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Abstract: A new layered Nag3:MoO, exhibits a reversible capacity of 146 mAh/g,
remarkable cycling stability and good rate capability for sodium half-cell. And a
Nag3Mo0, // NagsNig4Tigs0, full intercalation-type sodium-ion cell is fabricated and
it displays an excellent cycling stability. These results indicate molybdenum-based
oxide is a promising anode material for sodium-ion batteries.
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A new layered Na, 3M00, exhibits a reversible capacity of 146
mAh/g, remarkable cycling stability and good rate capability for
sodium half-cell. And a Nag3Mo0O, // NaggNigsTigcO, full
intercalation-type sodium-ion cell is fabricated and it displays an
excellent cycling stability. These results indicate molybdenum-
based oxide is a promising anode material for sodium-ion
batteries.

In the past decades, wind and solar energies, as a sustainable
electricity generation, become a promising alternative to the
traditional fossil fuel.! Due to the nature of these renewable energy
sources and the requirement of smart grid management, a large-
scale energy storage system is extremely necessary to realize the
transfer of electrical energy from peak to off-peak periods.2
Although lithium-ion batteries (LIBs) have gained a huge success in
the portable electronic devices and (hybrid) electric vehicles, they
are not suitable for large-scale energy storage because of the
increasing cost and limited resources of lithium.® Thus sodium-ion
batteries (SIBs), as a potential alternative to LIBs, attract increasing
attention for next generation large-scale energy storage system, on
account of sodium’s high abundance and low cost.?

Recently, many great works have made progresses in exploring
capable cathode materials, such as layered transition metal oxides,
tunnel-type Nao,elTngMno,szOZ,S NASICON-structured Na3V2(PO4)3E
and prussian blue’. However, only a few anode materials are
available for SIBs. Therefore, developing favorable anode materials
has become a key issue for the application of SIBs. There are three
types of anode reactions for SIBs, which are categorized by their
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working principles, i.e. Intercalation type, conversion type and
alloying type.2 Although a large capacity of more than 500 mAh/g
could be obtained through the conversion reaction or alloying
process.z's’12 The large volume expansion/contraction is a big
obstacle for their applications in SIBs, as the case in LIBs. Thus the
intercalation anode materials become the best choice.”® Hard
carbon, as a typical intercalation material, exhibits a reversible
capacity of 240 mAh/g at a voltage window of 0.01-2.0 V.Y
Unfortunately, the low sodium insertion voltage plateau at 0.1 V
results in potential safety issue. Until now, the most of the
intercalation-type anodes are titanium-based materials, which
could provide a safe and low potential (Ti3+/Ti4+) relative to the
Na“/Na redox couple.B' 1516 Shen et al. reported that Na,TigO43
could display a high capacity of 196 mAh/g by lowering the cutoff
voltage to around 0.0 V, which would lead to poor capacity
retention of 73% after 30 cycles.16 Yu et al. prepared layered
Nay/3C043Ti30,, which could exhibit excellent cycle stability with a
capacity under 100 mAh/g.13 For these titanium-based materials,
either low capacity or poor cycling retention cannot meet the
requirement of the large scale energy storage system.

The advantage of low cost, abundant resources and non-toxic
makes molybdenum-based materials seem to be another smart
choice as well as the titanium-based anode. Furthermore, some
molybdenum-based materials, such as MoS, or MoOs, have shown
good electrochemical performance for SIBs. 718 However, it is a
challenge to develop molybdenum-based materials as intercalation-
type electrode for SIBs. Herein, a novel molybdenum-based
material, Nag3Mo0,, is synthesized by a simple solid-state reaction,
and it presents remarkable electrochemical properties as an anode
material for SIBs at room temperature for the first time. A
reversible discharge capacity of 146 mAh/g is obtained at a current
density of 20 mAh/g with average voltage of 0.8 V in SIBs.
Meanwhile, it exhibits remarkable rate ability and capacity
retention. To further confirm the application of the materials, we
fabricated a Nay3Mo0, // NaggNig4TiogO, full intercalation-type
sodium-ion battery, which can buffer the volume change (cathode
expanding companied with anode shrinking almost equally and vice
versa). Moreover, the safety concern would be greatly improved
due to high potential of 0.8 V in Nag3Mo00,. The full cell displays an
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excellent cycling stability and rate ability. Thus this molybdenum-
based material might be a promising role as a new insertion anode
for SIBs.
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Figure 1. (a) XRD, (b) SEM image, (c) HRTEM image, (d) SAED pattern of the
sample and (e) EDS analysis of the layered Nag3MoO,. The inset of (a) is
schematic of layered structure of Nag3MoO,. White ellipses in (b) show the

