#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Aliovalent-doped sodium chromium oxide
(Nag.9Crg.9SNnp 10, and Nag gCrp 9Sbg 1O,) for
sodium-ion battery cathodes with high-voltage
characteristicsT
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NaCrO, with high rate-capability is an attractive cathode material for sodium-ion batteries (NIBs). However,
the amount of reversibly extractable Na* ions is restricted by half, which results in relatively low energy
density for practical NIB cathodes. Herein, we describe aliovalent-doped O3-Nagg[CrgoSng 1102
(NCSnO) and O3-Nag glCrg.9Sbg 110, (NCSbO), both of which show high-voltage characteristics that
translate to an increase in energy density. In contrast to NaCrO,, NCSnO and NCSbO can be reversibly
charged to 3.80 and 3.95 V, respectively, delivering 0.5 Na* along with Cr®*’4* redox alone. The
reversible chargeability to Nag4[CrgoSng11O, and Nag3[CrgoSbg 1O, is not associated with the
suppression of Cr®* formation. Both compounds show concentrations of Cr®* that are higher than that
of Nag3CrO,, with an absence of O3 phases. This implies that aliovalent-doping contributes to
a suppression of the Cro* migration into tetrahedral sites in the interslab space, which reduces the
possibility of irreversible comproportionation. NCSnO and NCSbO deliver capacities comparable to that
of NaCrO,, but show a higher average discharge voltage (2.94 V for NaCrO,; 3.14 V for NCSnO; 3.21 V
for NCSbO), which leads to a noticeable increase in energy densities. The high-voltage characteristics of
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Introduction

With continuous expansion of the use of lithium-ion batteries
(LIBs) as an almost unique power source for ubiquitous energy
demands,"* sustainability is becoming more and more impor-
tant these days. One of the most promising solutions to this
persistent issue for LIBs could be the development of sodium-
ion batteries (NIBs), because sodium is plentiful in nature
and has a reduction potential that is comparable to that of
lithium.* Therefore, various Na-storage materials have been
developed as NIB cathode candidates,*** most of which are
based on a layered structure. P2-Na, 3[Mgo sMng 75]0,,"* 03—
Na[Fe(.50C00.50]0,"® and P3/P2/03-Na, ;sMn, 5Nig 3Feq 1 Mg 1-
O, (ref. 17) are only a few of the cathode materials with a high
energy density of ca. 500 W h kg™,
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NCSnO and NCSbO are also validated via density-functional-theory calculations.

The crystallographic structure and electrochemical proper-
ties of layered NIB cathodes are often compared to those of
layered LIB cathodes because the fundamental chemistry of the
former is similar to that of the latter. A slight difference in the
ionic size of mobile ions (Li* = 0.76 Avs. Na* = 1.02 A), however,
significantly affects the structural stability, which causes
distinctively different phase-transition and voltage behaviors
during charge/discharge (C/D). In general, large Na" ions tend
to reside in a prismatic site rather than in an octahedral site,
which induces multiple phase transitions with x variations
during C/D in Na,MO, (M = first-series transition metals). For
example, while O3-LiCoO, is generally known to maintain its
hexagonal structure up to Li._,5C00,,'*" the O3 phase of
NaCoO, is frequently changed to O3 (Nago5C00,), P'3
(Nay.9C00,), and P3 (Najg,C00,) during a charge process,
which leads to inferior cyclic stability of 03-NaCoO, compared
with that of 03-LiCo0O,."**

