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Abstract The NbO electrode materials were successfully
synthesized by high-temperature solid-phase method using
Nb powders and Nb,Os powders as raw materials. The
crystalline structure, morphology, and electrochemical
properties of the obtained materials were characterized by
X-ray diffraction (XRD), scanning electron microscopy
(SEM), dynamic light scattering instrument (DLSA), half-
cell charge—discharge tests, and cyclic voltammetry (CV).
The reaction mechanism of lithium with NbO was inves-
tigated by ex-situ XRD studies. The results show that
material average Li storage voltage is nearly located at
1.6 V, and the lithium intercalation into NbO remains a
single-phase process. For the first discharge, a capacity of
355 mAh-g~! is obtained at a current rate of 0.1C, and
293 mAh-g_1 is maintained after 50 cycles, whereas a
capacity of 416 mAh-g~' is obtained at a current rate of
0.1C after ball milling. And 380 mAh-g~' reversible
capacity remains for the ball milling sample.

Keywords Niobium oxide; Anode; Electrochemical
properties; Lithium-ion batteries

1 Introduction

In recent years, great interest is centered on the develop-
ment of electronic products such as laptop computers,
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cellular cameras, and mobile phones. As a result, lithium-
ion batteries are widely used in electronic devices and also
considered as power sources for large-scale energy storage
equipment [1, 2]. In general, graphite is used as the anode
material, but its capacity is limited to 372 mAh-g~', and
the formation of a solid electrolyte interphase (SEI) on the
surface of graphite electrodes corresponds to low cycle
performance [3-5]. Therefore, attention is directed at the
use of binary lithium alloys as an alternative to graphite for
anode electrode. Researches on Li-Si [6], Li—Sn [7], Li—Sb
[8] were reported. However, the drawback of the lithium
alloys is their poor capacity retention during cycling, which
limits them for commercial application. Recently,
Li4TisO;, becomes a promising candidate for anode elec-
trodes due to its excellent ability that insert/extract Li
nearly has no volume change [9]. Nevertheless, the theo-
retical capacity of LisTisO;5 is only 175 mAh-g~', which
is inadequate for the large-scale consumption of most
devices.

In order to find more competitive anode materials for Li-
ion batteries, scholars did a lot of researches. Recently,
niobium oxides attract great attention because of niobium
alloy’s changeable valence state. Niobium oxide was first
examined for use as primary lithium cells by Ohzuku et al.
[10]. Subsequently, Naoaki et al. [11] reported that Nb,O5
was one of the few possible cathode candidates for 2 V
rechargeable lithium batteries. Chen et al. discovered that
LiNb;Og was a novel anode material for lithium batteries
[12]. As niobium oxides have low potential to lithium,
which is no more than 1.2 V [13], Nb-based compounds
can be used as negative electrodes with redox reactions
located between 1.0 and 3.0 V [14-19]. As NbO intrinsi-
cally has excellent electrical conduction properties, it is
widely used as electrode materials for super capacitors.
And there are few reports on the use of NbO as an electrode
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for lithium batteries. In this paper, it was reported a novel
anode material of NbO as an electrode for lithium batteries
by its electrochemical properties.

2 Experimental
2.1 Synthesis and characterization of NbO

The NbO was prepared by a high-temperature solid-phase
reduction method. Stoichiometric amounts of high purity
(Alfa, 99.9 %) niobium metal powder and Nb,Os (Alfa,
99.9 %) powder were mixed, stirred well, and placed in a
tube furnace. The tube was then evacuated and closed.
Next, the mixture was heated slowly at a rate of
5 °C-min~" to 1,000 °C and kept under argon atmosphere
for 3 h. The NbO powder was obtained after allowing the
furnace to cool. The NbO powder was ball-milled in a
planetary ball mill with acetylene black in a ratio of 80:10
at 300 r-min~! for 16 h, and the obtained sample was
called NbO-BM.

Structural characterization of the sample was done by
powder X-ray diffraction (XRD) (D/max 2500 VB, Japan,
Cu Kol radiation) and scanning electron microscope
(SEM, FEI Sirion 200). The distribution of solid particles
was determined using a ZetaSizer 3000 dynamic light
scattering instrument (DLSA, Malvern Inc.)

