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The single-source precursor NaCo(acac); (acac=acetylacetone)
for the layered oxide cathodes of sodium-ion batteries (SIBs) is
reported here. It features a 1D chain structure, and is prepared
in nearly quantitative yield employing commercially available
reagents. The complex is stable in open air and tends to dissolve
in various strongly polar solvents, including H,O and methanol.
The phase-pure layered oxide cathode material P2-Na,CoO, for
SIBs is obtained through calcining the complex, and exhibits an
excellent rate capability, even superior than the recently-
reported P2-Na,CoO, microspheres. More analogue complexs
could be obtained through cationic replacement for the synthesis
of other high-performance layered metal oxides for SIBs.

Since the first commercialization of lithium-ion batteries(LIBs)
based on LiCoO, in 1991 by Sony, LIBs have made great
progress and are widely used in human life such as laptops,
mobiles, electronic vehicles, etc. in the past 27 years, owing to
the low cost and high energy density.'* As LIBs expand their
application from portable electronics to electric vehicles and
grid storages, a great concern arises about the widespread
availability and rising price due to the low abundance of lithium
resources on earth. As a good alternative to LIBs, sodium-ion
batteries(SIBs) with lower cost have attracted increasing
attention because of the super high abundance of Na,™® and its
redox potential (-2.71 V vs. SHE) close to lithium (-3.03V Vs.
SHE).’ In fact, LIBs and SIBs were studied almost
simultaneously.'®!"® In 1980, when layered LiCoO, was first
reported as a cathode material for LIBs, the electrochemical
activity of layered Na,CoO, was also confirmed for SIBs.'* '°
In the viewpoint of the high similarity of the physical and
chemical properties of lithium and sodium, Na,CoO, has
always been considered as a promising cathode material for
SIBs since the great success of LiCoO, for LIBs. However, the
practical application of Na,CoO, is hindered by the poor rate
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capability and cycling performance. Many efforts have been
devoted to understanding and fixing this concern. The in situ X-
ray diffraction (XRD) studies demonstrated that, a series of
abrupt phase transformations happened during Na®
extraction/insertion due to the great sensitivity of Na” ordering
to the Na" content in layered structure.'® '” Several effective
approaches are developed to improve its cycling stability and
rate capability, such as doping or substitution of other cations
through suppressing the Na* ordering (e.g. Ca>', Ti*, Cr*" and
Mn*"#) 1823 and the constructing of special microscopic
architectures (e.g. microspheres).* All these efforts are mainly
confined in the solid-state (SS) synthesis of Na,CoO,. Similar
with the case in Li-ion batteries, the electrochemical
performance of layered cathodes for Na-ion batteries is also
greatly affected by the phase purity, the stoichiometry and
distribution of constituent elements, the morphology uniformity
and the properties of the particle surface. > 2 Lots of efforts
have been devoted to improving the electrochemical
performance through elemental substitution and doping,®*°
surface modification,’” 32 and etc., but little work is reported
about tuning the uniformity of elemental distribution and the
particle morphology partially due to the difficulty and rarity of
developing new synthesis methods.

For so long, the SS method is always the main-stream
route for the synthesis of Na,CoO,, wherein firstly mixing Na
source (Na,CO3, NaOAc, and etc..) and Co source (Co30y,
CoCOj3, Co(OH), and etc..) by grinding or ball milling, then
performing calcination.'” 3% It naturally brings with some
concerns, such as the inhomogeneity of elemental distribution,
the nonuniformity of morphologies, and the dirty surface of
individual particles, which are detrimental to the final
electrochemical performance of products. To develop new
synthesis routes is essential to provide opportunities to solve
these issues, thereby enhance the electrochemical performance.
As an emerging method, the single-source precursor (SP)
method, known as combining all the involving metal elements
in one single compound with proper ratios, have delivered
enhanced electrochemical performance in preparing cathode
materials for LIBs, due to the great uniformity of elemental
distribution and fancy morphologies. Layered LiCoO,, spinel
LiMn,0,4 and layered LiFeO, has been reported by Dikarev
group.*?* Our group also reported multiple layered oxides for
Li-ion batteries through the SP method.*® Nevertheless, this
method has never been extended into the synthesis of layered
oxides cathode materials for SIBs except for the nonoxide case
NaMF; (M=Mn**, Fe**, Co®" and Ni**).*°
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Figure 1. Experimental and refined XRD patterns of NaCo(acac); (a) and
Na,CoO0; (b); the structural sketch maps of NaCo(acac); (c) and Na,CoO, (d).

