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HIGHLIGHTS

o The layered niobate of KNb3Og was first introduced as an anode for the sodium-ion battery.

o KNb30g reversibly reacts with Na* at the potential around 1 V vs. Na/Na* via the Nb>*/4* redox reaction.
o The reversible capacity of KNb3Og reached 104 mAh/g corresponding to 1.7 Na*.

e The KNb3Og has an excellent cycling stability and rate capability.
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ABSTRACT

The electrochemical performances of layered niobium oxide materials were investigated for the first time
as novel anode active materials for the sodium-ion battery. The layered niobate with the formula KNb3Og
was synthesized by a solid-state reaction and has been evaluated as an anode electrode by a cyclic
voltammetry technique and galvanostatic charge/discharge tests. The crystal structure of KNb3Og con-
tains the NbOg octahedral units and potassium alkali-metal ions interlayer to form the layered structure.
KNbsOg has a redox reaction around 1 V vs. Na/Na* and has a reversible capacity of 104 mAh/g corre-
sponding to the 1.7 Na™ insertion/extraction in the KNb3Og structure. The Nb K-edge X-ray absorption
near edge structure (XANES) shows that the Nb oxidation state is converted from Nb>* to Nb** during
the Na™ insertion stage, and reversibly recovered to Nb>* during the Na* extraction stage. This is the first
report that the layered niobate of KNbsOg reversibly reacts with Na™ at the potential around 1 V vs. Na/

KNb30g Na' via the Nb**/** redox reaction.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable Li-ion batteries have been widely used in large
scale electric storage devices such as hybrid vehicles (HVs), plug-in
hybrid vehicles (PHVs) and electric vehicles (EVs), because of their
advantages of high energy density, high power, light weight, long
cycle stability, etc. In order to improve the energy and power
densities of rechargeable batteries, much effort has been currently
devoted to new types of batteries such as other alkali-ion batteries
[1-5], all solid-state batteries [6,7] and lithium-air batteries [8,9],
etc. One of these, an interesting alternative to the lithium tech-
nology is the sodium-ion battery. In fact, many kinds of cathode
materials for the sodium-ion batteries have recently been devel-
oped [10—18]. However, quite a few anode materials for the
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sodium-ion batteries have been reported so far. One of the candi-
date anode materials is hard carbon [19] which shows the large
reversible capacity and good cycle performance. However, the Na™
insertion potential is very close to the potential of Na/Na*. The low
Na* insertion potential indicates the problems of sodium metal
deposition and sodium dendrite formation which can cause safety
concerns for practical applications. Recently, several groups have
reported titanium-based oxide compounds, such as Na,;Ti307 [20],
Na2T16013 [2] ], Li4Ti50]2 [22], NaTi305(OH)~2H20 [23] and anatase-
TiO, [24] as anode materials for the sodium-ion batteries. These
titanium-based oxide materials react with Na*t at an elevated po-
tential compared to the reaction potential of hard carbon. Among
these titanium-based materials, there are very few anode materials
which are compatible with the reversible capacity, appropriate
reaction potential, cycle life and rate performance. In order to
develop the anode active materials, the niobates should be
considered as well as the titanates because the redox of Nb>*/Nb**


mailto:hideki_nakayama@mail.toyota.co.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2015.04.048&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2015.04.048
http://dx.doi.org/10.1016/j.jpowsour.2015.04.048
http://dx.doi.org/10.1016/j.jpowsour.2015.04.048

H. Nakayama et al. / Journal of Power Sources 287 (2015) 158—163 159

solid-state reaction from potassium carbonate (K;COs3, Sigma
Aldrich) and niobium pentoxide (Nb,Os, Sigma Aldrich) and used
directly without further purification. The starting materials were
mixed in the molar ratio of K;CO3: NbyOs = 1: 3 and pressed into a
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Fig. 1. Experimental XRD pattern and SEM image of synthesized KNb3;Og powder.
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Fig. 2. Crystal structure of KNbsOg with orthorhombic structure in the Amam space
group.

has the possibility to realize the reversible reaction with sodium at
an elevated potential as anode. However, the anode active materials
containing the niobium transition-metal for the sodium-ion bat-
teries have not yet been reported.

We now introduce, for the first time, a novel anode material of
layered niobate KNb3Og for use in the sodium-ion batteries. The
crystal structure of KNb3Og contains the NbOg octahedral unit and
alkali-metal (potassium) interlayer to form the layered structure
[25]. We have succeeded in discovering, for the first time, that
KNb3Og reversibly operated at a reaction potential around 1 V vs.
Na/Na™ as the anode active material in the sodium-ion batteries.
The reversibility of the Nb redox and crystal structure change
during the Na' insertion/extraction process were estimated by the
Nb K-edge X-ray absorption near edge structure (XANES) and in-
situ XRD analyze, respectively.

2. Experimental sections

The layered niobate of KNb3Og was synthesized by a traditional

pellet, then annealed at 800 °C for 40hr in air to obtain the final
KNbsOg powder.

The crystal structure and particle morphology of KNb3Og was
investigated by X-ray diffraction using Cu-Ko radiation (XRD,
Rigaku UltimalV, A = 1.5418 A) and scanning electron microscopy
(SEM, JEOL JSM-6610LA), respectively.

For the electrochemical characterization, the working electrodes
consisting of a mixture of KNb3Og, conductive carbon and PVdF
binder were coated on Cu foil. Pure sodium metal (Sigma Aldrich)
was used as the counter electrodes and 1.0 mol/cm3 NaPFg (Kishida
Chem.) dissolved in ethylene carbonate (EC)/diethylene carbonate
(DEC) (1:1 in volume, Kishida Chem.) was employed as the elec-
trolyte. The electrodes of KNb3Og were assembled into CR2032 coin
cells to evaluate their electrochemical properties. The process of
cell assembly was done in an Ar-filled glove box. Cyclic voltam-
metry and galvanostatic charge/discharge tests were carried out
using a VMP potentiostat and battery tester, respectively. All the
electrochemical tests were performed at 25 °C.

For analysis of the Nb oxidation states, Nb K-edge X-ray ab-
sorption fine-structure spectroscopy (XAFS) measurements were
performed at the beamline BL12C of the Photon Factory (Ibaragi,
Japan). Incident X-ray energy was selected using a Si(11 1) double-
crystal monochromator and the XAFS data were measured in the
transmission mode.

In order to investigate the crystal structure changes in KNb3Og
during the Na™ insertion/extraction process, in-situ XRD studies
were carried out by X-ray diffraction using Cu-Ko radiation (XRD,
Rigaku SmartLab, A = 1.5418 A, ¢100 um) and a battery tester. In
order for the X-rays to penetrate through the cell during the charge/
discharge process, the CR2032 cell with a ¢2 mm pin-hole was
prepared for the in-situ XRD analysis.

3. Results and discussion

The XRD pattern and SEM image of the synthesized powder are
shown in Fig. 1. The diffraction peaks were successfully indexed as
KNb30s, the purity of synthesized raw material was 98.6% and 1.4%
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