2.2 Electrochemical characterization

For electrochemical studies, the NbO electrodes were
fabricated using NbO as the active material, acetylene
black, and polyvinylidene fluoride (PVDF) as the binder in
a weight ratio of 80:10:10. In contrast, an electrode was
fabricated without acetylene black by keeping PVDF in the
same weight ratio. The weight ratio between NbO-BM and
binder was 90:10 for the NbO-BM electrode. The mixture

was dissolved in N-methyl pyrrolidone (NMP) solvent to
form uniform viscous slurry after stirring. The slurry was
coated onto Al foil and dried at 100 °C in vacuum for 12 h.
Coin-type test cells (CR 2032) were assembled using the
active material as the electrode, Li metal foil as the anode
electrode, 1 mol-L~! LiPFg in 1:1 EC + DMC as the
electrolyte, and polypropylene separator in an argon-filled
glove box (Siemens, Germany). Charge—discharge cycling
and cyclic voltammetry (CV) of cells were carried out in
galvanostatic mode at current rates of 0.1C and 0.5C by
Neware battery cycling unit (BTS-MPTS, China) and
electrochemical workstation (CHENHUA, China) at room
temperature, respectively. The test voltage range of the
cells is from 1.0 to 3.0 V at scan rates of 0.1 mV-s~'. At
various lithiated and delithiated states, the cells were dis-
assembled inside the glove box. The electrodes were cov-
ered with a mylar film, and ex-situ XRD patterns were
obtained.

3 Results and discussion
3.1 Characterization of materials

Figure la shows the XRD patterns of the NbO and NbO-
BM samples. All diffraction peaks in both samples can be
indexed to the cubic phase (PDF card no. 71-2146). Both
the samples belong to the cubic Pm3m [221] space group
with lattice parameters calculated as a = 0.4210 nm,
b =04210 nm, and ¢ = 0.4210 nm, which were in
agreement with the standard report, indicating that a pure
and homogeneous phase NbO is achieved. It can be seen
from the (111) crystal plane (Fig 1b) that, the characteristic
peak intensity of the NbO-BM sample is slightly lower
than that of the NbO, and the peaks of the NbO-BM sample
are slightly broader than those of NbO. Compared with the
NbO sample, the peak position of the NbO-BM sample
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Fig. 1 XRD patterns of a NbO, NbO-BM samples and b (111) crystal plane of NbO and NbO-BM samples
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Fig. 2 DLSA patterns of NbO and NbO-BM samples

Fig. 3 SEM images of samples: a NbO and b NbO-BM

shifts markedly. This means that the NbO-BM sample has a
smaller particle size, and the lattice structure of the sample
has no obvious changes after ball milling.

The particle diameter distributions of NbO and NbO-
BM samples are presented in Fig. 2. It can be seen from
Fig. 2 that the average particle sizes of NbO and NbO-BM
are about 2.57 and 1.28 pum, respectively. And the grain
size distribution of NbO-BM is more concentrated, which
is attributed to the fact that ball milling could reduce the
particle size and also narrow the distribution range of
particle size.

The SEM images of the samples are presented in Fig. 3a
and b. The SEM investigation reveals that the NbO samples
have an average particle diameter of 200-300 nm, and the
particles aggregate together to form a larger particle, while
the particle size of the NbO-BM sample is smaller and the
particles spread more evenly after ball milling, which is
consistent with the widening of the XRD patterns.

3.2 Electrochemical property of NbO

The first three CV curves for the NbO electrode are shown
in Fig. 4. In the first cycle, the pronounced reduction (Li
insertion) peaks could be observed at 1.5 V, while the
oxidation (Li extraction) peaks are observed at 1.9V,
which could be related to the reaction transfer of NbO and
Li (as discussed below by ex-situ XRD). The large hump
reduction and oxidation peaks at 1.5 and 1.9 V do not

@ Springer

Fig. 4 CV curves of NbO electrode between 1.0 and 3.0 V at a scan
rate of 0.1 mV-s™!

disappear in the subsequent cycles. This indicates that the
structure of NbO can be significantly reversibly changed
upon Li insertion. The average lithium storage voltage is
approximately 1.6 V by taking the mid-point between the
oxidation peak and reduction peak.

Figure 5a, b shows the discharge/charge curves of the
NbO and NbO-BM electrode samples. It can be observed
that no significant plateaus of initial discharge curves are
presented in both samples. The typical sloped feature from
2.0 to 1.2 V is in agreement with CV results. The NbO
initial discharge capacity is 355 mAh-g~', and it remains
relatively stable with discharge capacity reaching as high
as 293 mAh-g~' after 50 cycles. As a reference, the NbO-
BM samples demonstrate a higher initial discharge capac-
ity, reaching 416 mAh-g~', and after 50 cycles, it still
remains at 380 mAh-g~'.