Another interesting example of the dramatic effect of ionic
size is NaCrO,. In contrast to O3-LiCrO,, which suffers from the
hindrance of Li* diffusion due to Cr°" ions generated during
charging,?> 03-NaCrO, shows reversible Na" intercalation/de-
intercalation within a reasonable voltage window.?**' Unless
the high-voltage cutoff (E"®") exceeds ca. 3.6 V, the hexagonal
03 phase of NaCrO, is reversibly transformed to a monoclinic
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P'3 type via the monoclinic O'3 phase and delivers a capacity of
ca. 120 mA h g~ ' (Na, sCr0,).>* Further charging beyond 3.6 V
results in the irreversible formation of another O3 phase (03')
and a rock-salt structure with Cr®" in tetrahedral sites and Cr**
in octahedral sites between interslabs, respectively.”®* The
EM&M during C/D in NaCrO,, therefore, is usually limited to 3.6 V
to avoid a detrimental structure-transformation, which signifies
that the voltage limitation must be solved to increase the energy
density of NaCrO,. To tackle this issue in NaCrO,, Cr-based
multi-metallic systems have been studied and possible
increases in average operating voltage have been addressed.?**~*
For example, Cao et al. claimed that the disproportionation
reaction can be effectively suppressed in NaCry,;3Fe;;3Mn,/30,
due to the presence of Fe** and Mn** when charged to 4.2 V.*2
However, although Cr**** redox is involved in these multi-
metallic compounds, a significant fraction of electroactivity
was the result of other metallic species, and the contribution
from Cr*"’*" redox was not substantial. An effort aimed at
structural stabilization by sodium-site doping with calcium has
also been examined.?**”

In this work, we describe aliovalent doping and its effect of
on the electrochemical behaviors in NaCrO, (03-Nago[Crgo-
Sng1]0, and 03-Nag g[Cro6Sbo1]0,), in which Sn** and Sb>*
ions are electrochemically inert and their fraction is relatively
small, in contrast to previous studies. First, we evaluate the
structural stability via density functional theory (DFT) calcula-
tion and find that NaCrO, with higher contents of Sn** and Sb>*
does not retain the O3 structure. We also experimentally
demonstrate that the title compounds can be reversibly charged
to voltages exceeding 3.6 V until 0.5 Na" is extracted (3.80 V in
Nag 4[CrooSny1]0, and 3.95 V in Nag;[CrgoSby1]0,), which
results in a higher energy density than pristine NaCrO,. The
origin of the reversibility and the high-voltage features are dis-
cussed based on structural and theoretical
computation.

analysis

Experimental

All chemicals were purchased from Sigma-Aldrich unless
otherwise mentioned. The 0O3-NaCrO, was synthesized via
a conventional solid-state method reported elsewhere.' For the
synthesis of O3-Nag o[Crg oSN 1]O, and 03-Na, g[Cr.9Sbg.1]0s,
stoichiometric amounts of Na,CO;, Cr,0O3;, CrSbO,, and SnO,
were used as starting materials. CrSbO, was obtained by heating
a mixture of Cr,O; and Sb,0; at 1100 °C for 12 h under an air
atmosphere.*® The precursors were mixed in a mortar and the
mixture was pressed into pellets (5 wt% excess of Na,CO; was
used in order to compensate for Na loss at high temperature).
The pellets were sintered at 750 °C for 3 h, and then at 1200 °C
for 8 h under a continuous flow of Ar. The samples were natu-
rally cooled and stored in an Ar-filled glove box until further use.

Ex situ X-ray diffraction (XRD) was carried out to identify the
crystalline phases of the as-prepared powders as well as C/D
cycled electrodes. The measurements were performed using
an X-ray diffractometer (Rigaku ULTIMA 4) with mono-
chromatic Cu K, radiation (A = 1.5406 A). To prevent the
exposure of samples to the atmosphere during XRD
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measurements, the samples were sealed in an air-sensitive
holder covered with Kapton film. The XRD patterns of pristine
powders and electrochemically charged films were character-
ized via Rietveld refinement using FullProf software. The
surface morphologies and the compositions of the synthesized
compounds were examined using a JEOL JSM-7100F field
emission scanning electron microscope (FESEM) and energy
dispersive X-ray (EDX). A Thermo Fisher X-ray photoelectron
spectrometer (XPS) with an Al K, X-ray source was used to
investigate the chemical state of chromium.

