

or, and occupancy are tabulated in Table S1 The low reliability
actors (R P : 3.74%, R I : 2.35%, 2 : 1.33%, R F : 8.26%) indicate the
igh accuracy of the Rietveld refinement result. The morphology and
tomic composition of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 were verified by trans-
ission electron microscopy (TEM) analyses combined with energy-
ispersive X-ray spectroscopy (EDS) for elemental mapping. As shown
n Fig. 1 b, the Na, Cr, and Sb elements were homogenously dis-
ributed in O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 particles with an average size
f ∼500 nm. Moreover, the TEM–EDS mapping analyses indicate
hat the elemental ratio in the O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 particles is
a:Cr:Sb = ∼0.721: ∼0.859:0.14, which is consistent with the induc-

ively coupled plasma (ICP) spectroscopy results (Table S2). It was also
erified that the oxidation state of Cr ions in O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 
as nearly + 3, which indicates that Na ions can be de/intercalated

hrough Cr 3 + /Cr 4 + redox reaction (Fig. S1). In addition, we performed
ond-valence energy landscape (BVEL) analyses based on the structural
nformation of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 [29–31] . As shown in Fig. 1 c
nd d, it was predicted that there are sufficiently large two-dimensional
paces for facile and smooth Na + diffusion between interlayers com-
osed of (Cr, Sb)O 6 octahedra. 

.2. Change of electrochemical behavior of O3-Na y Cr 1- x Sb x O 2 as a 

unction of Sb content 

To investigate the effect of Sb substitution on the available ca-
acity of O3-NaCrO 2 without severe irreversible reaction related to
r migration, we compared the electrochemical properties of O3-
a 1–2 x Cr 1- x Sb x O 2 ( x = 0, 0.09, and 0.14). Fig. 2 a presents the initial
harge/discharge profiles of Na 0.72 Cr 0.86 Sb 0.14 O 2 at the current rate
f C/20 (1C = 175 mA g − 1 ) in the voltage range between 1.5 and
.1 V ( vs. Na + /Na). It was verified that more than 0.14 mol Sb sub-
titution in the O3-NaCrO 2 structure results in a highly improved initial
oulombic efficiency of ∼98.7%. In terms of the initial discharge ca-
acity of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 , it is ∼2.16 and ∼1.40 times higher
han those of O3-Na 0.82 Cr 0.91 Sb 0.09 O 2 and O3-NaCrO 2 under same con-
ition, respectively ( Fig. 2 b and c). In particular, the initial coulom-
ic efficiency of O3-NaCrO was only ∼37.04%. These electrochemi-
2 

290 
al results indicate that more than 0.14 mol Sb substitution can re-
ult in an increase of the reversibly available Na content in the O3-
a 1–2 x Cr 1- x Sb x O 2 structure during charging to 4.1 V ( vs. Na + /Na). How-
ver, it was verified that less than 0.1 mol Sb substitution in the O3-
aCrO 2 structure does not greatly improve the electrochemical perfor-
ance, which agrees well with previous research [32] . In addition, Fig.

2–3 and Table S3–5 present scanning electron microscopy (SEM) im-
ges, XRD patterns and ICP spectroscopy results of the O3-NaCrO 2 and
3-Na 0.82 Cr 0.91 Sb 0.09 O 2 samples, which show that all the samples ex-
ibit not only similar particle sizes and morphologies but also consistent
rystal structures without any impurities or second phases. These results
mply that the only differences in the electrochemical performance orig-
nate from the substituted Sb content in the structure. Thus, we spec-
lated that the greatly enhanced electrochemical performance of O3-
aCrO 2 by 0.14 mol Sb substitution resulted from reversible phase tran-

ition during charge/discharge even after charging to 4.1 V ( vs . Na + /Na)
y the suppression of not only Cr migration to Na layers but also oxi-
ation to Cr 6 + . In addition, we prepared the 0.18 mol Sb-substituted
a 0.64 Cr 0.82 Sb 0.18 O 2 phase using the same synthesis process for O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 . As presented in Fig. S4, it was verified that the
a 0.64 Cr 0.82 Sb 0.18 O 2 phase is composed of mixed O3-type and P2-type

ayered structure, not the pure O3-type layered structure, which is con-
istent with the formation of P2-type layered structure at the low Na
ontents (below ∼0.67 mol) in Na[TM]O 2 [ 33 , 34 ]. Especially, Fig. S5
hows that the electrochemical performances of Na 0.64 Cr 0.82 Sb 0.18 O 2 
ere poorer than those of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 . These results in-
icate that the Na 1–2 x Cr 1- x Sb x O 2 phases with more than 0.14 mol Sb
n the structure exhibit not only formation of P2/O3 biphasic structure
ut also relatively poor electrochemical properties compared to those of
3-Na 0.72 Cr 0.86 Sb 0.14 O 2 . 