;
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In this work, a carbonyl-bridged single-source precursor
NaCo(acac); (acac=acetylacetone) featured 1D chain structure,
was successfully designed and applied to achieve the layered
oxide cathode materials P2-Na,CoO, here. In comparison with
the conventional SS method, Na,CoO, obtained by this SP
method exhibited enhanced electrochemical performance,
especially the superior rate capability (70 mAh g™ at the current
density of 2000 mA g), which is even superior than the
recently-reported spherical Na,CoO, (64 mAh g at the current
density of 2000 mA g™). It could be ascribed to the
great uniformity of elemental distribution at the nanometer
level. This method opens a new avenue to prepare high-
performance layered metal oxide cathodes for SIBs.

The heterometallic  precursor NaCo(acac); was
synthesized by the solution reflux method (Figure S1). Initially
the below reaction was followed:

3 Na(acac) + CoCl, — NaCo(acac); + 2 NaCl (1)

While this reaction affords two products NaCo(acac); and
NaCl, which are both hard to dissolve in ethanol, and readily to
dissolve in strongly polar solvents, such as H,O and methanol.
It is hard to find an appropriate solvent to achieve pure
NaCo(acac);. One method to solve this issue is utilizing the
sublimation character of NaCo(acac); at temperatures below the
decomposition temperature to purify it (Figure S5). The other
method is using commercially available reagent Co(acac), to
replace the CoCl, to obtain pure NaCo(acac); without any
additional purification by following Reaction (2).

Na(acac) + Co(acac), — NaCo(acac); )

As shown in Figure S2, the pink powder of NaCo(acac);
can be readily collected in nearly quantitative yield within
several hours at a low temperature (55 °C), making it attractive
for the large-scale application. As shown in Figure la, the
purity has been confirmed by comparing the X-ray powder
diffraction (XRD) pattern with the calculated one from the
single crystal data (Table S2-S5). The product was observed to
be stable in ambient conditions and can be handled without
using a glovebox for further studies.

The single crystals, presenting the prism shape with
orange color (Figure S3), were grown by the vapor diffusion
method (see supporting Information). X-ray diffraction studies
revealed the crystal structure of NaCo(acac); in Figure lc. It
crystalized in space group R-3¢,*! same with its analogue
LiCo(acac);.>® As we can see, it was constructed by a lot of
parallel-aligned 1D chains along the c¢ axis, which were
consisted by the alternately-connected Na* and [Co(acac);]
uints. Thereinto, Co®" cations exhibit octahedra geometry of six
oxygens from three chelating acac molecules, and Na+ ions
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present trigonal prism geometry by six oxygen atoms from six
acac molecules.

Na,CoO, was obtained by calcining NaCo(acac); at 850 C
in air. The powder XRD pattern was illustrated in Figure 1b.

The Rietveld refinement were performed by using P2-type
NaCoO, with space group P63/mmc (ICSD 246585),
respectively. The detailed refinement parameters for XRD
patterns were deposited in Table S5. As shown in Figure 1d,
P2-Na,CoO, presents an AB BA oxygen packing structure with
cobalt ions in octahedral sites and Na' ions in octahedral or
prismatic sites. Accordingly, the NaOg octahedra and CoOg
octahedra in the precursor are the basic structural unit to
produce the layered oxides Na,CoO,. The similarity of basic
structural units ensures the successful phase transformation
from the precursor NaCo(acac); to P2-Na,CoO,.