To prepare the electrodes, active material (80 wt%), acetylene
black (10 wt%), and polyvinylidene fluoride (10 wt%) were
mixed with N-methyl-2-pyrrolidone. The slurry was pasted onto
Al foil using a doctor blade and was then vacuum-dried at
100 °C for 2 h. The electrodes were cut into a circular disk with
a diameter of 16 mm. The typical mass loading of active mate-
rial was ca. 2 mg ecm 2. For electrochemical tests, 2032 coin-type
half-cells were fabricated in an Ar-filled glove box using Na
metal as a counter/reference electrode, a separator (Whatman
glass filter), and 1 M NaPFs dissolved in ethylene carbo-
nate : diethyl carbonate (EC : DEC, 1 : 1) as electrolytes. Galva-
nostatic C/D tests were carried out using a WonATech (WBCS
3000) battery tester.

Result and discussion

In this study, we selected Sn*" and Sb>" ions for aliovalent
doping of 03-NaCrO, because of the similarity in the ionic radii
(ffcr*'] = 0.615, 1{Sn*"] = 0.69, and {Sb>'] = 0.60 A) and the
possession of the highest oxidation states, in which the latter
ensures electrochemical inertness during a high-voltage charge.
We first compared the structural stabilities of Na;_,[Cr;_,Sn,]
0, and Na; ,,[Cr; _,Sb,]O, in different phases (O3, P2, and P3)
via ab initio DFT calculation. The total energies (Er) for O3, P2,
and P3 were calculated using R3m, P6;/mmc, and R3m space
groups, respectively. The 3 x 2 x 1 (O3 and P3)and 3 x 3 x 1
(P2) supercells, which contain the same number of formula
units (18 units), were used to estimate the possible configura-
tions for each composition (i.e., Na;4[Cri6Sn,]036 for x = 0.1;
Na;4[Cr14Sn,4]036 for x = 0.2; Nay3[Cry3Sn5]036 for x = 0.3;
Nay4[Cr6Sb,]036 for x = 0.1; Nay,[Cry5Sbs]036 for x = 0.15;
Na;[Cry4Sb,]036 for x = 0.2). The total number of configura-
tions for each composition was checked using a supercell
program developed by Okhotnikov et al** Among them, we
randomly selected 10 configurations for each composition,
which appeared to be distinctive from each other and to be
entropically plausible.

DFT calculations were executed using the Vienna ab initio
simulation package (VASP5.3),* in which a GGA-PBE (general-
ized gradient approximation parameterized by Perdew, Burke,
and Ernzerhof) exchange correlation functional,” a PAW
(projector-augmented-wave) potential with an energy cutoff of
500 eV,*** and a 3 x 3 x 2 k-mesh determined by the Mon-
khorst-Pack scheme were implemented.** The atomic position
and lattice size were allowed to relax until the total energy
accuracy and ionic force components converged to 10> eV and

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08332a

Open Access Article. Published on 27 November 2020. Downloaded on 3/3/2026 7:52:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

0.01 eV A%, respectively. The on-site interaction (Hubbard U)
value was set to 4.0 for a Cr d orbital.*®

The Er values for each composition with different structures,
as compared in Fig. 1, clearly show that the most stable struc-
ture strongly depends on the composition. For example, the
average Er value of —24.94 eV per FU for the O3 type of Nag g[-
Cry.9Sby.1]O, was appreciably lower than the —24.83 eV per FU
for either P2 or P3 types. The O3 preference was also the case in
Nay o[CrpoSng1]0,. The stability of Nagg[CrgoSbg1]0, and
Nay o[CroSny 1]0,, therefore, indicated that the O3 structure
could be stable in a wide range of Na* content after aliovalent
substitution in contrast to the brief existence of an O3 phase in
NaCrO, during charge.**” Further increases in the amounts of
substituents (Sn** and Sb>"), and thereby a decrease in the
content of Na*, changed the most stable phase to a P2 type, but
the energetic preference over O3 was not so conspicuous as that
for Nag o[Crg 9Sny 1]O, and Nay g[Cry.9Sbg 1]0;.

