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We experimentally and computationally investigated the Ca
substitution effect on the electrochemical performance of P3-
NaxCo0,. The cycle performance of Ca-substituted NaxCag 0sCoO;
was effectively improved due to its better crystallinity retention
after charging. Our DFT calculations suggested that the presence of
Ca?* ions in Na sites kinetically mitigates phase transition.

Over the last decade, Na-ion batteries (SIBs) have attracted much
research interest as an alternative to Li-ion batteries due to the
abundance and low cost of Na resources.! Layered sodium transition
metal oxides, NayMO,, are considered to be promising cathode active
materials for SIBs, and they have been extensively studied.28
However, the layered oxides exhibit phase transitions accompanied
by MO, slab gliding during the charge/discharge process.® 10 Since
the phase transition leads a capacity fading, various elemental
substitutions of transition metals have been investigated to suppress
the irreversible phase transitions during the charge/discharge
process.!1"15 The phase transition can also be suppressed by replacing
Na* ions (1.02 A, CN = 6) with Ca?* ions (1.0 A, CN = 6) that have a
similar ionic radius.’6: 17 We previously reported that the cycling
performance of the P2-type Nay;3Co0O, is improved by Ca
substitution.1® Despite the improved cycling performance, the
overpotential of the cathode increased because the doped Ca2* ions
hindered the Na* ion diffusion in the layered structure. The shrinkage
of the lattice constant by the Ca substitution also interferes with the
kinetics of Na* ions.
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Fig. 1 Charge/discharge profiles of Napg:CoO, and
Nag.sCap.0sCo0; at the 3rd cycle (a). Cycle performance of
Nao_GCOOz and Nao,5Ca0_05CoOZ (b)

Here we performed the synthesis of the Ca-substituted P3-type
NaxCoO; and confirmed that its cycling performance was improved
without an increase in overpotential. Ab-initio calculations were also
conducted to understand the Ca-substitution effect on the
suppression of the phase transitions and the overpotential in the P3-
type layered structure, which is classified as another structural group
of the layered materials.?®

The P3-type Na,CoO, (NCO) and Ca-doped NaxCoO, (NCCO) were
synthesized by a conventional solid-state method (see the
Supplementary Information for more detail). X-ray diffraction (XRD)
patterns of the as-prepared NCO and NCCO are shown in Figure S1.
All the diffraction peaks are indexed as P3-type NCO. The NCCO is
also characterized as a P3 phase without any impurity phase. The
Rietveld refinement result shows that the substituted Ca?* ions
preferably occupy the Na sites as shown in Figure S1 (b). The SEM-
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EDX mapping shows the uniform distribution of Ca in the particles,
which suggests that the Ca2* ions are incorporated with Na* ions in
the van der Waals gap between layers (Figure S1 (c)). The actual Na
content in the Ca-free and Ca-substituted materials are Nag.s1CoO,
and Nag9Cap.04Co0,, respectively.

The electrochemical properties of the NCO and NCCO were
measured using a half-cell against Na metal counter electrodes.
Figure 1 shows the charge/discharge profiles of NCO and NCCO at the
3rd cycle. Overall the charge/discharge profiles are in good
agreement with the O3-type NaCoO, or P3-type Na,CoO, reported in
literature.2 15 The capacity of NCCO (131 mAh g1) is slightly smaller
than that of NCO (138 mAh g1), but its lower capacity corresponds
to the substituted Ca2* ion content. Even though the substituted Ca2*
ions would be expected to hinder the migration of the Na* ions, the
NCCO shows even smaller hysteresis in the charge/discharge profile.
The Ca substitution also improves the reversibility during the
charge/discharge process. The Coulombic efficiency of the NCCO is
98.3%, while NCO shows a Coulombic efficiency of 95.5%. The
improved Coulombic efficiency indicates that the irreversible phase
transition at high voltage is suppressed by the Ca substitution.
Moreover, the suppressed irreversibility brings to a significant
improvement in cycling performances, as shown in Figure 1 (b). The
NCCO shows capacity retention of 80.8% after 100 cycles, while the
NCO shows severe capacity decay (capacity retention: 25.6%).

Next, to elucidate the origin of the capacity decay, we attempted
to detect a trace of the irreversible phase transition by preparing
overcharged cathodes. Figure 2 shows ex-situ XRD patterns of NCO
and NCCO during the charging process. The structural evolution of
the NCO is in good agreement with the past report. The NCO and
NCCO show monoclinic O’3 phases at 2.6 V and transform to P3 and
P’3 phases upon Na extraction. Another phase transition to the
hexagonal O3’ phase is observed around 3.9 V. We suppose the P’3
to O3’ phase transition at high voltage leads to the significant
capacity decay of the NCO. The capacity retention of the NCO
operated at 2.0-3.7 V shows improved capacity retention of 66.7 %,
as shown in Figure S3. Also, the poor crystallinity of the NCO charged
up to 4.5 Vindicates the irreversible phase transition shown in Figure
S4. Hence, we suppose the Ca-substitution suppresses the
irreversible phase transition of the NCO at the high voltage.