layered morphology of the samples.

The crystallographic structure of the Nag3MoO, compound is
investigated by X-ray diffraction (XRD) as shown in Figure 1a. The
peaks of as-prepared samples can be indexed to the monoclinic
structure of Nag4sMo00,, which is consistent with the values from
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the standard card (PDF#39-1089). According to the Inductively
Coupled Plasma (ICP) results, the mole ratio of the Na:Mo is 0.3:1,
corresponding to a chemical composition is of Nag3Mo00,. The inset
of Figure 1a shows the schematic of layered structure of Nay sMo00,.
The Na ions can be viewed as intercalated within the van der Waals
gap of the [MoO,] layer lattice." The lattice parameters of samples
are determined by the Celref program i.e. a=12.33 A, b=2.88 A and
c=4.95 A (90.0°X102.9°X90.0°). The morphology of Nay3Mo0, is
characterized by scanning electron microscopy (SEM) as shown in
Figure 1b. The partials of the sample display typical layered
morphology and their sizes range from 0.5-1 pm. And the detailed
crystal structure of the layered Nay3MoO, is further characterized
by transmission electron microscope (TEM). As shown in Figure 1c,
the clear crystal lattices with a d-spacing of 0.47 nm corresponding
to the (001) plane of Nag3;Mo0O, are obtained. Figure 1d shows the
SAED pattern of the material, which is indexed to the typical
reflection originating from the layered structure. Moreover, the X-
ray energy dispersive spectroscopy (EDS) analyses (Figure le) of
Nag3MoO, present that the sodium, molybdenum and oxygen
atoms are homogeneously distributed in the sample.

The electrochemical sodium storage properties of the
Nag3MoO, are evaluated as anode material for SIBs. Figure 2a
displays the typical discharge-charge profiles of the sample at a
current density of 20 mA/g in the voltage range of 0.05-2 V. It can
be observed that the Nag3Mo0, electrode presents a safe average
sodium ion insertion voltage of 0.8 V and delivers a reversible
capacity of 146 mAh/g in the first few cycles. The reversible
extraction corresponds to 0.7 sodium ion per Nay3MoO,. It implies
that sodium ion insertion into the [MoO,] layer to form Nag 3,,M00,

as illustrated in following Equation (1):
Nag 3sMo0, + xNa® + xe” — Nag 3,xM00,

(1)

Meanwhile, in the initial discharge process, an irreversible capacity
results in a low Coulombic efficiency, which may be ascribed
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Figure 2. (a) galvanostatic discharge-charge curves and (b) cycling performance of Nag3MoO; in a voltage of 0.05-2 V at current density of 20 mA/g; (c) rate
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capability at various current rates; (d) long-term cycling performance at current density of 500 mA/g.
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to the formation of the solid electrolyte interface (SEl) layer. The
corresponding dQ/dV curves are given in the Figure S1 and an
irreversible peak located at 0.18 V appears in the initial discharge
cycle, which could assign to the formation of the SEI.™ Besides that
peak, all other peak suggests complex and reversible reaction of Na
insertion/extraction in the Nag3MoO, Thus
electrochemical insertion and deinsertion with the NaysMoO,
should proceed through several multiphase reactions, which is
similar as other intercalation-type electrode materials for SIBs such
as Na,CoO, 2 and Nag 44MnO, 2! Furthermore, a stable cycle
performance is shown as Figure 2b and it reveals good capacity
retention of 85% after 50 cycles. Compared with other Ti-based
anode materials, as-prepared NaysMoO, material exhibits a much
better electrochemical performance as shown in the Table s1.B®
22241 addition, ex-situ XRD patterns after the first cycle is recorded
in comparison with the pristine one as shown in Figure S3. Though

structure.

