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Na-ion cathode materials with a fast charge and discharge behavior are needed to develop future high-
energy sodium-ion batteries (SIBs). However, inevitably complicated phase transitions and sluggish kinet-
ics during insertion and removal of Na* in P2-type layered transition metal oxides generate structural
instability and severe capacity decay. To get rid of such a dilemma, we report a structural optimization
strategy to promote P2-type layered transition metal oxides with more (010) active planes as an efficient
cathode for SIBs. As a result, as-prepared hexagonal-prism P2-type layered Nag 71 Nig16Lig.09C0016Mng 02
cathode with more (010) active planes delivers a reversible capacity of 120.1 mAh/g at 0.1 C, impressive
rate capability of 52.7 mAh/g at 10 C, and long-term cycling stability (capacity retention of 95.6% over
200 cycles). The outstanding electrochemical performance benefited from the unique hexagonal-prism
with more (010) active facets, which can effectively shorten the diffusion distances of Na*, increase the
Na-ion migration dynamics and nanostructural stability during cycling verified by morphology character-

ization, Rietveld refinement, GITT, density functional theory calculations and operando XRD.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High prices and safety concerns limit the development of
lithium ion batteries (LIBs) in the field of large-scale energy storage
[1-3]. Recently, sodium-ion batteries (SIBs) have attracted wide-
ranging interest because of their low cost and the similar electro-
chemical properties of Na and Li [4-6]. However, the large ionic
radius of Na* poses a significant challenge to the stability of cath-
ode materials. To promote the commercial application of SIBs, ex-
tensive efforts have been devoted to exploring functionally-adapted
cathode materials, such as Prussian blueanalogs [7,8], layered tran-
sition metal oxides [9,10], polyanion compounds [11-13] and or-
ganic compounds [14,15]. Among them, P2-type layered oxides, es-
pecially Mn-based oxides (P2-NaxMnO,) have been recognized as
one of the most potential cathode materials in view of their high
theoretical capacities, natural abundance and environmental benig-
nity [16,17].
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However, Mn-based layered oxides suffer from the gliding of
MO, arising from the larger sodium ions, which eventually leads
to structural degradation and fast capacity decay [18]. In addi-
tion, the irreversible anionic redox at high cell voltage (>4.0V)
results in voltage decay and sluggish Na*™ kinetics [19]. In the
past few decades, many efforts have been devoted toward stabi-
lizing anionic redox, but their cycle stability remains far less sat-
isfied especially under fast-charge conditions [20-22]. On the con-
trary, there is less attention paid to improving Na* transport kinet-
ics, which is crucial for the electrochemical properties of cathode
materials, determined by the host architecture and ion-transport
tunnels. Construction of stable host structure is a prerequisite for
avoiding lattice and diffusion channel collapse and ensuring re-
versible ion insertion/extraction. In addition, reasonable design of
the diffusion-favorable orientation is more conducive to improv-
ing the ion transport kinetics of cathode materials. Thus, the key
to breaking through the bottleneck of insufficient dynamics lies in
building a stable host architecture with more migration tunnels.

Recently, mixed cation doping oxides have markedly improved
structural stability upon cycling. Zhou et al. has revealed that lay-
ered manganese-based oxides with titanium substitution can sup-
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Fig. 1. (a) Schematic illustration for the synthesis of NLCM-H and NLCM. The XRD patterns with corresponding Rietveld refinement plots of (b) NLCM-H and (c) NLCM

samples, respectively. (d) Crystal structure of NLCM-H.

press the Jahn-Teller distortion [23]. Dou et al. has synthesized
a novel 03-type Na[LiggsMngsNig3CugiMgg o510, cathode, which
could present a highly reversible sodium storage capacity and long
cycling stability [24]. In addition to structural stability, the opti-
mization of ion diffusion channels is another valid strategy to im-
prove sodium storage performance. For example, Guo et al. de-
signed a multiple-layer oriented stacking cathode material, which
delivers remarkable rate performance due to the exposed (010) ac-
tive planes [25]. Recently, Fu et al. has demonstrated that regu-
lation of active planes could significantly improve anionic redox
kinetics and rate performance of layered oxide cathodes [26]. In
spite of these extraordinary exploratory works, the strategy of con-
trollable adjustment of active crystal surfaces is still lacking, which
could maximize the rapid charging and discharging ability of lay-
ered oxide cathodes.