DFT calculations were also performed with the Vienna Ab Initio
Simulation Package (VASP)2% 21 to investigate the Ca-substitution
effect on the phase stability of NCO (See the Supplementary
Information for more details about the computational methods). We
used supercells of NaxCo18036 and NayCaCo1303¢ for the Ca-free and
Ca-substituted materials, respectively. The Ca content of
NaxCaCo13036, Which is also represented as NayCap.056C00>, is slightly
higher than that of the experimentally synthesized NCCO due to the
limitation of the available Ca2* ion sites in the supercells. Since the
difference in the Ca content between the computational and
experimental studies is small, we believe it does not affect the
calculated properties such as phase stability.

Figure 3 (a,b) shows the calculated formation energies and the
convex hulls of Na,CoO; and NayCag.056C00;, respectively. Note that
we use the Co oxidation state as an x-axis at the bottom so that it
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Fig. 2 ex-situ XRD patterns of NayCoO, (a) and NaxCa0sCo0,
(b) electrodes during the charging process.

enables the comparison of phase stability at the same oxidation state
of Co. 01-Co0; and 03-NaCoO; are used as reference states for NCO,
and 01-Cags602 and Nag.sssCao.0s6C00; are used as references for
NCCO. The globally stable convex hulls are described with a solid
black line. The areas shaded in red, green, and blue represent the
ranges where the 01, 03, P3 structures are the most stable,
respectively. The other areas are expected to be two-phase regions.
The O3 phase is the most stable among the three structural types in
the range of 1.0 = x > 0.833 in the case of the NayCoO, (Fig. 3 (a)).
Upon Na extraction from NaCoO,, the P3 becomes the most stable
phase at 0.667 = x > 0.444. This result is consistent with both the past
computational results?2 and the experimental results. The formation
of the 2" 03 phase (x = 0.333) is also in good agreement with the
experimental results discussed above. Also, the O1 phase becomes
thermodynamically favorable, at the fully desodiated composition
(x=0), where the oxidation state of Co is 4.0. The region of 0.333 > x
>0 is expected to be a two-phase region of the 03 and O1 phase. We
suspect the origin of the peak broadening of the charged NayCoO,
detected in Fig. 2 (a) is the O3- 01 phase transition.

The convex hull of the NaxCap056C00; is shown in Fig. 3 (b). Since
the mobility of the Ca2* ions is presumably negligible compared with
Na* ions, the Ca?* ions remain in the matrix even after the full
extraction of Na* ions. The estimated composition of the fully
desodiated phase becomes Cagos6C00,. As a result, the highest
oxidation state of Co in NaxCapssCoO, does not exceed 3.89. In
addition, the oxidation state of the Co is not expected to be <3.0 in
the voltage range in our electrochemical tests, and thus the
maximum Na content is limited to 0.889, where the composition is
Nao.889Ca0.056C00.

In the convex hull of the NaxCao.056C003, the general trend of the
phase stability is similar to that of the NayCoO,. The structural
evolution from 03, via P3 and 03 to O1, is consistent with Nay,CoO,.
Despite these general similarities, there are some minor variations.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Convex hulls of (a) NayCoO; and (b) NaxCao.056C00,. (c) Estimated activation energies of the phase transition from O3 to O1. The
compositions of the structures are Nag 333.,Ca,Co0> (y = 0 or 0.056). X-axis represents each image (structure) during the phase transition.

The stable region of the O3 phase at high Na content (x > 0.778)
becomes narrow, while the P3- and Ol-stable regions expand,
compared with NaCoO,. The expanded P3-stable region by the Ca-
substitution is in consistent with the ex-situ XRD results shown in
Figure 2.

In addition to studying the thermodynamic effect of the Ca
substitution, we also investigated the kinetics of the phase transition
by DFT calculation. Figure 3 (c) shows the estimated activation
energies of the phase transition from O3 to O1 at the compositions
of Nag 333.,Ca,Co0> (y = 0 or 0.056), which are the borders between
the single O3 phase and 03-01 two-phase region. Note that only two
endpoints (03 and 01) were fully relaxed, while the total energies of
the intermediate states were calculated without any structural
relaxation. Therefore, this calculation overestimates the actual
activation energies; however, it enables us to elucidate the Ca-
substitution effect qualitatively. The activation energy of the 03-01
phase transition for Nag78Ca0.056C00, is higher than that for
Nao.333C00,. This result suggests that the divalent CaZ*ions in the Na
layer hinder the gliding of CoO; slabs. We attribute the improvement
in the cycling performance of the Ca-substituted Na,CoO, observed
in our experiment above to the kinetically suppressed phase
transition.