.3. Reversible structural change of Na x Cr 0.86 Sb 0.14 O 2 during 

harge/discharge 

To predict the theoretical electrochemical properties of
a 0.72 Cr 0.86 Sb 0.14 O 2 and the effect of Sb substitution in the struc-

ure, the cluster expansion method of first-principles calculation was
pplied. Using CASM software, we calculated the formation energy
f various states as a function of the Na-ion content in O3- and
3-Na x Cr 0.86 Sb 0.14 O 2 (0 ≤ x ≤ 1) using the following equation: 

 = − 

𝐸 

[
Na 𝑥 2 Cr 0 . 86 Sb 0 . 14 O 2 

]
− 𝐸 

[
Na 𝑥 1 Cr 0 . 86 Sb 0 . 14 O 2 

]
− 

(
𝑥 2 − 𝑥 1 

)
𝐸 [ Na ] 

(
𝑥 2 − 𝑥 1 

)
𝐹 

In the above equation, V represents the average redox potential de-
ending on the Na-ion content in Na x Cr 0.86 Sb 0.14 O 2 ( x 1 ≤ x ≤ x 2 ),
[ Na x Cr 0.86 Sb 0.14 O 2 ] is the calculated formation energy for the most
table configurations of each composition (0 ≤ x ≤ 1), E [Na] is the
a metal energy, and F is the Faraday constant. Fig. 3 a presents

he convex-hull plot on the formation energies of various O3- and
3-Na x Cr 0.86 Sb 0.14 O 2 configurations. It was verified that reversible
0.72 mol Na + de/intercalation can occur in the Na x Cr 0.86 Sb 0.14 O 2 
tructure in the available voltage range between 1.5 and 4.1 V ( vs .
a + /Na). In particular, after further Na + deintercalation from the
a 0.25 Cr 0.86 Sb 0.14 O 2 structure, the P3 phase is more stable than the
3 phase, indicating the occurrence of the O3/P3 phase transition
uring charge/discharge. The predicted redox potentials of O3- and
3-Na x Cr 0.86 Sb 0.14 O 2 are consistent with the experimentally measured
harge/discharge profiles ( Fig. 3 b). 

The structure change of Na x Cr 0.86 Sb 0.14 O 2 during the first charge
nd discharge was confirmed through operando XRD ( O -XRD) at a
urrent of C/10 in the voltage range of 1.5–4.1 V ( vs. Na + /Na).
ig. 3 c shows that the XRD peaks such as (003), (006), (101), and
 01 ̄2 ) monotonously shifted during charge/discharge with a change
n the peak intensities, indicating Na + de/intercalation from/into
he Na x Cr 0.86 Sb 0.14 O 2 structure. In particular, it was observed that
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Fig. 1. (a) Rietveld refinement of XRD pattern of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 . (B) TEM–EDS mapping of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 . (C) Crystal structure of O3- 
Na 0.72 Cr 0.86 Sb 0.14 O 2 and (D) 3D BVEL map with all possible positions and diffusion paths of Na ions. 
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a x Cr 0.86 Sb 0.14 O 2 experiences reversible O3/P3 phase transition dur-
ng charge/discharge without the formation of the O3 ′ phase, indicat-
ng irreversible Cr migration to Na layers. Moreover, the shift of the
003) and (006) peaks toward low 2 𝜃 angles during charge indicates
nlargement of the c -lattice parameter by repulsion between O 

