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We report a facile two-step method to synthesize nanostructured
P2-Na,;3MnO, via ligand exchange and intercalation of sodium ions
into ultrathin manganese oxide nanoplates. Sodium storage performance
of the synthesized material shows a high capacity (170 mA h g™%) and
an excellent rate performance.

Lithium ion batteries have been the predominant choice of
energy storage systems for portable devices and electronic vehicles
in the last few decades due to their high energy density and long
cycle life." As a new class of green energy storage and conversion
system, sodium ion batteries (SIBs) have received much attention
owing to the high natural abundance and low cost of sodium
resources.” ® Sodium has a redox potential (—2.71 V vs. SHE) close
to that of lithium (—3.04 V vs. SHE) which makes it an attractive
alternative to lithium ion batteries.” However, there are still
challenges remaining for sodium-ion batteries. One critical issue
is finding cathode materials with high reversible capacity and good
cycle life to meet the performance expectation for electronic
devices.® For this reason, many different types of oxide materials
including spinel oxides,” tunnel-structured oxides,'”"" and layered
transition metal oxides, have been explored for the last few years.
Among them, layered sodium transition metal oxides (Na,MO,,
M = Mn, Ni, Co, Fe, etc., x < 1) are the most studied cathode
materials due to their high energy density."*™"

Sodium manganese oxide (NMO) is a promising cathode
material because of its high availability and low cost, making it
suitable for large-scale batteries. Sodium manganese oxides are
known to deliver large reversible capacities. Caballero et al.
reported that P2-type layered Na,;MnO, (P2-NMO) can deliver
a large initial capacity of 160 mA h g '.'® However, many
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research groups reported problems with P2-NMO such as poor
rate capability and cycle retention.’”™°

Nanostructured materials have received a lot of attention as
a solution to such problem by enhancing ion kinetics.>*">
Herein, we report a facile and unique synthetic method to
produce a nanostructured P2-Na,,;;sMnO, cathode material via a
two-step method, starting from ultrathin manganese oxide
nanoplates. Nanostructured P2-Na,;;MnO, exhibited remark-
able sodium storage performance, such as a high reversible
capacity of 170 mA h g™, excellent rate performance delivering
135 mA h g~ ' at 10C rate, and negligible capacity fading over
50 cycles. The improved electrochemical performance is attributable
to grain boundaries between the nanostructured domains that are
embedded inside the crystals. Our facile synthetic method could be
generalized to other sodium metal oxide systems for the design of
nanostructured cathodes for high performance SIBs.

Nanostructured P2-Na,,;;sMnO, is synthesized by the two-step
method as described in Fig. 1. Firstly, ultrathin manganese
oxide nanoplates were synthesized following the previously
reported method.>® The as-synthesized brownish nanoplates
are 8 nm long and less than 1 nm thick, assembled into a lamellar
structure (Fig. 2a and b). For the ligand exchange reaction, the
prepared manganese oxide nanoplates were dispersed in tetra-
hydrofuran (THF) and mixed with 1 M sodium hydroxide
(NaOH)-ethylene glycol solution. The mixed solution was stirred
at 65 °C for 48 hours and during this ligand exchange reaction,
the hydrophobic, 2,3-dihydroxynaphthalene (2,3-DHN) organic
surfactant was replaced by the hydroxide ions causing the
delamination of the lamellar structure of the nanoplates.>***
The surface charge was neutralized by the sodium ions on the
surface of the nanoplates.”® This process destroyed the m-n
interactions between the 2,3-DHN molecules to produce discrete
Na'-adsorbed manganese oxide nanoplates. After the heat treatment
at 500 °C in air, Na'-adsorbed nanoplates were turned into layered
sodium manganese oxide nanoparticles (20-50 nm) (Fig. 2c). From
the energy dispersive X-ray spectroscopy (EDS) and high-resolution
transmission electron microscopy (HRTEM) images (Fig. 2c and d),
we observed sodium manganese oxide nanoparticles (NMO NPs)
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Fig. 1 Schematic illustration of the two-step method to synthesize nanostructured P2-Na,,sMnO,.
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Fig. 2 (a) and (b) TEM images of manganese oxide nanoplates, (c) TEM
image, (d) STEM image and EDS images of NMO NPs and (e) XRD patterns
of NMO NPs and nanostructured P2-Na,,zMnO,.

with a lattice spacing of ~0.56 nm, similar to the d-spacing of a
(002) plane in P2-hexagonal phase. In contrast, we obtained
micrometer-sized Mn,O; particles under the same annealing
condition without the NaOH treatment, indicating that the
ligand exchange step not only supplies Na' ions but also restricts
the particle growth (Fig. $1, ESIT).2® The XRD spectrum of the
NMO NPs shows broad peaks (00/), indicating that the particles are
stacked in a turbostratic manner without sufficient crystallinity
causing poor reversible sodium storage (Fig. 2e and Fig. S2, ESIT).
We performed further annealing at 800 °C to acquire a well-
crystallized P2-Na,,;sMnO, which is well indexed to a hexagonal
structure with a space group of P63/mmc (Nay;MnO, o5, JCPDS
27-0751) known as the o phase of NMO (Fig. 2e). Additional heat
treatment at 800 °C triggered the assembly of the NMO nano-
particles and caused a significant increase in size. The SEM
images (Fig. 3a and b) show tens of micrometer-sized plates stacked
in an orderly manner and the TEM image (Fig. 3c) demonstrates the
highly crystalline nature of the P2-type structure.