(a) P3-Nag 333C00, (b)

P3-Nay 275Cag 056C00, (c)

To investigate the Ca-substitution effect on Na ion diffusivity in
the layered oxide, we calculated the migration energies of Na ions by
the Climbing Image Nudged Elastic Band (CI-NEB) method.?3 24
Figure 4 (a,b) illustrates migration paths of the Na ions in P3-
Nap333C00,; and P3-Nag78Cao.056C00,, respectively. The numbers
adjacent to the paths correspond to pathl, path2, and path3,
respectively. Note that the pathl and path2 are identical. The path3
is also identical to the pathl and path2, except the Ca site adjacent
to the path instead of Na ion. Figure S5 also shows the migration
paths from the different perspective. Fig 4 (c) displays the migration
energy of each path. The migration energies of the path1, path2, and
path3 are 319, 253, and 500 meV, respectively. The migration energy
of pathl in P3-Nag333C00; (319 meV) is higher than that for O3-
NaCoO; (190 meV) and P3-NaTiO, (220 — 250 meV).25 26 This
discrepancy is attributed to the different types of the structures (P3
and 03), the transition metals (Co and Ti) and the Na content (x =
0.33 and x = 1). The bottlenecks of these paths are located at around
60% of the path distance, where the hopping Na* ion passes by the
adjacent alkali ion (Na* or CaZ+).

The path2 has the lowest migration barrier among three paths.
We attribute that the low migration barrier of the path2 is
corresponding to the expansion of the Na layer along the c-axis. The
calculated O-O bond lengths of the Na layer in Nag333Co0; and

T T T T
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—8— path2 in Naj 575Ca; 56C00, -
—&— path3 in Na 575Ca, 456C00,

Energy [eV]
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Fig. 4 Migration paths of Na ions in (a) P3-Nag.333C00; and (b) P3-Nao 278Ca0.056C00;. Yellow triangles and a light blue triangle represent
the Na sites and a Ca site, respectively. The numbers adjacent to the paths represent path1l, path2, and path3, respectively. The dotted

green lines represent the bottlenecks of each path. (c) Migration barriers along each path.
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Nag.278Ca0.056C00; are 3.580 A and 3.597 A, respectively, as shown in
Table S1. Figure S6 shows a coordination environment of a Na*ion in
the P3 and P2-type structure. The NaOg prism in the P3 structure has
a face-sharing CoOg octahedron on one side and three edge-sharing
CoOg octahedra at another side. Once the Ca?* ion occupies the Na
site, the Na layer is expanded by the electrostatic repulsion between
the divalent CaZ* ion and the Co3* ion at the face-sharing octahedron
as shown in Fig. S6 (a). Therefore, the Ca substitution decreases the
migration barrier of the Na* ions by expanding the bottleneck of the
migration.

On the other hand, the migration barrier of the path3 (500 meV)
is much larger than that of path1 (319 meV) and path2 (253 meV),
because the CaZ* ion electrostatically repels the Na* ion hopping at
the neighboring prismatic site. Therefore, most of the Na* ions
preferably take the path2 to avoid the adjacent prismatic site
occupied by the Ca2* ion.

A comparison with the Ca substitution in the P2-type layered
structure is also helpful to understand the decreased migration
energy of the path2 in the P3 phase. The P2-type structure has two
identical sites: 2b and 2d sites, for the Na*ion. The 2b site has two
face-sharing CoOg octahedra, while the 2d site has six edge-sharing
CoOg octahedra. Since the CaZ* ion preferably occupies the 2d site
(Fig. S5 (b)), the lattice constant along the c-axis shrinks by the Ca
substitution. Therefore, the Ca substitution in the P2 phase
significantly increases the overpotential, as we previously reported.!8
Moreover, the overpotential of the P3-type NaxCap.04Co0, does not
become higher than that of P3-NaxCoO,. This result suggests the Ca
substitution in the P3 phase partially promotes the Na* diffusion
rather than limiting the Na* diffusion paths.

In summary, the Ca-substitution effect on P3-type NaxCoO, was
investigated. We found that the Ca substitution suppresses the
irreversible phase transition at high voltage during the
charging/discharging process, resulting in a significant improvement
in the cycling performance compared with the Ca-free P3-NaxCoOs.
Our DFT calculations suggest that the Ca substitution in P3-NayCoO,
expands the stable region of the Na-diffusive P3 phase. Also, the
presence of CaZ* ions in the Na layer kinetically hinders the phase
transition from O3 to 01, which is accompanied by the gliding of
Co0; slabs. The suppressed phase transition leads to better
crystallinity during the charge/discharge cycles. Our DFT-NEB
calculations further proved that the Ca substitution decreases the
migration barrier of the Na* ions, because the Ca2* ions expand the
bottleneck of the Na layers. We believe that Ca substitution could
be a practical materials design strategy for improving the structural
stability and rate capability of Na-based cathode active materials.
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