The morphologies of the precursor NaCo(acac); and the
product P2-Na,CoO, were investigated by SEM and TEM
characterization. As shown in Figure 2a, the precursor
presented a uniform prism shape, with length about 3—5 pm and
width about 100—200 nm. This shape was well consistent with
their hexagonal crystal structure shown in Figure lc, because
the crystals preferred to grow up along the ¢ axis by extending
the 1D chain. The product Na,CoO, presented the uniform
hexagonal thick-plate shape with diameter about 5-10 pm and
thickness about 2—4 pum in Figure 2b. Figure 2c presented the
high resolution TEM. The indexing of (002) crystallographic
planes indicated that, the thick plate was constructed by
parallelly-stacking lots of single thin slabs along the ¢ axis,
which might be beneficial to Na® fast de/intercalation to
enhance the rate capability. As shown in Figure 2d, the
selected-area electron diffraction (SEAD) revealed the
existence of superlattices in Na,CoO, as an intrinsic bulk
characteristic. This superlattice structure indicated Na'/vacancy
ordering between CoQ, layers, which has been reported to take
place at a certain sodium content.***® By comparing the TEM
images in Figure S8, a much cleaner surface was obtained for
Na,CoO, prepared by single-source precursor method than that

Figure 2. SEM images of NaCo(acac); (a) and Na,CoO, (b); (e) High resolution
TEM image of Na,CoO,; (f) Selected-area electron diffraction (SAED) pattern of
Na,CoO..
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prepared by the solid-state method, which may be benefit to the
fast Na* de/intercalation during the electrochemical tests.

In addition, the chemical compositions were measured by
ICP-AES (Table S1). The molar ratio of Na and Co in
NaCo(acac); is 1.012:1.000. After calcination, the molar ratio
in Na,CoO, decreased to 0.772:1.000, indicating a 23% Na loss
during the sintering. This is in agreement with the earlier
report,®® wherein an excess amount (20%) of sodium source has
been added to compensate for the sodium loss during
calcination. Combining ICP-AES results (Table S1) with TGA
results (Figure S4), Na loss during calcination mainly occurs at
around 600 [, which corresponds to a small weight loss of
2.44% at around 600 [J (marked with a red dashed rectangle in
Figure S4).

The entire morphology evolution process from
NaCo(acac); to P2-Na,CoO, was tracked by SEM images in
Figure 3a. From RT to 200 [, the prism shape of NaCo(acac);
was basically preserved, but every individual prism
decomposed into lots of nanoparticles, which was identified as
spinel Co;0,4 and some kind of unknown Na source by XRD
pattern in Figure S6. The high uniformity in the mixture of Na
source and Co source at the nanometer level was demonstrated
here. This kind of superiority, which usually could not be
achieved by grinding or ball-milling in the traditional SS
method, provides the base for the superiority of the SP method.
As the temperature was elevated to 400 [, the prism shape
completely disappeared, and nanosized particles merged and
grew into sub-micrometer particles with size around 100-500
nm. Further up to 600 [, the particle size was increased to 500—
1000 nm, and the phase has completely transformed to P3-
Na,CoO,. Finally, the layered P2-Na,CoO, with high
crystallinity and larger particle size was obtained at 850 [,
presenting the regular hexagonal plate shape. The multi-step
phase transition process involving P3 intermediate phase was
similar with the traditional SS method.*” *® Correspondingly,
the multiply-step thermal decomposition process during the
calcination was also observed by the TGA/DSC curves of
NaCo(acac); in Figure S4.

Based on the morphology evolution process, it is easy to
understand how the atomic-level uniformity of elemental
distribution (Na and Co) in the single-source precursor
NaCo(acac); lead to the nanoscale-level uniformity of
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Figure 3. (a) The SEM ima lges for NaCo(acac); calcined at different

temﬁ)eratures to show the morpho evolution from the precursor NaCo(acac);

{\? tC 6)rodu<,t Na,CoO,; (b) the TEM EDX mapping for single particle ot
a,Co
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elemental distribution in Na,CoO,. The elemental uniformity of
NaCo(acac); and Na,CoO, has been further confirmed by the
SEM and TEM EDX elemental mappings (Figure S7 and 3b).