In this work, we synthesized a P2-type layered
Nag 71 Nig16Lig09C0g16Mngg0, with hexagonal-prism shape (de-
noted as NLCM-H) via a simple coprecipitation strategy followed
by high-temperature calcination. Owing to the substitution of
Mn3+ sites with mixed cations and crystal-facet modulation, the
architecture of NLCM-H has been comprehensively strengthened,
and more (010) active facets is effectively exposure, thereby im-
proving the sodium storage kinetics and nanostructure stability
of the cathode material. Specifically, the as-prepared NLCM-H
exhibits superior Na-storage performance of 52.7 mAh/g at 10 C
and cycling capability of 75.1 mAh/g over 200 cycles at 5 C.

Fig. 1a depicts the synthetic route to P2-type
Nag 71 Nig16Lig09C0016Mng g0, particles. First, the flake hydrox-
ide precursor was synthesized using a simple coprecipitation
method. The XRD pattern of the hydroxide precursor is displayed
in Fig. S1a (Supporting information), which tally with the Bragg
positions for Mn304, Co304, Ni(OH);, Mn(OH), and Co(OH),.
After this, the precursor, lithium and sodium salts were mixed
evenly by ball milling method. Subsequently, the above products
were sintered at 750°C for 10h under Air to obtain hexagonal-
prism Nag71Nig16Lig09C0916Mngs0,, when sintered at 850°C,
a tabular-like Nag7qNig16Lig09C0g16Mngg0O, is synthesized. The
phases of NLCM-H and NLCM are examined by Rietveld refined
XRD pattern (Figs. 1b and c, Tables S1 and S3 in Supporting in-
formation). All diffraction peaks can be well indexed to the space
group of P63/mmc with the lattice parameters a=b=2.8641(2),
¢c=11.0359(2) for NLCM-H and a=b=2.8682(7), c=11.0082(0) for
NLCM. There are no obvious impurities in XRD pattern affirming

Fig. 2. SEM images of (a, b) NLCM-H and (c, d) NLCM. (e) TEM image, (f) HRTEM
image, (g) scanning transmission electron microscopy image and (h-1) the corre-
sponding elemental mapping of NLCM-H. Inset in (f): SAED pattern of NLCM-H.

that the doped ions have been successfully integrated into the
hexagonal crystal structure (Fig. S1b in Supporting information).
Based on the above structural analysis, both materials have a
P2-type layered hexagonal structure (Fig. 1d). The ICP-OES analysis
further confirmed the ratio of Na, Mn, Co, Ni and Li (Table S2 in
Supporting information).

The morphology and structure of as-obtain products are studied
by SEM and TEM. As shown in Fig. S2 (Supporting information),
precursor presents an irregular flaky architecture with lengths of
30-100mm and is stacked with each other. The morphology evolu-
tion of the precursor at high temperature is shown in Fig. S3 (Sup-
porting information), the sample obtained by calcination at 650°C
is small particles that are not in P2-type layered structure (Figs.
S3a and S4a in Supporting information). When the sintering tem-
perature reaches 750 °C, the morphology of the product transforms
into a clear hexagonal prism shape with an average size of ca.
630nm x 330 nm (Fig. S3b, Figs. 2a and b). When the temperature
is raised again to 850°C, the sample exhibits a plate-like structure
with larger particle sizes (0.5 pm x 3 um) than the former (Fig. S3c,
Figs. 2c and d). Micron scale plate-like products will further aggre-
gate during the calcination process at 950 °C (Figs. S3d and S4b in
Supporting information). The TEM image (Fig. 2e) further demon-
strates hexagonal-prism architecture of NLCM-H. The clear lattice
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Fig. 3. (a) Line-scan EDS elemental distribution curves of O, Na, Mn, Co, and Ni on the NLCM-H. (b) XPS survey scan, (c) high-resolution Mn 2p XPS spectrum, (d) high-
resolution Ni 2p XPS spectrum, and (e) high-resolution Co 2p XPS spectrum of NLCM-H. (f) N, adsorption-desorption isotherm of NLCM-H and NLCM.

fringes with a spacing of 0.57 nm matches well with the (002)
planes (Fig. 2f). Pure phase of a hexagonal crystalline structure
is further corroborated by selected area electron diffraction (in-
set in Fig. 2f), in which hexagonal spot patterns imply the single-
crystalline feature. The elemental mapping images of Na, Mn, Ni,
Co and O demonstrate that the elements in NLCM-H are evenly
distributed (Figs. 2g-1).