2 − ions
fter Na + deintercalation from the structure. This O -XRD results of O3-
a x Cr 0.86 Sb 0.14 O 2 are consistent with the electrochemical results of the
igh initial coulombic efficiency and the computational results on the
eversible O3/P3 phase transition. In terms of Na x CrO 2 , however, the O -
291 
RD measurement clearly indicates the occurrence of irreversible mul-
iple phase transitions among the O3, O ′ 3, P ′ 3, and O3 ′ phases during
harging to 4.1 V ( vs. Na + /Na) and greatly reduced XRD peak inten-
ities ( Fig. 3 d), which is similar to previous research results on O3-
aCrO 2 [27] . We also calculated the variation of the c -lattice param-
ter of Na x Cr 0.86 Sb 0.14 O 2 through Rietveld refinement based on the
 -XRD patterns. As presented in Fig. 3 e, the total difference of the c -

attice parameter between Na 0.72 Cr 0.86 Sb 0.14 O 2 and Na 0 Cr 0.86 Sb 0.14 O 2 
as ∼4.20%. Moreover, after the initial charge/discharge, the c -lattice
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Fig. 2. Initial charge and discharge profile and coulombic efficiency 
of (a) O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 , (b) O3-Na 0.82 Cr 0.91 Sb 0.09 O 2 , and (c) O3- 
NaCrO 2 in the voltage range of 1.5–4.1 V ( vs . Na + /Na) at each C/20. 
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arameter returned to near the original value, 16.17 Å, which is another
eason supporting the idea that O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 experiences a
eversible structural change without Cr migration to the Na layers dur-
ng cycling in the voltage range of 1.5–4.1 V ( vs. Na + /Na). 

HAADF-STEM analyses also provided direct evidence of the non-
ccurrence of Cr migration to the Na layers in the Na 0.72 Cr 0.86 Sb 0.14 O 2 
tructure through visualization of atomic-scale crystal structures. The
ristine states of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 are composed of the gen-
ral layered structure with the ABCABC stacking sequence along the
 -direction ( Fig. 4 a). Moreover, after initial charge/discharge in the
oltage range of 1.5–4.1 V ( vs. Na + /Na), the crystal structure of O3-
292 
a 0.72 Cr 0.86 Sb 0.14 O 2 was relatively retained under the same conditions
ithout significant structural degradation or Cr migration ( Fig. 4 b)

27] , which is clearly different from the HADDF-STEM results of O3-
aCrO 2 showing that the crystal structure of NaCrO 2 is totally deformed
ith Cr migration to the Na layers after 1 cycle unlike that of O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 (Fig. S6). In addition, we performed the HAADF-
TEM and bright-field scanning transmission electron microscopy (BF-
TEM) analyses of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 and O3-NaCrO 2 electrodes
or the various states, such as pristine, after cycling at difference
harge cut-off voltages of 3.6 and 4.1 V ( vs. Na + /Na). As shown in
ig. S7a, HAADF- and BF-STEM analyses indicate that pristine O3-



W. Ko, M.-K. Cho, J. Kang et al. Energy Storage Materials 46 (2022) 289–299 

Fig. 3. (a) Formation energy of O3-type and P3-type Na x Cr 0.86 Sb 0.14 O 2 (0 ≤ x ≤ 1). (b) Cycle profile and predicted theoretical voltage of Na x Cr 0.86 Sb 0.14 O 2 (0 ≤ x 
≤ 0.72) in the voltage range of 1.5–4.1 V ( vs Na + /Na) at C/20. Operando XRD pattern of (c) Na x Cr 0.86 Sb 0.14 O 2 (voltage range: 1.5–4.1 V) and (d) Na x CrO 2 (voltage 
range: 1.5–4.1 V). (e) changes in c lattice and structure according to the amount of Na ions in the structure of N x C 0.86 S 0.14 O 2 (0 ≤ x ≤ 0.72). 
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a 0.72 Cr 0.86 Sb 0.14 O 2 is composed of the O3-type layered structure.
hrough the HAADF-Z contrast analysis, the intensity difference of Na
nd TM layers was clearly verified [ 35 , 36 ], and the c -lattice parameter
easured by HAADF-Z contrast was well consistent with the Rietveld