Nay o[Crg oSNy 4]0, (NCSnO) and Nay g[Crg oSbg 1]O, (NCSbO),
which were predicted to retain the O3 structures in DFT calcu-
lations, were synthesized via a conventional solid-state method
and subjected to XRD measurements along with pristine O3~
NaCrO, (NCO) (Fig. 2). We selected these two compounds
because the goal of this research was to investigate the effect of
aliovalent doping on the electrochemical behaviors of 03-NCO
when Cr**/** alone is involved in a redox process. Ex situ XRD
revealed the formation of O3 layered structures in both NCSnO
and NCSbO in accordance with the DFT results. The charac-
teristic peaks of O3 phases (space group = R3m) were evident
with small impurities (Na,CrO, denoted by asterisks). The most
intense (003) and (104) peaks showed well-defined symmetric
shapes with neither peak-splitting nor shoulders, which indi-
cated the absence of monoclinically distorted phases (O’3, space
group = C2/m) in as-prepared compounds. The negligible peak
intensities of (015) relative to (104) also suggested that Na' ions
resided in the octahedral sites (i.e., no P3 or P’'3 phases) for all
compounds. It was also obvious that the c-axis length increased
with the incorporation of Sn** or Sb®" because of a decrease in
Na' content with a concomitant increase in electrostatic
repulsion between the MOg layers. The (003) peak located at
16.62° in NCO was shifted to lower 26 angles of 16.34° and
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Fig.1 Calculated Et values per formula unit for various compositions
with O3, P2, and P3 structures. Based on the average E+ values, the O3
structure proved to be the most plausible phase in both Nag oCrg o-
Snp10; and Nag gCrg9Sbg 105.
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Fig. 2 Comparison of the ex situ XRD patterns of NCO, NCSnO, and
NCSbO. Asterisks indicate a small impurity phase (Na,CrO,).

16.28° in NCSnO and NCSbO, respectively. This also implied
that Sn*" and Sb>* ions were unlikely to occupy the octahedral
sites in Na' layers; otherwise, the c-axis lengths could be
shortened in NCSnO and NCSbO. An increase in the relative
intensities of (101)/(012) after substitution was another indica-
tion for the existence of Sn** and Sb°" in the transition metal
layers.

Prior to the extraction of detailed crystallographic informa-
tion via Rietveld refinement, EDX studies were performed to
confirm the chemical composition of as-synthesized
compounds (Fig. S1f). FESEM images showed no morpholog-
ical changes after substitutions with Sn** and Sb°".*** The
particles retained platelet shapes, which reflected the charac-
teristic morphology of layered materials. The corresponding
elemental maps also showed a homogeneous distribution of
individual elements. The EDX spectra revealed the composi-
tions of Nag.go+0.02Cr0.91::0.025D0.09+0.0002 and  Nag go10.02-
Cr.914+0.025P0.09+0.0002 for NCSnO and NCSbO, respectively,
which indicated that the final compositions agreed well with the
nominal compositions.

The change in the lattice parameters and atomic positions
after aliovalent doping was estimated via Rietveld refinement
(Fig. S21). The positions of Na* and Cr** (Sn**, Sb>*) were fixed
at special sites. Only the z coordinate of O>~ was refined. The
possibility for a site disorder between Na* and Cr** (Sn*', Sb>")
was excluded because the simulated profiles deviated substan-
tially from the XRD patterns, particularly at relative intensities
of (006)/(101). Excellent agreement between the experimental
and calculated patterns was obtained using the space group of
R3m for all compounds (Table 1). The refinement results indi-
cated that the interslab distance (dintersiab) Was slightly
increased after substitution, which was due to the enhanced
electrostatic repulsion between MOg layers. In fact, the thick-
ness of the Na' layers was significantly increased from 3.069 A
(NCO) to 3.168 (NCSnO) and 3.186 A (NCSbO), but the

RSC Adv, 2020, 10, 43273-43281 | 43275
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Table 1 Lattice parameters, fractional atomic coordinates, and isotropic thermal factor (U) obtained via Rietveld refinement for three
compounds. Fractional (x y) coordinates for all atoms were fixed at (0 0)*

