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Abstract: Lithium-ion batteries are widely available commercially and attempts to extend the lifetime
of these batteries remain necessary. The energy storage characteristics of NbO, with a rutile structure
as a material for the negative electrode of lithium-ion batteries were investigated. When negative
potential was applied to the NbO, electrode during application of a constant current in a nonaqueous
solution containing lithium ions, these ions were inserted into the NbO,. Conversely, upon application
of positive potential, the inserted lithium ions were extracted from the NbO5,. In situ X-ray diffraction
results revealed that the variation in the volume of NbO; accompanying the insertion and extraction
of lithium was 0.14%, suggesting that NbO; is a zero-strain (usually defined by a volume change ratio
of 1% or less) active material for lithium-ion batteries. Moreover, the highly stable structure of NbO,
allows the corresponding electrode to exhibit excellent cycling performance and coulombic efficiency.

Keywords: zero-strain material; NbO;; negative electrode; lithium-ion battery; energy storage;
battery lifetime

1. Introduction

The concept of guest-host electrochemistry has paved the way for the development of secondary
batteries [1,2]. In this regard, lithium ions and graphite are widely used as guest and host, respectively,
in the negative electrode of commercially available lithium-ion batteries (LIBs), which are considered
to be the most advanced type of secondary battery. As the guest lithium ions are inserted
(reduced) and extracted (oxidized), energy is stored (charged) and released (discharged), respectively.
These electrochemical reactions are generally typified by an increase in the volume of the host during
the former process and a decrease during the latter process. However, repeated expansion and
contraction of the host electrode material as a consequence of repeated charging and discharging is one
of the important causes of battery deterioration.

Therefore, enhanced battery stability requires the volume variation induced by guest ion
insertion/extraction of prospective electrode materials to be as small as possible. This means that
zero-strain materials, i.e., those featuring negligible volume variation (<1%), are of great importance
for the development of long-lifetime rechargeable batteries [3,4]. In addition, a small volume
variation would also be expected to suppress damage to the solid electrolyte interphase (SEI) at
the electrode—electrolyte interface upon cycling. This would markedly improve the coulombic efficiency
because a damaged SEI irreversibly consumes charge during the recovery process [5]. Among others,
Liy Ti5O1; (LTO, volume variation = 0.2%) and Lij +,RhyO4 (volume variation = 0.5%) are representative
zero-strain materials that have been used to achieve good cycling capability in LIBs [6,7].

Energies 2019, 12, 2960; doi:10.3390/en12152960 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-7383-2068
http://www.mdpi.com/1996-1073/12/15/2960?type=check_update&version=1
http://dx.doi.org/10.3390/en12152960
http://www.mdpi.com/journal/energies

Energies 2019, 12, 2960 20f7

LIB electrode materials based on a transition metal oxide exhibit electrochemical redox behavior
in the form of either insertion or conversion reactions. The former type accommodates lithium via
the insertion of lithium ions into lattice vacancies, whereas the latter type involves alloying reactions
between lithium and metal ions to form Li,O and nano-metal composites [8-10]. Importantly, these
two types of materials exhibit large differences in the binding forces between the transition metal
and oxygen [11,12]. Among the transition metal oxides, Nb-based oxides have attracted attention as
electrode materials with high-energy density owing to a high-tap density [13,14]. In general, Nb-based
oxides exist in several different forms such as NbO, NbO,, Nb,O3, and NbyOs [15]. Among them, very
few studies on the properties of NbO; as an electrode material for LIB have been reported. Li et al.
concluded that lithium ions are electrochemically stored in NbO, ~0.9 V vs. Li/Li* [12]. However,
they did not provide any experimental results to support their conclusion. Cho et al. reported on
the charge—discharge characteristics of chemically etched NbO, between 0.0 and 3.0 V vs. Li/Li",
suggesting that the existence of Nb,Os5 on the surface of NbO, affects electrode performance [16].
On the other hand, Park et al. investigated the characteristics of Nb,Os/NbO, composite electrodes
between 1.0 and 3.0 V vs. Li/Li*, suggesting that the rate performance was improved by NbO, [17].
As such, only very limited information on NbO, has been reported, and its redox behavior currently
remains largely unexplored. This motivated our decision to probe this redox behavior.

At room temperature, NbO, has a distorted tetragonal super-structure with a rutile-type
sublattice [18]. This structure, illustrated in Figure 1a, is characterized by chains of edge-sharing NbOg
octahedrons, which are cross-linked by sharing corners where the Nb-O distances in the octahedral are
the same. Although the redox mechanism of the electrochemical reaction of NbO, with lithium ions is
not known, two potential insertion sites with either octahedral or tetrahedral oxygen coordination exist
between the octahedra, as shown in Figure 1b [19]. In this study, we investigated the electrochemical
redox behavior of NbO, between 0.0 and 3.0 V vs. Li/Li* in a nonaqueous solution containing lithium
ions and discovered this behavior to be different from that reported previously for NbO,. In addition,
we measured the volume variation of this oxide material to demonstrate that it can be viewed as a
novel and promising zero-strain material.