efinement results based on the XRD analyses ( Fig. 1 a). Moreover, the
ndividual Sb and Cr elements was distinguished through the BF-Z con-
rast, since the BF intensity is determined by the atomic number and the
tomic number of Sb is much larger than that of Cr [37] . After cycling at
harge cut-off voltage of 3.6 and 4.1 V, the Cr migration to the Na layer
293 
n the crystal structure of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 was not occurred
Fig. S7b and c), and the ex-situ XRD analyses indicate that the crys-
al structure of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 is well maintained without any
rreversible transformation even at the high cut-off voltage of 4.1 V (Fig.
7d). Thus, it was confirmed that the O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 exhibited
he high structural stability without any TM migration to the Na layers at
he voltage range of 1.5–4.1 V. In terms of O3-NaCrO 2 , it was clearly ob-
erved that the irreversible structure deformation was occurred during
harging to 4.1 V ( vs. Na + /Na). As shown in Fig. S8a and b, the pristine
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Fig. 4. HAADF-STEM analyses of (a) pristine Na 0.72 Cr 0.86 Sb 0.14 O 2 and (b) 1-cycled Na 0.72 Cr 0.86 Sb 0.14 O 2 prepared through charge/discharge in the voltage range of 
1.5–4.1 V. (c) crystal structure of tetragonal and octahedral sites where Cr ions can migrate in O3-Na 0 CrO 2 and O3-Na 0 Cr 0.86 Sb 0.14 O 2 . (d) comparison of formation 
energy as a function of the position of chromium ion in O3-Na 0 CrO 2 and O3-Na 0 Cr 0.86 Sb 0.14 O 2 . 
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3-NaCrO 2 and 1-cycled O3-NaCrO 2 with charge cut-off voltage of 3.6 V
elivered the O3-type layered structure. After charging to 4.1 V, how-
ver, it was verified that the crystal structure of NaCrO 2 experienced the
evere structural degradation by occurrence of stacking faults related to
he Cr migration to Na-layers (Fig. S8c). These results are well matched
he ex-situ XRD showing the irreversible phase-transition from O3-phase
o O3 ′ -phase after 1 cycle with the charge cut-off voltage of 4.1 V (Fig.
8d). Furthermore, we confirmed the difficulty of Cr migration to Na
ayers in the Na x Cr 0.86 Sb 0.14 O 2 structure through first-principles calcu-
ation. Fig. 4 c and d present a comparison of the theoretical pathways
nd the required energies for Cr migration to Na layers between pris-
ine Na 0 CrO 2 and Na 0 Cr 0.86 Sb 0.14 O 2 . In terms of Na 0 CrO 2 , Cr migration
o Na layers is thermodynamically stable; thus, the Cr ion in the CrO 6 
ayer in Na 0 CrO 2 can be moved to the octahedral site via the tetrago-
al site, which interferes with Na + intercalation into the structure, and
onsequently, the electrochemical performance of pristine NaCrO 2 be-
ome poor after the Cr migration. However, the presence of Sb 5 + ions
n Na x Cr 0.86 Sb 0.14 O 2 makes Cr migration to Na layers thermodynami-
ally difficult, which enabled O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 to deliver a high
nitial coulombic efficiency of > 98.7% even after charging to 4.1 V ( vs.

a + /Na), unlike O3-NaCrO 2 . We speculate that Sb 5 + ions with high elec-
ronegativity and fixed valence state can enhance the structural stability
uring Na + de/intercalation from/into the Na x Cr 0.86 Sb 0.14 O 2 structure,
294 
reventing irreversible phase transition to the O3 ′ phase and increasing
he reversibly available capacity compared with that of NaCrO 2 . 