NaCrO, Nayg 9[Crg.9S1n0 1]05 Nay g[Crg.9Sbo.1]0»
Atom Wyckoff symbol zZ/c U (A% z/c U (A% z/c U (A%
Na* 3b 0.5 0.0091 (10) 0.5 0.0055 (12) 0.5 0.0052 (14)
crt 3a 0 0.0140 (7) 0 0.0053 (6) 0 0.0052 (10)
sn** 3a 0 0.0053 (6)
Sb>* 3a 0 0.0052 (10)
0%~ 6¢ 0.2627 (2) 0.0007 (9) 0.2649 (2) 0.0056 (13) 0.265 (2) 0.0067 (13)

“ Space group: R3m; number of formula per unit cell (z) = 3; NaCrO,: a = 2.977727 (4) A, ¢ = 15.9805 (5) A, R, =2.82, Ryp = 3.68, Rexp = 1.92 and x* =
3.68; N o[Cro.05N0,1]05: @ = 2.9833 (1) A, ¢ = 16.1285 (5) A, R, = 4.96, Ryyp = 7.00, Rexp = 4.37 and x* = 2.57; Nag s[Cr.0Sbo,1]0,: @ = 2.9735 (1) A, ¢ =

16.1993 (7) A, R, = 4.65, Ryp = 6.31, Reyp = 4.37 and x* = 2.09.

simultaneous contraction in the thickness of MOg layers (2.258
A for NCO — 2.208 A for NCSnO and 2.214 A for NCSbO)
resulted in relatively small changes in dinersiap (Fig. 3). The
volumes of MOg octahedra in both NSCnO and NCSbO (11.343
and 11.302 A®) were also slightly smaller than that in NCO
(11.557 A®), despite the inclusion of larger cations in NCSnO.
The title compounds along with NCO were subjected to
galvanostatic C/D at 20 mA g to examine how the substitution
influenced to the voltage behaviors (Fig. 4). As well known, NCO
showed the good reversibility when the E"¢" is limited to 3.60 V
with a charge capacity of 122 mA h g ! (Na_,5Cr0,).**> An
increase in the E"8" to 3.90 V resulted in serious decay in the
corresponding discharge capacity due to the formation of O3’
and/or rock-salt phases.”**” The charge profiles of NCSnO and
NCSbO also indicated that Na,sMO, can be attained by
charging to ca. 3.6 V with capacities of 97 and 77 mA h g™,
respectively. The sharp increase of the voltages in NCO,
however, were substantially alleviated in NCSnO and NCSbO,
which indicated that the presence of immobile Sn*" and Sb>*
hinders the charge re-distribution (Na'/vacancy ordering)
within MO layers. Interestingly, further increases of EM&" were
possible to allow a reversible capacity of ca. 1220 mA h g™ ' (i.e.,
Nay 4[CrpoSny1]0, and Nay3[CryoSby1]0,) with no negative
impact on the subsequent discharge process. As Fig. 4 (dotted
lines) shows, by charging to 3.80 (NCSnO) and 3.95 V (NCSbO),
ca. 0.5 Na' could be reversibly extracted. A subsequent
discharge profile showed the retention of high-voltage charac-
teristics via the delivery of ca. 50-60% of the total discharge
capacity above 3.0 V. This implies that the charge process at

voltages higher than 3.60 V in NCSnO and NCSbO was not
ascribed to kinetic limitations (i.e., overpotential). Instead, it
was caused by the intrinsically high equilibrium potentials.
Although NCSnO and NCSbO were stable up to 3.80 and 3.95 V,
however, further charge resulted in a significant loss of revers-
ibility. Fig. 4 (solid lines) shows that discharge capacities were
reduced to 74 and 54 mA h g~ after charging to 3.95 and 4.05 V
in NCSnO and NCSbO, respectively. It is of note that the
reversible capacities were not noticeably varied with mass
loading in a range of 1.5 and 4.0 mg cm 2, in contrast to
sensitive dependance in LiFePO,.***