Figure 1. (a) Crystal structure of NbO, at room temperature and (b) expanded view of some octahedral
and tetrahedral sites between the octahedra seen in (a).

2. Materials and Methods

In situ X-ray diffraction (XRD) was used for the structural analysis of the electrode material using
a cell with Kapton windows as described elsewhere [20]. The XRD patterns were collected using a
Rigaku MicroMAX 007HF diffractometer with an R-AXIS IV++ image plate using Mo K radiation
(A = 0.7107 A). An electrochemical cell specifically designed for in situ XRD was installed in
the diffractometer, connected to a potentiostat (WBCS3000, Wonatech Co., Seoul, Korea), and
galvanostatically cycled at 0.05 C while XRD patterns were recorded at intervals of 3 min. To compare
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the obtained results with those reported in the literature, 20 values were converted into those
corresponding to Cu K radiation (A = 1.5405 A).

The working electrode was prepared by coating Cu foil with a mixture of NbO, powder
(Sigma-Aldrich, 99.9%; 80 wt.%), carbon black (10 wt.%), and poly(vinylidene difluoride) (binder;
10 wt.%) followed by 12-h drying at 100 °C in a vacuum oven. Li foil was used as the counter electrode,
and 1 mol dm= of LiClOy dissolved in a 1:1 (v/v) mixture of ethylene carbonate and diethyl carbonate
(Panax E-Tec., battery grade) was used as the electrolyte. The working electrode was used to fabricate
2032-type coin cells in an Ar-filled glove box (Three-Shine, SK-G1200) with a dew point below —60 °C.
These cells were galvanostatically charged and discharged between 0.0 and 3.0 V using a battery
test system (WBCS3000, Wonatech Co., Seoul, Korea). Cyclic voltammetry (CV) measurements were
carried out between 0.0 and 3.0 V vs. Li/Li* at a sweep rate of 0.5 mV s71.

3. Results and Discussion

Figure 2 shows the in situ XRD patterns of NbO, recorded during constant-current cycling,
revealing that all peaks can be indexed to rutile NbO, (JCPDS No. 82-1141) and additionally
demonstrating the presence of the (111), (200), and (220) planes of Cu (current collector) with reflection
peaks at 43.2°, 50.3°, and 73.8°, respectively. Previously, Li et al. reported that NbO, electrochemically
reacts with lithium via a conversion reaction [12], although no supporting evidence was provided.
When used as a negative LIB electrode, Fe304 was reported to similarly undergo a conversion reaction
to afford Li;O in the first charge cycle, as evidenced by the observation of a Li;O XRD peak at 33.5° [21].
Likewise, if NbO, also underwent a conversion reaction under similar conditions, one would expect to
observe the formation of LiyO at first charge. However, no peaks of Li;O or other phases are observed
in Figure 2a, suggesting that NbO, might undergo insertion. In the case of an insertion reaction,
lithium ion insertion/extraction would be accompanied by XRD peak shifts to lower/higher angles
due to the concomitant expansion/reduction of d-spacing [22]. However, no such peaks shifts were
observed during cycling in Figure 2b, indicating that the volume variation in NbO, due to lithium
insertion/extraction is extremely small.

(a)

Intensity / a. u.

1st Cycle 2nd Cycle

20 30 40 50 60 70 80 3 2 10 25 26 27 34 35 36
20 / degree Voltage / V 20/degree 20/ degree

Figure 2. (a) In situ X-ray diffraction patterns collected during the charge and discharge of pristine
NbO, at 0.05 C and (b) expansion of the above patterns around the (400) and (222) peaks.

Table 1 presents the lattice parameters (4, b, c) and unit cell volumes (V) of NbO, calculated from
the corresponding XRD patterns using Equations (1) and (2).

1/d* = (W + K*)/a® + 12/ 1)

V =d’c )
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Table 1. Variation of lattice parameters and volume of pristine NbO, during charge and discharge.

State a=b(A) c(A) Volume (A%)
Pristine 13.7412 6.0037 1133.6
First full charge 13.7528 6.0019 1135.2
First full discharge 13.7413 6.0039 1133.7
Second full charge 13.7526 6.0020 1135.2
Second full discharge 13.7413 6.0040 1133.7

Notably, the lattice parameters and volume determined in the first cycle were slightly different
from those determined in the second cycle, probably because the inserted lithium ions could not be
completely extracted in the former/latter case. Based on the above data, the volume variation of NbO,
was calculated as 0.14%, which is smaller than that of LTO (0.2%) as mentioned in the introduction.
The electrode material in LIBs in which lithium ions are used as a guest is generally defined as a
zero-strain material when the change in the volume of the host induced by charge/discharge cycles
accompanied by lithium insertion is within 1%. Therefore, NbO, was concluded to be a zero-strain
material. Zero-strain materials exhibit excellent cycle characteristics and extend the battery lifetime [3,4].