The cross-sectional specimens of P2-Na,;;MnO, was obtained
using a focused ion beam (FIB) and analyzed by spherical aberration-
corrected scanning transmission electron microscopy (Cs-STEM)
combined with electron energy loss spectroscopy (EELS). The
HRTEM image shows nanoscale domains inside the crystal
which are clearly separated by grain boundaries (Fig. 3d). The
selective area electron diffraction pattern (SAED) near the grain
boundary reveals that all the grains have the P2-type structure
despite their different orientations (inset of Fig. 3e). From the
EELS line scan across the grain boundary, we calculated the
integrated Mn L,/L, white line ratios (Fig. 3f).>**° More details
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Grain A

Fig. 3 (a) and (b) SEM images and (c) TEM image of the nanostructured
P2-Nay/sMnO; (Inset: Magnified HRTEM image). HRTEM images of (d)
three neighboring grains: A, B, and C (e) the interface region with a SAED
pattern (inset) indicating the different orientations. (f) High-angle annular
dark-field STEM image of the interface region with an EELS line scan.

on the method of calculating the Mn Ls/L, ratio can be found in
Fig. S3 (ESIt). It is well known that the oxidation state of
transition metals can be derived from the white line intensity
ratio (Fig. S3, ESIT).?*! The calculated Mn Ls/L, ratios and the
corresponding Mn oxidation state values are listed in Table S1
(ESIT). We observed a change in the average Mn oxidation state
from 3.74 to 3.29 across the grain boundary, which indicates
that the adjacent domains have different oxidation states as
indicated in Fig. 3f. There are known to be two polymorphs in
Na, ;MnO,: a-Nay,MnO,., (0.05 < z < 0.25) with an average
Mn oxidation state of 3.8 and B-Na, ;MnO,., (z < 0.05) with an
average Mn oxidation state of 3.3 (Fig. S4, ESI{).*> The char-
acteristics of crystal structures and the average Mn oxidation
states depend on the method of cooling during the synthesis.
a-Nay ;MnO,., (0.05 < z < 0.25) and B-Nay;MnO,., (z < 0.05)
are obtained through a conventional cooling and quenching,
respectively. However, we obtained a nanoscale mixture of NMO
comprising two different phases through our unique approach
of synthesizing nanostructured P2-NMO.

The composite behavior of nanostructured P2-NMO was also
supported by the differential capacity plot (dQ/dV) (Fig. 4a). The
dQ/dV of nanostructured P2-NMO displays both characteristic
peaks of the a-NMO and 3-NMO phases. The dQ/dV peaks below
2.27 V indicate redox peaks of a-NMO (Fig. 4a, asterisk signs),
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Fig. 4 Sodium storage performance of the nanostructured P2-Na,,;sMnO5.
(a) Differential capacity plots at 12 mA g~. Data for a-NMO and B-NMO
were adapted from ref. 32. (b) Rate performance at various charge current

densities. (c) Cycling performance at 12 mA g™t (inset: corresponding
voltage profiles).

whereas the peaks above 2.27 V correspond to those of f-NMO
(Fig. 4a, number signs). Redox peaks corresponding to the
o phase are much stronger than those corresponding to the
B phase. This implies that the majority of grains is in o phase,
which is consistent with the XRD pattern of the nanostructured
P2-NMO.

Nanostructured P2-Na,;;MnO, was examined as a cathode
material for sodium ion batteries. Firstly, we evaluated rate
performance at various charging rates from 24 to 2400 mA g~ *
(0.1-10C rate) as shown in Fig. 4b. The cell was discharged at a
fixed rate of 24 mA g~ '. P2-Na,,sMnO, showed excellent rate
performance, such as 135 mA h g~' at 10C rate, which corre-
sponds to 80% of the reversible capacity delivered at 0.1C rate.
It has been shown that the lithium diffusion coefficient along
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the grain boundaries is three orders of magnitude higher than that
across the grain boundaries due to the much lower activation
energy.*>>>* Therefore, we suggest that the improved rate per-
formance of nanostructured P2-NMO is due to the nanoscale
domains of P2-NMO. Nanostructured grain boundaries (Fig. S5,
ESIY) facilitated the solid state diffusion of Na' ions through a
bulk particle, resulting in the excellent rate capability (Fig. 4b).
Moreover, the cycle performance and the corresponding charge-
discharge profiles were taken at a current density of 12 mA g~
in the voltage range of 2.0-3.8 V (Fig. 4c). The nanostructured
P2-NMO electrode delivered a high initial capacity of 1770 mA h g™*
with negligible capacity fading over 50 cycles, outperforming the
recently reported sodium manganese oxide electrodes (Table S2,
ESIY).

In summary, nanostructured P2-Na,;MnO, has been prepared
via ligand exchange and crystallization of ultrathin manganese
oxide nanoplates. Through this novel scheme of design, we pro-
duced well-crystallized P2-NMO bulk particles comprising nanoscale
domains. As a cathode for Na-ion batteries, it showed excellent
electrochemical performance including a high specific capacity of
170 mA h g~ " and excellent rate performance. Our unique two-step
strategy of fabricating nanostructured sodium metal oxide materials
will pave a new way for the design and synthesis of electrodes for
high-performance rechargeable batteries.
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