In order to understand the reversibility of NCSnO and
NCSbO within a wider potential window, we compared the
oxidation states of chromium for fully charged NCSnO and
NCSbO with those in NCO (Fig. 5). XPS spectra revealed that,
while NCO charged to 3.60 V (Na, 5CrO,) contains negligible
amounts of Cr®", the Cr®" content is substantial in NCO charged
to 3.80 V (Na.o3CrO,) due to the disproportionation of Cr*".
The intense Cr®" peak in Na_, ;CrO,, however, became weaker
again in NCO charged to 3.90 V (Na.,,CrO,), because of the
comproportionation reaction to a rock-salt structure
(Crnastayer”” + 2CIno, tager: = 3Clyockesatc)-2° In contrast, fully
charged NCSnO and NCSbO (Nag4[CryoSng1]O, and Nag ;|-
Cry.6Sbg 1]0,) showed strong Cr®* peaks, which implied that the
presence of Sn*" and Sb>* had not hampered the close proximity
of Cr** ions for a disproportionation reaction (SJCrMO6 1ayer‘”
Crmo, tayer” + 2CIno, layer ). Despite the high concentration of
Cr® in fully charged NCSnO and NCSbO, therefore, the elec-
trochemical reversibility appeared to be maintained due to the

03-NaCrO, 03-Nag, oCro 65102 03-Nag gCro.65bo.10;
| -
:2 < <t
o o ¢ £ >
8 0000 3.069A 2 00090 31688 8 0999 3.186 A
w W wn
‘»11.557/&3 ~L> 11.343A3 m 11.302 A3
e — —
2.978A 2.983A 2.974A

Fig. 3 Comparison of the structural features of NCO, NCSnO, and NCSbO.
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respectively. Asterisks indicate the phase transition region at ca. 0.5
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Fig. 5 High-resolution XPS on chromium for NCO, NCSnO, and
NCSbO, charged to different voltages.

prevention of Cr®" migration into the Na* layers, which is the
route for the irreversible formation of O3’ and/or rock-salt
phases.

Since the electrochemical reversibility of NCSnO and NCSbO
with high E"™&" is not ascribed to the suppression of Cr°*
formation, we investigated the difference in the structural

This journal is © The Royal Society of Chemistry 2020
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evolution to understand the high-voltage features of the two
compounds. Ex situ XRD patterns during charge were recorded
at various states-of-charge with an interval of 0.1 in Na' content.
For NCO, the change in the XRD patterns agreed well with the
previously reported results (Fig. 6A). On charging, (003) and
(006) peaks of an O3 phase were split with a new peak appearing
at a lower 26. Two separated peaks were observed in 0.9 Na"* that
immediately merged into a single peak when further charged to
0.8 Na' and 0.7 Na'. Note that the (104) peak in the O3 phase
was also split into two peaks with substantial intensities ((111)
and (20-2)), which is a signature for the formation of a mono-
clinically distorted O’3 phase. Therefore, the change in the XRD
patterns indicated a phase transition from O3 to O’3 through
a mixed 03/0’'3 phase when NCO was charged to Na, ;CrO,. The
0’3 phase was immediately transformed to a P'3 phase with
a further charge, which was evident from the abrupt weakening
of the (111) and (20-2) peaks of O'3 and the appearance of
intense (201) and (11-2) peaks of P’3 in a 26 range of 44° and
45.5°. In appearance, the P'3 phase seemed to be maintained up
to Na, 3CrO, (charge to 3.80 V).