As the line-scan EDS progresses in Fig. 3a and Fig. S5 (Support-
ing information), the content change curves of O, Na, Mn, Co and
Ni elements are basically consistent, further proving that O, Na,
Mn, Co and Ni elements are uniformly distributed throughout the
hexagonal prism. The composition and elemental valence state of
NLCM-H are characterized by XPS. Fig. 3b shows the XPS full spec-
trum of NLCM-H, which corroborates the presence of Na, O, Ni, Mn,
and Co in NLCM-H. As shown in Fig. 3¢, the Mn 2p;;, and Mn 2p3,
peaks are deconvoluted into four individual subpeaks. The peaks
at 643.1eV and 654.1eV arise from Mn**, and the two peaks at
641.4eV and 653.4eV are assigned to Mn3+ [27,28]. For the Ni 2p
XPS spectrum (Fig. 3d), the two main peaks at around 854.1 eV and
872.5eV can be attributed to Ni 2p;, and Ni 2p;,, accompanied
by two satellite peaks, which indicaties that the valence state of Ni
is +2 [29]. Besides, the subpeaks at 781.0 and 796.4 eV are indexed
to Co** and those of 779.5 and 794.9eV signify the presence of
Co3* in Co 2p spectrum (Fig. 3e) [30,31]. Fig. 3f shows that NLCM-
H possess a much larger Brunauer-Emmett-Teller specific surface
area (5.934 m?/g) than that of NLCM-H (4.338 m?/g).

The electrochemical properties of NLCM-H and NLCM were
studied in the voltage window of 2.0-4.3 V. The higher voltage op-
eration such as 2.0-4.5V was restricted because of irreversible re-
dox reactions (Fig. S6 in Supporting information). Electrochemical
impedance spectroscopy (EIS) analysis indicates that the NLCM-H
cathode has a smaller high-frequency semi-circle diameter than
the NLCM cathode, implying a lower solid-state interface resistance
(Fig. 4a and Table S3). Fig. 4b presents the typical CV curve at
0.1 mV/s (vs. Na/Na*t). There are two redox peaks at 3.11/2.97V and
3.78/3.54V, which can be assigned to the low-spin Mn3*/Mn*+,
Co3+/Co*t and NiZ+/Ni*t [32], respectively. Fig. 4c displays the
first three charge-discharge curves of NLCM-H at 0.1 C (1 C=175
mAh/g). The initial charge and discharge capacity values are 72.3
mAh/g and 120.1 mAh/g, in which the low Coulombic efficiency
(CE) can be attributed to the sodium deficiency of layered oxides
at the initial state. During the first charge and discharge processes,
the P2 layered structure was well maintained apart from some
slight shift of peak position (Fig. S7 in Supporting information). On

the contrary, the reversibility of the NLCM cathode in the initial
curves was not satisfactory (Fig. S8 in Supporting information). Be-
sides, cycling stability of NLCM-H is better than that of NLCM (Fig.
4d), delivering a charge capacity of 107.5 mAh/g after 50 cycles. As
shown in Figs. 4e and f, the hexagonal prism structure of NLCM-
H can still be well preserved after 50 cycles, while the plate-like
structure of NLCM has undergone delamination under the action of
interference stress (Figs. S9a and b in Supporting information). Fig.
4¢g and Fig. S9c (Supporting information) show the XRD patterns
of NLCM-H and NLCM before and after cycling. After 50 cycles
at 0.1 C, NLCM-H still maintains the P2-type structure. However,
a miscellaneous peak at 30.5° can be clearly observed in the cy-
cled NLCM cathode. The above results fully prove that the submi-
cron sized NLCM-H with hexagonal prism structure is stable upon
Na* deintercalation/intercalation, which can effectively reduce the
structural stress to boost the cyclic stability of NLCM-H cathode.
Even at a high current density of 5 C, the NLCM-H electrode still
retains a large reversible capacity of 75.1 mAh/g over 200 cycles
with a capacity preservation of 95.6% (Fig. S10 in Supporting infor-
mation).

The rate performance of two electrodes are evaluated to reveal
the sodium-ion diffusion potential under different current densities
in Fig. 4h. The reversible capacities of NLCM-H after 5 cycles are
maintained at 120.1, 116.7, 112.1, 108.4, 99.3, 80.9 and 52.7 mAh/g
at 0.1, 0.2, 0.5, 1, 2, 5 and 10 C, respectively. Moreover, the capac-
ity recovers to the original value when the current decreases from
10 C to 0.1 C again. On the contrary, NLCM exhibits lower capac-
ity and recoverability at high current densities. The corresponding
charge and discharge curves of NLCM-H electrode at various cur-
rent densities are presented in Fig. S11 (Supporting information).