.4. Outstanding electrochemical performance and reaction mechanism of 

a 0.72 Cr 0.86 Sb 0.14 O 2 

To confirm the power capability and cycle performance, we prepared
n electrode using O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 , and testing was conducted
nder various current density conditions in the voltage range of 1.5–
.1 V. As shown in Fig. 5 a and b, O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 was continu-
usly charged and discharged at various current densities of C/20, C/10,
/5, C/2, 1C, 2C, 3C, and 5C. At C/20, the specific charge and discharge
apacities were 176.86 and 174.69 mAh g − 1 , respectively, correspond-
ng to reversible ∼0.72 mol Na + de/intercalation from/into the struc-
ure. Additionally, we demonstrated cathodic and anodic electrochem-
cal reaction of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 in Na cell by cyclic voltamme-
ry (CV) test (Fig. S9), showing the reversible Cr 3 + /Cr 4 + redox reac-
ion during charge/discharge. Even at 5C, O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 de-
ivered a large discharge capacity of ∼124.56 mAh g − 1 , corresponding
o ∼71.31% of the capacity measured at C/20. Moreover, the specific ca-
acity of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 at 5C was ∼4.4 and ∼2.3 times higher
han those of pristine O3-NaCrO 2 and O3-Na 0.88 Cr 0.91 Sb 0.09 O 2 under
he same conditions, respectively (Fig. S10). These results imply that
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Fig. 5. (a) Charge/discharge profiles of O3-Na x Cr 0.86 Sb 0.14 O 2 at various current densities. (b) power capability of O3-Na x Cr 0.86 Sb 0.14 O 2 at various current densities. 
(c) predicted Na + -ion diffusion motion in O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 and (d) predicted activation barrier energy for Na + -ion diffusion in O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 . (e) 
charge/discharge capacity and coulombic efficiency of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 over 200 cycles at 2C. 

s  

N
r  

t  

d  

N  

o  

N  

f  

t  

w  

t  

b  

t  

t  

N  

N  

a  

t
e  

p  

t  

t  

h  

t  

o  

c  

(  

N  

r  

w  

a  
uppressed Cr migration to Na layers even after charging to 4.1 V ( vs.

a + /Na) enables better power-capability of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 
elative to that of O3-NaCrO 2 . In addition, using the nudged elas-
ic band (NEB) method based on first-principles calculation, we pre-
icted the theoretical activation barrier energy for Na + diffusion in
a 0.72 Cr 0.86 Sb 0.14 O 2 . As shown in Fig. 5 c and d, it was verified that
nly ∼456.3 meV is required for the Na + diffusion, indicating facile
a + diffusion in the Na 0.72 Cr 0.86 Sb 0.14 O 2 structure. In addition, we per-

ormed the additional electrochemical tests of Na 0.72 Cr 0.86 Sb 0.14 O 2 at
he various current rate of 5C at 10, 15, 20, 25 and 30C (Fig. S11),
hich indicates that the power-capability of Na 0.72 Cr 0.86 Sb 0.14 O 2 at

he very high current densities is not better than the reported the Cr-
ased layered oxide cathode materials [ 22 , 28 , 38 ]. It was supposed that
he reason on the poor power-capability of Na 0.72 Cr 0.86 Sb 0.14 O 2 is due
o the relatively large structural change by enlargement of available
a contents in the structure during charge/discharge. The available
295 
a contents of the reported Cr-based layered oxide cathode materials
re less than ∼0.55 mol, which is smaller than the available Na con-
ents of Na 0.72 Cr 0.86 Sb 0.14 O 2 ( ∼0.72 mol). Thus, Na 0.72 Cr 0.86 Sb 0.14 O 2 
xperiences larger volume change during charge/discharge than the re-
orted Cr-based layered oxide cathode materials, which may result in
he relatively poor power-capability and kinetics for Na + diffusion in
he Na 0.72 Cr 0.86 Sb 0.14 O 2 structures during charge/discharge with the
igh current densities, despite the large available capacity and Na con-
ents. In terms of the cycle performance, Na 0.72 Cr 0.86 Sb 0.14 O 2 exhibited
utstanding capacity retention of ∼78.64% compared with the initial
apacity for 200 cycles at 2C, with a high coulombic efficiency of > 99%
 Fig. 5 e). In addition, we compared the available capacities among O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 and other Cr-based layered oxide cathode mate-

ials for Na-ion batteries. As tabulated in Table 1 [ 22 , 28 , 38–40 ], it
as identified that O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 exhibits not only the largest
vailable capacity with high coulombic efficiency but also outstanding
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Table 1 

Comparing the available capacities among O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 and other Cr-based layered oxide cathode 
materials for Na-ion batteries. 