In order to clarify the reaction mechanism of Li with
NbO during the first cycle, ex-situ XRD experiments were
performed. The XRD patterns shown in Fig. 6 are taken at
the steps indicated in Fig. 5. There is no significant change
in the XRD patterns from the open-circuit voltage of 2.8 to
1.0 V (Points A-I in Fig. 5). By charging from 1.25 to
3.00 V (Points J-Q in Fig. 5), the XRD patterns still have
no obvious changes, which indicates that the lithium
intercalation into NbO remains in a single phase, and a
biphasic interface does not form in the lithium intercala-
tion/deintercalation process. Upon the first discharging, a
large expansion of the lattice parameters changes from
a=b=c=042083 nm (Point A in Fig.5) to
a=>b=c=042122 nm (Point I in Fig. 5), which cor-
responds to lithium ion’s intercalation. Upon the first
charge, the lattice parameters return to contraction with
a=b=c=042117 nm (Point Q in Fig.5), corre-
sponding to delithiation process. Based on the discharge/
charge, ex-situ XRD and CV results were studied. The
lithium ion’s intercalation/deintercalation process can be
described by the following equation:
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Fig. 5 Capacity—voltage-composition profiles of NbO and NbO-BM electrodes at a current rate of 0.1C: a NbO and b NbO-BM
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Fig. 6 Ex-situ XRD patterns of Li/NbO cell at various lithiated and
delithiated states

xLi" +xe” + NbO < Li,NbO (1)

Figure 7 displays the cycling performance of the NbO
and NbO-BM electrodes at current rates of 0.1C and 0.5C,
respectively. At a current rate of 0.1C, the reversible
capacity of the NbO-BM sample is still intact at
380 mAh-g~ ' after 50 cycles. In contrast, the capacity of
the NbO electrode is only 293 mAh-g~'. After the NbO is
ball-milled with acetylene black, its capacity can be
enhanced by 87 mAh.g~'. When the current rate
increases to 0.5C, the improvement is even more
obvious. The capacity reaches 216 mAh-g~' for the
NbO-BM sample after 50 cycles, while a capacity of
only 162 mAh-g~! can be achieved for the NbO sample.
The pronounced improvement in Li storage performance
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Fig. 7 Cycling performance for both electrodes cycled at current
rates of 0.1C and 0.5C

can be attributed to the mixed conducting network and a
smaller particle size in the NbO-BM sample.

Figure 8 depicts the curve of charge—discharge capacity
variation for the sample without addition of acetylene black
and the NbO electrode sample. The initial discharge
capacity of the no acetylene black NbO is only
96 mAh-g~', and decreases to 60 mAh-g~" after 50 cycles.
This indicates that the homogeneous distribution of con-
duct material builds the electronic transport path, and the
smaller size of the active material significantly reduces the
Li" diffusion length. Both samples exhibit good cycling
performance after several cycles with high coulombic
efficiency, which may be attributed to no SEI formation
during the Li insertion/extraction into/from the material in
the voltage range of 1.0-3.0 V. In the case of alloy sys-
tems, metal oxide decomposes and a thermodynamically
stable amorphous Li,O matrix forms [20, 21]. This causes
the problem of irreversible capacity loss. The major origin
of irreversible capacity loss at the NbO was not investi-
gated in this article. Further work on the Li storage
mechanism in this material is still ongoing.
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Fig. 8 Charge—discharge capacity variation for 50 cycles

4 Conclusion

Electrochemical studies on NbO as an anode electrode for
lithium-ion battery were carried out. The ex-situ XRD
patterns taken at the end of each step of discharge and
charge indicate that the lithium intercalation into NbO
remains a single-phase process. After the NbO is ball-
milled with acetylene black, its initial discharge capacity
can reach 416 mAh-g~" at a current rate of 0.1C, and the
capacity remains 380 mAh-g~' after 50 cycles. The aver-
age Li storage voltage is roughly 1.6 V. Results of elec-
trochemical properties show that the NbO electrode has a
highly reversible and stable charge/discharge capacity, and
may be a good candidate as an anode electrode for lithium-
ion battery.
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