Galvanostatic intermittent titration technique (GITT) measure-
ment is conducted at 0.05 C after first cycle to further under-
stand the Na* diffusion kinetics of NLCM-H and NLCM cathodes. In
Fig. 5a, the Na* diffusion coefficients (Dy,+) of NLCM-H calculated
from the GITT profiles are in the range of 10-1! cm?/s, which are
larger than those of NLCM during the cycling processes (Fig. S12
in Supporting information). The advantageous Na™ transport kinet-
ics of NLCM-H cathode is further investigated by the CV profiles
at different sweeping rates from 0.1 mV/s to 0.5mV/s (Fig. 5b). The
Na* transport characteristics are depicted in Fig. S13 (Supporting
information) by the Randles-Sevcik equation [33,34]. The Dy,+ of
A1, C1, A2, and C2, are determined to be 3.49 x 1010, 9.49 x 10-10,
6.50 x 10719, and 9.90 x 10~1% cm?/s. For NLCM electrode, the Dy,+
of A1, C1, A2, and C2 are 3.05x 1010, 6.88 x 1010, 4.88 x 1010
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and 5.43 x 10719 cm?/s (Fig. S14 in Supporting information), re-
spectively, agreeing well with the results calculated by the GITT.
Such a high Na* diffusion kinetics is owing to the hexagonal prism
structure of NLCM-H with more (101) active plane derived from
the submicron scale, which further supports the observed high-
rate performance in NLCM-H. According to the following equa-
tion: i = av?, the b-value of C1, C2, A1 and A2 peaks are calculated

as 0.96, 0.88, 0.89 and 0.86, suggesting that pseudocapacitive-
controlled processes play important roles in Na* storage mecha-
nism [35-37]. As shown in Fig. 5b, the b-value of R1, R2, O1 and
02 peaks are 0.98, 0.88, 0.79 and 0.96, suggesting that a capacitive
mechanism play important roles in Na* storage (Fig. 5c). Ulteriorly,
the capacitive contribution is derived via the law of i=k;v + k,v!/?
[38-40], where kqv and k,v!/2 represent the capacitive current and
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diffusion-controlled current, respectively. Fig. 5d unveils that the
capacitive contribution (shade area) accounts for nearly 77.03% of
the total capacity at 0.1 mV/s, meaning that the capacitive contri-
bution is dominant at this sweep rate. As the sweep rate increases
from 0.1 mV/s to 0.5mV/s, the proportion of capacitive contribution
also increases from 77.03% to 92.34% (Fig. 5e).

Density functional theory (DFT) calculations using VASP are per-
formed to obtain the energy of a definite crystal face. As shown
in Fig. 5f, the energy exposed to the (001) crystal surface is
—2.00369 eV, which is smaller than that of (010) (—2.00301eV). It
can be seen that the formation of hexagonal prisms is driven by
kinetics, and as the calcination temperature increases, the material
tends to grow along (010) to form plate-like structures. Schematic
illustration of microparticle was depicted to certify the relation-
ship between morphology of products and (010) facets in Fig. 5g.
Based on P2-type layered oxides with the hexagonal phase sys-
tem, it can be extrapolated that the front facet of NLCM-H is (001)
plane and the side facet is (010) plane. The (010) planes have open
diffusion channels, which promotes Na* transmission between the
TMO, layers. For NLCM sintered at 850 °C, the higher tempera-
ture calcination resulted in the fusion of hexagonal prisms to form
a micrometer plate-like structure, which greatly reducing the ex-
posure of (010) crystal planes and exhibiting unsatisfactory kinetic
characteristics.

In summary, an exposure (010) active planes layered P2-type
Nag 71 Nig16Lig 09C0016Mng g0, with hexagonal prism cathode has
been synthesized via an elegant coprecipitation method followed
by high-temperature sintering for SIBs. The exposure of more (010)
active facets by structural optimization could not only efficiently
improve electrode-electrolyte contact area, thereby facilitate Na*
transport because of the short diffusion distances in the crystal
structure, but also it was beneficial for a higher capacitive contri-
bution. As a result, as-synthesized NLCM-H cathodes demonstrate
a reversible capacity of 120.1 mAh/g at 0.1 C, improved rate perfor-
mance of 52.7 mAh/g at 10 C, and remarkable cyclic stability with
95.6% capacity retention after 200 cycles.
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