Cr-basedLayered- oxide cathode Voltage range[V vs . Na + /Na] Charge/DischargeCapacity[mAh g − 1 ] Refs. 
Na 0.72 Cr 0.86 Sb 0.14 O 2 1.5–4.1 Ch : 176.86Dis : 174.69 This work 
NaCrO 2 2.0–3.6 Ch : 127Dis : 121 [22] 
Na 0.95 CrO 2 2.0–4.0 Ch : 107Dis : 101 [39] 
Na 0.95 Cr 0.95 Ti 0.05 O 2 2.3–3.6 Ch : 106.1Dis : 104 [40] 
Na 0.9 Ca 0.035 Cr 0.97 Ti 0.03 O 2 1.5–3.8 Ch : 144.8Dis : 136.1 [28] 
Na 0.88 Cr 0.88 Ru 0.12 O 2 1.5–3.8 Ch : 159Dis : 156 [38] 
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9  
lectrochemical stability even at a high charge cut-off voltage of 4.1 V
 vs. Na + /Na). 

The reaction mechanism of Na 0.72 Cr 0.86 Sb 0.14 O 2 during
harge/discharge was investigated using ex-situ X-ray absorption
ear edge structure (XANES) analysis. As shown in Fig. 6 a, the
r K-edge of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 shifted toward lower energy

evel during charge with growth of the pre-edge and returned to
he original state after discharge, which indicates the occurrence
f reversible Cr 3 + /Cr 4 + redox reaction at O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 
uring Na + de/intercalation. The Cr 3 + /Cr 4 + redox reaction was
lso confirmed through comparison of the integrated spin moments
f Na 0.75 Cr 0.86 Sb 0.14 O 2 and Na 0 Cr 0.86 Sb 0.14 O 2 predicted by first-
rinciples calculation ( Fig. 6 b). It was verified that the total spin
oments of the Cr ion on Na 0.75 Cr 0.86 Sb 0.14 O 2 and Na 0 Cr 0.86 Sb 0.14 O 2 

re close to approximately 3 and 2, respectively, which implies that the
alence state of Cr ions on Na 0.75 Cr 0.86 Sb 0.14 O 2 and Na 0 Cr 0.86 Sb 0.14 O 2 
re + 3 and + 4, respectively. In addition, we investigated the change
f local environments of Na 0.72 Cr 0.86 Sb 0.14 O 2 during charge/discharge
sing extended X-ray absorption fine structure (EXAFS) analysis
 Fig. 6 c). In terms of pristine Na 0.72 Cr 0.86 Sb 0.14 O 2 , the Cr–O and Cr–Cr
or Sb) bond lengths were close to 1.59 and 2.56 Å, respectively.
fter charging to 4.1 V ( vs. Na + /Na), the bond lengths decreased to
.53 and 2.52 Å, which results from oxidation from Cr 3 + to Cr 4 + . In
articular, they returned to the original bond lengths after discharging
o 1.5 V ( vs. Na + /Na), indicating the high structural reversibility of
a 0.72 Cr 0.86 Sb 0.14 O 2 during 0.72 mol Na + deintercalation accompa-
ying the O3–P3 phase transition. Moreover, these EXAFS results are
ell matched with the theoretical local environments on Cr–O bonding

n CrO 6 octahedra of Na 0.75 Cr 0.86 Sb 0.14 O 2 and Na 0 Cr 0.86 Sb 0.14 O 2 
redicted by first-principles calculation ( Fig. 6 d). 

. Conclustion 

In this work, we demonstrated that the reversibly available capacity
f O3-NaCrO 2 can be enhanced by substitution of > 0.14 mol Sb 5 + in the
tructure. O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 delivered a large specific capacity of
175 mAh g − 1 , corresponding to ∼0.72 mol Na + de/intercalation, in the
oltage range of 1.5–4.1 V ( vs. Na + /Na), and its initial coulombic effi-
iency was as high as ∼98.7%. This electrochemical performance clearly
iffered from that of O3-NaCrO 2 measured under the same conditions
small specific capacity of ∼80 mAh g − 1 with poor initial coulombic ef-
ciency of 37.04%). Through first-principles calculation, it was verified
hat the presence of > 0.14 mol Sb 5 + in the NaCrO 2 structure results
n thermodynamic instability of Cr migration to the Na layers even af-
er full Na + deintercalation from the structure. Moreover, operando XRD
nd HAADF-STEM analyses revealed reversible O3–P3 phase transition
ithout the formation of the irreversible O3 ′ phase and the direct vi-