Figure 3a shows the charge and discharge curves of NbO, recorded at 0.05 C (21.4 mA g').
The presence of an extended plateau at 0.8 V on the first charge curve indicated SEI film formation.
The first charge/discharge capacities were determined as 256/152 mAh g~! and corresponded to the
insertion/extraction of 1.2/0.7 mol of lithium ions, respectively. The first-cycle irreversible capacity was
attributed to electrolyte decomposition and SEI film formation. This is also confirmed by the cyclic
voltammograms of the NbO; electrode as shown in Figure 3b. In the first cycle, a minor reductive
current began to flow at ~1.8 V, and a major reductive peak centered at 0.62 V appeared. This reductive
peak, including the minor current between 1.8 and 1.0 V, are absent in the second cycle, indicating that
their presence and subsequent disappearance are the result of irreversible electrolyte decomposition,
which is closely related to the formation of an SEI. Although the physicochemical correlations between
the irreversible electrolyte decomposition and SEI formation are not clear in the present work, there is
no doubt about the formation of the SEI on the NbO; electrode because the stable charge and discharge
reactions shown in Figure 3a would not occur without an SEI. In addition to the small reductive peak,
large reductive and oxidative peaks are observed at a potential close to 0 V. These two peaks can
be attributed to lithium insertion and extraction events, respectively. Previous studies reported that
rutile-structured materials feature two possible sites (with octahedral and tetrahedral coordination
environments) for lithium ion insertion [19], whereas Nb-based oxides were reported to undergo a
two-electron-transfer reaction with lithium ions [13,14]. Therefore, assuming that rutile-type NbO,
reacts with two electrons, the insertion/extraction process can be expressed as Equation (3):

o+ —_— .
Nb02 +2Li" + 2¢” & leNbO2 (3)
X in LiNbO,
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Figure 3. (a) Charge and discharge curves and (b) cyclic voltammograms of the first and second cycles
of pristine NbO,.
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Although the theoretical capacity of NbO, (429 mAh g~!) is slightly larger than that of commercial
graphite (372 mAh g!), the former material features a higher tap density (5.9 g cm~2) than the latter
(2.2 g cm~3) at room temperature and therefore exhibits a higher volumetric capacity (2531 vs. 833 mAh
cm~3). However, the disadvantages of the NbO, electrode are its large irreversible capacity and small
discharge capacity, which may be caused by the poor electric conductivity (107* S ecm™!) of NbO, [23].

Figure 4a shows the cycling performance of NbO, at a rate of 1 C (214 mA g~!), demonstrating
that the first discharge capacity could be determined as 91 mAh g~! and that a capacity retention of 94%
could be observed over 50 cycles. The coulombic efficiency after several initial cycles approached 100%
(the low coulombic efficiency during initial cycles was probably caused by SEI film formation upon first
charge). Thus, NbO, realizes reversible insertion/extraction of lithium ions, exhibits excellent cycling
stability, and was therefore concluded to be well suited for use in LIBs, especially considering the
additional advantage of being a zero-strain material. As indicated in Figure 4b, the discharge capacities
are ~108, ~93, ~74, and ~55 mAh g_1 at constant current rates of 0.1, 0.5, 2, and 5 C, respectively.
The capacity retention at 5 C is 50.9% of the initial capacity. As the discharge rate increased, the capacity
decreased. However, when discharged at 0.1 C after the high rate capability tests, the discharge
capacity was almost similar to the initial discharge capacity. This behavior is also observed in LTO,
which is a typical zero-strain material [24], and indicates that NbOj is structurally highly stable in the
process of lithium ion insertion/extraction.
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Figure 4. (a) Cycling performance and coulombic efficiency determined at 1 C and (b) rate capabilities
of pristine NbO,.

4. Conclusions

In this study, we investigated the electrochemical redox reactions of NbO, as a negative electrode
material for LIBs. In contrast to the results of previous studies, NbO, was shown to react with
lithium ions via an insertion reaction and to exhibit an ultra-low volume variation of 0.14%. The small
magnitude of the above volume change allowed the integrity of the entire crystal structure to be
well preserved during cycling and resulted in impressive cycling stability and coulombic efficiency.
However, the observed capacity was much lower than the theoretically predicted value, which was
ascribed to poor electric conductivity. Therefore, further work on conductivity improvement is needed
to render NbO, a promising negative electrode for LIBs. In this regard, carbon coating of the NbO,
particles may be the most effective and low-cost approach, because it would improve the surface
electronic conductivity and electrical contact with the electrolyte solution. In addition, doping with
metal ions, hybridization with metal powder, and reduction of the particle size could be considered as
possible strategies for improving the electric conductivity. Additional studies to overcome the low
electric conductivity are currently underway.
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