some minor unclear diffraction peaks appear, the main peaks of
layer Nag3MoO, structure is retained. It suggests that the structure
is reversible after sodium insertion and extraction. The unclear
peaks may come from the SEl or some phase change under the
voltage of 0.05-2 V.”> *® To further understand the structural
changes during the Na extraction, ex-situ XRD patterns at different
charge depths of the first cycle are investigated as shown in right of
Figure S4. Upon the extraction of the sodium ion, the main (200)
peak shifts towards lower angles indicating a-axis is expanding.
Moreover, in the ex-situ XRD patterns obtained from the fully
discharged electrode (as shown in Figure S5), the remaining peaks
reflect ordering of cation ion within the layer intersites maintaining
the layered structure and no peaks belonging to Mo metal or NaMo
alloys are detected, which further confirm the multiphase reactions
mechanism. Due to the low valence state of Mo is sensitive to the
0,, some impurity such as Na,Mo,0; are formed during the XRD
testing in the air environment. It should be noticed that in the
NagsMoO,, the Mo is in mixed valence of Mo>* and Mo™. During
sodium ion insertion, there may be a single-electron redox process
of the |V|O4+/|V|03+ in the materials to form NaMoO,, in which the
Mo is in the valence of Mo*". Thus the sodium ion intercalation
would induce lattice distortion, which leads to complex phase
change.B’15 It suggests that the structural evolution at the anode
side should be multistep phase transition based on the reversible
sodium insertion and extraction in layered Na,MnO, structure.
Figure S6 presents the discharge-charge curves of Nag3;MoO, at
various current densities from 20 mA/g to 500 mA/g. When the
current density is increased, the discharge voltage decreases and
the charge voltage increases due to the polarization effect. Even so,
the plateaus could still be distinguished. In addition, the rate
dependent cycling performance is shown as Figure 2c. The
reversible discharge capacities of 149, 133, 118, 100 and 65 mAh/g
are obtained at current densities of 20, 50, 100, 200 and 500 mA/g,
respectively. When the current density comes back to 20 mA/g, the
discharge capacity returns at 138 mAh/g, which suggests structural
stability of material. Moreover, the long-term cycling performance
is further investigated for 1000 cycles at a current density of 500
mAh/g in the voltage window of 0.05-2 V as shown in Figure 2d. An
excellent capacity retention of 72.4 % is obtained after 1000 cycles,
which corresponds to a capacity fading of 0.028% per cycle.
Meanwhile, a high Coulombic efficiency around 100% is maintained
during the whole cycling process except for the the initial cycles.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) CV curves of the Nap3sMoO, at different voltage scan rate; (b)

Diffusion coefficients of Na*in layered Nag3MoO; at different charge states

To further investigate the structure stability after 1000 cycles, the
ex-situ XRD results are confirmed as shown in Figure S3. It could be
found that the intensity of XRD peaks become weak and the
crystallinity decreases, which is caused by complex reversible
insertion/desertion of sodium ions during the long cycling. Even so,
the main peaks of Nap3Mo0O, are maintained, indicating the good
structure stability after the long cycling. In addition, it should be
noticed that no carbon or metal oxide coating is carried out in this
case, although literature reported that the surface modification
could enhance the capacity and reversibility. Therefore, the layered
Nag3MoO, material presents promising applications in sodium ion
batteries due to its good cycle ability.