ualization of the non-occurrence of Cr migration to the Na layers af-
er the charge/discharge cycling, which is consistent with the computa-
ional simulation results. As a promising cathode material for NIBs, O3-
a 0.72 Cr 0.86 Sb 0.14 O 2 delivered a specific capacity of ∼124.56 mA g − 1 ,
orresponding to 71.31% of the capacity measured at C/20. Through
rst-principles calculation, it was confirmed that the outstanding power-
apability of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 originates from the low activation
arrier energy required for facile Na + diffusion. Furthermore, for 200 cy-
296 
les, the specific capacity of O3-Na 0.72 Cr 0.86 Sb 0.14 O 2 was maintained up
o ∼78.64% compared with the initial capacity, with a high coulombic
fficiency of > 99%. We expect these findings can provide guidelines for
nhancing the poor electrochemical performance of electrode materials
uffering from irreversible structural change during charge/discharge
or not only NIBs but also other rechargeable batteries. 

. Experimental 

.1. Synthesis process of O3-Na 1–2 x Cr 1- x Sb x O 2 

To synthesize O3-Na 1–2 x Cr 1- x Sb x O 2 , Na 2 CO 3 (purity: 99.5%), Cr 2 O 3 
purity: 99.5%), and CrSbO 4 were used as precursors. The precursors
ere weighed in the desired ratios and mixed using a planetary ball-
ill at 500 rpm for 12 h. After mixing, the mixture was pressed into a
ellet and heated directly at 900 °C for 10 h in Ar [ 22 , 41 ]. The color of
he O3-Na 1–2 x Cr 1- x Sb x O 2 was light green. 

In this synthesis system, if antimony oxide is used instead of CrSbO 4 ,
t is not doped and reacts separately with sodium because the reactivity
f chromium oxide is low [41] . As a result, CrSbO 4 was used as a precur-
or. To prepare CrSbO 4 , Cr 2 O 3 and Sb 2 O 4 (Sb(III) + Sb(V)) were used,
nd Sb 2 O 4 (Sb(III) + Sb(V)) was obtained by heat treatment of Sb 2 O 3 
purity: 99.5%) at 550 °C for 10 h in air. Then, Cr 2 O 3 and Sb 2 O 4 in a
:1 molar ratio were mixed using high-energy ball-milling at 400 rpm
or 12 h, and the mixture was heated at 600 °Cfor 3 h and 1050 °C for
0 h in air. 

.2. Materials characterization 

The crystal structure and information of Na 1–2 x Cr 1- x Sb x O 2 was
nalyzed using XRD (PANalytical Empyrean) with Cu K 𝛼 radiation
 𝜆 = 1.54178 Å), and structural data were collected over the 2 𝜃 range
f 10°–50° and 10°–80° with a step size of 0.01° Rietveld refinement
as performed using FullProf software. The microstructure of each sam-
le was examined using field-emission scanning electron microscopy
FE-SEM; SU-8010, Hitachi) at an accelerating voltage of 15 kV. High-
esolution transmission electron microscopy (HR-TEM; JEM-F200 at the
ational Center for Inter-university Research Facilities (NCIRF) at Seoul
ational University) at accelerating voltages of 80–120 kV; elemental
apping was also performed using energy-dispersive X-ray spectroscopy

EDS) and high-angle annular dark-field scanning transmission electron
icroscopy (HAADF-STEM) and bright-field scanning transmission elec-

ron microscopy (BF-STEM) (FEI, TITAN TM 80–300 STEM at Korea In-
titute of Science and Technology (KIST)) at accelerating voltages of
00 keV; the d-spacing was obtained using a Cs-corrected microscope.
perando XRD pattern was used to investigate the structural evolution
uring discharging at the 3D XRS beamline at the Pohang Accelerator
aboratory (PAL). The Cr K-edge XAS spectra were obtained at beamline
0C at the PAL using Cr metal foils as references. 