NCSnO and NCSbO showed phase transition behaviors that
were noticeably different from those of NCO (Fig. 6B and C).
During a charge, the O3 phases were maintained up to
Na,;MO,. Separation of the (003) and (006) peaks became
evident at Na, MO, in contrast to the incipient appearance in
NCO (Na, ¢Cr0O,). Furthermore, the structure of the two phases
in Nay MO, seemed to be different from that in Na, ,CrO,. The
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Fig. 6 Evolution of XRD patterns during Na™* extraction in (A)NCO and
(B) NCSnO with EM" of 3.80 V and (C) NCSbO with £M9" of 3.95 V.
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Fig. 7 Rietveld refinement of the XRD patterns for (A) Nag3CrO,, (B)
Nag 4[Cro.oSnp1]10,, and (C) Nag3[CrgoSbg1]O, films. Experimental,
calculated, and difference profiles are shown by the red dots, black
line, and blue line, respectively. The green vertical tick marks above the
difference profile denote the positions of Bragg reflections. (A) P'3—
Nao_4CrOZ, 03/—N35C|'02, and Al (from the tOp)Z (B) P’3—Na0_4[Cr0_9—
Snovl]OZ and Al; (C) Pl3_Nao_3[Cr0_gsbo_1]OZ and Al.

appreciable peak intensity at 20 of ca. 44.7° strongly signified
the inclusion of a P’3 phase. Despite no clear peak splitting, we
also considered the presence of an O'3 phase in Na, {MO, from
the peak broadening of (104). This two-phase region (O'3/P'3)
was short-lived. It was immediately transformed to a P'3 phase,
which was maintained to the fully charged states (Nag 4[Crp.o-
Sny 4]0, and Nayg 5[Cr.9Sbg 1]O,).

It is noteworthy that, although all three compounds appeared
to have the P'3 structures in a fully charged state (Nay3;CrO,,
Nay 4[Crg.9Sny1]0,, and Nag 3[Cry oSby1]0,), closer examination
revealed that, while Na, 4[Cr, Sny 1]0, and Nay 3[Cr, oSb 1]O, are
composed of a single P'3 phase, Na, 3CrO, contains O3'-Na;CrO,
along with P’3-Na, 4CrO,. The generation of O3’ and rock-salt
structures in Na,CrO, (x < 0.4), which led to irreversibility in
Na' migration, was addressed in a previous report.?® Our Rietveld
refinement results also showed the presence of an 03’'-Na;CrO,
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Fig. 8 (Top) Calculated values for the E; of Na,CrggoSbg1O, as
a function of Na* content (x = 0.28, 0.33, 0.44, 0.56, and 0.78).
(Bottom) Calculated voltage profile (red) compared with the experi-
mental C/D curve (black).

between the experimental data and the calculated pattern by
using a relative P’3-Na, ,Cr0O,/03-NasCrO, ratio of 84.4/15.6.
Note that the addition of rock-salt CrO, was avoided because of
the strong diffraction peaks of an Al substrate, which closely
overlapped those from rock-salt CrO,. In contrast, the XRD
patterns of Nay 4[CryoSng;]O, and Nag 3[Cr oSby 1]O, films were
fitted well with a single P'3 phase and no 03'-Na;CrO, (Fig. 7B, C,
Tables S3 and S47%). Aliovalent doping, therefore, is likely to
suppress the formation of 03'-Na;CrO, in Na, 4[Cr oSn, 1]0, and
Na, 5[Cry.oSbg 1]0,, which enables a charge to higher voltages in
NCSnO and NCSbO.

The high-voltage characteristics of NCSbO were further
validated via DFT calculations. The formation energy (Ef) was
obtained for O3, 0’3, and P'3 phases at various states-of charge,
using 3 x 2 x 1,3 x 2 x 1, and 1 x 3 x 3 supercells, respec-
tively (Fig. 8). The electrochemical potential was calculated
using the configuration with the lowest E; for each x value. Eqn
(1) was used, where E(Na,Cry Sby 10,) and E(Na,,Cr, 9Sbg 10,)
indicate the total energies of NCSbO with Na contents of x1 and
x2, respectively. EP"'(Na) is the total energy of Na metal in
a body-centered cubic (Im3m) structure, which corresponds to
the chemical potential of Na in the anode. F is the Faraday
constant.