To further investigate the electrochemical kinetics of the
Nag3Mo0,, the cyclic voltammetry (CV) has been used to determine
the Na® diffusion coefficients (Dy,) of the material according to
Equation (2).25

I, = 2.69 x10°n*’sD"*v"*c )

where n is the number of electrons per specific reaction, for Na* it is
1; S is the surface area of the electrode which is 1.53 cm? in this
work; C is the concentration of Na ions in the material, I, is the
current intensity and v is the scan rate. At relatively low scan rates
sodium ions accumulate in the active material thus I, varies linearly
with v% as shown in Figure S7. Based on this, the sodium diffusion
coefficients can be calculated using the equation (2) and the results
are shown in Figure 3b. Obviously, the sodium ion diffusion
coefficient of the layered sodium molybdenum oxide trends
towards decrease during the anodic process. This implies that the
diffusion of Na* in the Na,MoO, become increasingly difficult, which
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Figure 4 (a) A diagram of Nag 3Mo0, // Nag gNio 4Tio 60, full cell and the image of lighted lamp driven by the full cell. (b) The typical charge-discharge profiles of the full
cell between 0.6-3.6 V region at current density of 20 mA/g. (c) The cycle performance initial cycles and (d) the rate ability of the full cell

may be caused by the puckering [MoO,] layers that accompanies
the structural transformation. And the diffusion coefficient is about
7.3X10™-7.9X10™ em?/s, which is considerably higher than other
sodium-ion electrode material, indicating the potential for high rate
application.zs' 7

The assembling the full cell is an effective measure to
investigate the application prospects of the electrode materials.
Thus a sodium-ion full cell is fabricated with the Nay3sMo0O, as the
anode and NaggNig4Tig 0, as the cathode as shown in Figure 4a.
The insert image in Figure 4a shows that LED lamps could be lighted
successfully by the full cell. The charge-discharge curves of
NaggNig4TipeO, at a current density of 20 mA/g are displayed in
Figure S8. Nag3Mo0, // NaggNig4TigcO, full cell is characterized
using galvanostatic charge-discharge test at a current density of 20
mA/g in the voltage range of 0.6-3.6 V. The typical charge-discharge
profiles of the full cell are illustrated as Figure 4b. A reversible
discharge capacity of 80 mAh/g was obtained in the first cycle and
subsequent cycles. Meanwhile the full cell exhibits a remarkable
cycling performance as shown in Figure 4c, which offers 94.8%
capacity retention for 100 cycles. The capacity decay of around 0.05%
per cycle is measured. And the Coulombic efficiency is over 98%
during the whole cycling. The rate ability of the full cell is also
investigated at different current density of 20 mA/g, 50 mA/g and
100 mA/g as shown in Figure 4d. A reversible capacity of 57 and 38
mAh/g could be obtained at 50 and 100 mA/g respectively. When
the current return to 20 mA/g, a capacity of 80 mAh/g could be
remained, which suggest a good reversibility of the full cell. These
favorable properties suggest that Nag3;MoO, promises a capable
anode for application in sodium-ion batteries.

Conclusions

In summary, a layered molybdenum-based material,
Nag3;Mo0,, is synthesized by a solid-state method and the

new

This journal is © The Royal Society of Chemistry 20xx

electrochemical performance of this material as an intercalation-
type anode for sodium ion batteries is investigated for the first time.
It displays a reversible capacity of around 146 mA/g with a safety
average voltage of 0.8 V (vs. Na/Na’) for sodium half-cell. In
addition, the materials present excellent cycle retention and
remarkable rate ability. The diffusion coefficients of this material
are estimated to be 7.3%X10™-7.9X10™ cm?/s. When it serves as
anode in Nag3Mo0,// NaggNig4Tig g0, full cell, the full cell presents
an excellent cycling performance. The capacity retention of 94.8% is
obtained after 100 cycles. We believe that the layered
molybdenum-based oxide is a promising and capable anode
material for sodium-ion batteries.
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