.3. Electrochemical characterization 

To increase the electronic conductivity, the as-synthesized O3-
a 1–2 x Cr 1- x Sb x O 2 powder was mixed with pyromellitic acid (C 10 H 6 O 2 ,
6%: PA) as the carbon source for carbonization, and the weight ratio
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Fig. 6. (a) Integrated spin moments of O3-Na 1 Cr 0.86 Sb 0.14 O 2 (Cr 3 + ) 
and P3-Na 0 Cr 0.86 Sb 0.14 O 2 (Cr 4 + ). Ex-situ Cr K-edge (b) XANES spec- 
tra and (c) EXAFS spectra of Na x Cr 0.86 Sb 0.14 O 2 (0 ≤ x ≤ 0.72). 
(d) comparison of predicted Cr–O bond distances of CrO 6 in O3- 
Na 0.72 Cr 0.86 Sb 0.14 O 2 and P3-Na 0 Cr 0.86 Sb 0.14 O 2 through first-principles 
calculation. 
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f the powder and PA was 85:15. After mixing, a pellet was formed us-
ng the mixture and then heated at 550 °C for 30 min in Ar. Moreover,
o enhance the preparation of the electrode, carbonized active mate-
ial, Super-P, and polyvinylidene fluoride (PVDF) in a 8:1:1 wt ratio
as mixed with N-methyl-2-pyrrolidone using a mortar and pestle. The
ixed slurry was applied onto Al foil to a thickness of 200 𝜇m and
ried in an oven at 100 ◦C. The dried electrode was punched into disks
f 10 𝜋-mm diameter. The mass loading was ∼2.0 ×10 − 3 g cm 

− 2 , and
he total active material content was ∼68 wt%. The coin cells were as-
297 
embled as half-cells using Na metal as the counter electrode, What-
an GF/F glass fiber filter as the separator, and 0.5 M NaPF 6 in a
7:3 v/v mixture of polyethylene carbonate and fluoroethylene car-
onate (FEC) as the electrolyte. Electrochemical characterization was
erformed using 2030-type coin cells assembled in an Ar-filled glove-
ox. Power capability tests were performed at various C-rates (C/20,
/10, C/5, C/2, 1C, 2C, 3C, and 5C) in the voltage range of 1.5–4.1 V
sing an automatic battery charge/discharge test system (WBCS 3000,
onATech). 



W. Ko, M.-K. Cho, J. Kang et al. Energy Storage Materials 46 (2022) 289–299 

4

 

u  

a  

s  

p  

u  

t  

a
 

t  

s  

c  

u
 

t  

i  

c
[

 

f  

t  

N  

w  

s  

r

D

 

i  

t

C

 

s  

i  

J  

J  

I  

t  

t  

a

A

 

d  

K  

2  

t  

p  

T

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

[  

 

 

 

[  

 

[  

 

 

[

[  

 

[  

 

[  

 

 

[  
.4. Computational details 

All the density functional theory (DFT) calculations were performed
sing the Vienna Ab initio Simulation Package (VASP) and projector-
ugmented wave (PAW) pseudopotentials with a plane-wave basis
et, as implemented in VASP [42] . Perdew–Burke–Ernzerhof (PBE)
arametrization of the generalized gradient approximation (GGA) was
sed for the exchange correlation functional [ 43 , 44 ]. Detailed informa-
ion for the DFT calculations is as follows: the k-point grid was 2 × 3 × 1
nd the supercell structure of Na x Cr 0.86 Sb 0.14 O 2 was 2 × 2 × 1. 

The GGA + U method was adopted to address the localization of
he d-orbital in Cr ions, with a U eff value of 3.7 eV, as used in previous
tudies [ 17 , 45 ]. A kinetic energy cutoff of 500 eV was used in all the
alculations, and all the structures were optimized until the force in the
nit cell converged to within 0.03 eV ̊A 

− 1 . 
CASM software was used to generate all the Na + /vacancy configura-

ions for each composition, followed by full DFT calculations on a max-
mum of 20 configurations with the lowest electrostatic energy for each
omposition used to obtain the convex-hull plot of Na x Cr 0.86 Sb 0.14 O 2 
46] . 

NEB calculations were performed to determine the activation barrier
or Na + diffusion in the Na x Cr 0.86 Sb 0.14 O 2 structure [47] . To perform
he calculations, five intermediate images were generated between each
a site. These structures were then calculated using the NEB algorithm
ith fixed lattice parameters and free internal atomic positions. The

chematic illustrations, crystal structure with BVEL, and NEB calculation
esults for Na + diffusion pathways were drawn using VESTA software. 
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