Finally, Na,CoO, prepared by the SP and SS methods
were both assembled into half cells to test their electrode
performance. The galvanostatic charge and discharge
performance has been tested at various current densities (10,
20, 50, 100, 200, 500, 1000, and 2000 mA g'l) as shown in
Figure 4a for determining the rate tolerance of the materials.
Five cycles were performed at each current density and finally
returned to 100 mA g'. At 10, 20, 50, 100, 200, 500, 1000,
2000, and 100mA g™, the average discharge capacities for five
cycles are 101.7, 105.3, 105.9, 104.0, 101.1, 93.6, 82.7, 69.9,
and 100.8 mA h g for Na,CoO, prepared by the SP method,
obviously higher than the corresponding values for Na,CoO,
prepared by the SS method. The cells both showed higher
capacities when the current density increased from 10 to 20 and
50 mA g, a similar phenomenon was previously reported in
lithium ion battery cathode materials, and may be related with a
activation process of P2-Na,CoO, during the first several
cycles.*” *° Figure 4b depicts the charge/discharge profiles of
Na,CoO, at different current densities, which were extracted
from the third cycle of every five cycles. At 10 mA g™, anodic
and cathodic plateaus are clearly visible at 4.00, 3.70, 3.31,
3.19, 3.00, 2.73, 2.67, 2.62, 2.55 and 3.93, 3.62, 3.20, 3.13,
2.90, 2.60, 2.55, 2.47, 2.33V respectively. These plateaus are
quite consistent with the redox couples observed in cyclic
voltammetry (CV) studies at 0.3 mV s in Figure S10. As
shown in Table S7, Excellent rate performance reported here
are better than all those Na,CoO, prepared by the SS method in
earlier reports,>>> even superior than the recently-reported
spherical Na,CoO, (64 mAh g at the current density of 2000
mA g').?* The cycling stability for Na,CoO, prepared by the
SP method was tested with current densities of 100, 500 and
1000 mA g'. Figure 4c shows very good capacity retentions,
90%, 96%, and 95% after 50 cycles, respectively. The
charge/discharge profiles in Figure 4d show a ladder-like
behavior, which is also supported by earlier reports.'82% 3
Charge/discharge capacities of 1, 10 and 50 cycles are
110.1/104.6, 105.3/103.1 and 95.8/94.2 mA h g respectively.
According to the previous reports, the cycling stability, could
be4full;§tl;4er improved by doping other elements, such as Ca*>" and
Ti*"'®

In summary, the heterometallic single-source precursor
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Figure 4. Electrochemical performance of Na,CoO,. Rate performance of P2-
Na,CoO, prepared by the SP and SS methods (a) charge and dlscharge profiles
with different current densities for P2- Na,CoO, prepared by the SP melthod (b);
cycling performance with current densities of 100, 500 and 1000 mA g (c); and
c¥|arge and discharge profiles at selected cycles with a current density of 100 mA
g~ for P2-Na,CoO, prepared by the SP method (d).
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NaCo(acac); was successfully designed and prepared for the
synthesis of P2-Na,CoO, for SIBs. When acting as a cathode
for SIBs, it exhibited excellent electrochemical performance,
especially the superior rate capability, which could be ascribed
to the great uniformity of particle morphology, and the clean
particle surface. It provides a unique and valuable approach to
prepare high performance electrode materials for SIBs. More
layered Na-ion cathode materials, such as P2-Naj;MnO,, O3-
NaFeO, and Na,(Ni/Co/Mn)O,, even including layered K-ion
materials, are expected to be prepared by this method.
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Graphic Abstract
The heterobimetallic single-source precursor NaCo(acac); featured 1D chain structure,
was firstly designed to achieve the layered oxide P2-Na,CoO, with superior rate
capability for Na-ion batteries (SIBs). It opens a new avenue to synthesize
high-performance layered oxide cathode materials for SIBs.
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