B E(NaxlCrolgsbo,IOQ) — E(NaxZCrOngo,IOZ) + (x2 — Xl)EbUIk(Na)

V=

wherein one-third of Cr ions reside in the tetrahedral sites of Na*
layers (Fig. 7A, Tables S1 and S2). We obtained good agreement
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The DFT-calculated voltage changes were well matched with
the experimental C/D curves with the similar profile shapes and
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Fig. 9 (A) Discharge capacity retention, (B) representative voltage

profiles (100" cycle), and (C) change in average discharge voltages of
NCO, NCSnO, and NCSbO during galvanostatic C/D at 100 mA g 1.
Average discharge voltages were calculated by energy densities by the
corresponding capacities. E"" = 3.60 V for NCO, 3.80 V for NCSnO,
and 3.95 V for NCSbO.

voltage transitions, which validated the introduction of the
high-voltage features by incorporating Sb>* ions into NCO.

Finally, retention of the capacities and high-voltage charac-
teristics of NCSnO and NCSbO were compared during 100 C/D
cycles. With respect to the initial values, the capacities of
NCSnO and NCSbO were gradually decreased with cycling,
which was similar to the behavior of NCO (Fig. 9A). The degree
of capacity fading was marginally different, showing fading
rates of 0.26, 0.18, and 0.17 mA h g~ ' cycle™" for NCO, NCSnO,
and NCSbO, respectively. As a result, the capacities delivered
after 100 C/D were comparable for three compounds
(96 mA h g for NCO, 99 mA h g~' for NCSnO, and
101 mA h g~' for NCSbO).

The high-voltage C/D properties of NCSnO and NCSbO were
also maintained during 100 cycles. A comparison of the 100"
voltage profiles revealed that, though the profile shapes were
slightly distorted and the C/D voltages were lowered with
respect to the 1° voltage profiles (Fig. 4), the high-voltage
features in NCSnO and NCSbO were maintained (Fig. 9B).
Indeed, the average discharge voltages were continuously
decreased with cycling, but the relative superiority of NCSnO
and NCSbO was not diminished (Fig. 9C). The average discharge
voltages of 3.14 and 3.21 V during the 1% C/D for NCSnO and
NCSbO were higher than that of NCO (2.94 V) by 0.20 and 0.27 V,
respectively. These high-voltage features were maintained
during 100 C/D cycles and resulted in the higher energy densi-
ties of NCSnO and NCSbO (275 and 292 mW g ' vs. 263 mW g~
for NCO after 100 cycles). We believe that, though not
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conspicuous (ca. 11% increase in NCSbO), the modification of
reversible voltages and the increase of energy densities by
electrochemically inert aliovalent doping in NCO suggest a new
strategy to enhance the practicality of NaCrO, for use as a NIB
cathode.

Conclusions

NCSnO and NCSbO, both of which retain an O3 structure, were
synthesized and their electrochemical properties were exam-
ined in comparison to NCO. Despite a lower Na' content,
NCSnO and NCSbO could reversibly intercalate/de-intercalate
0.5 Na' (Nago[CrgeSng1]0, < Nag4[CrqeSng,]O, and Nag g[-
Cr0.0Sby.1]0, < Nag 3[Crg.9Sby1]0,) when charged to 3.80 and
3.95 V, respectively. The high-voltage characteristics were
retained during subsequent discharge, showing average
discharge voltages of 3.14 and 3.21 V for NCSnO and NCSbO,
respectively, vs. 2.94 V for NCO. The higher C/D voltages of
NCSnO and NCSbO were maintained during 100 C/D cycles with
no impact on reversible capacities, which resulted in an
improvement in energy density compared with that of NCO.

Elucidation of the high-voltage characteristics of NCSnO and
NCSbO revealed that, although the aliovalent doping did not
prevent the disproportionation of Cr*" at a fully charged state, it
hampered the formations of 03'-Na;CrO, and/or rock-salt
structures and enabled reversible Na' intercalation at voltages
above 3.60 V. These experimental results were also validated via
DFT calculation.
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