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Enhanced Electrochemical Properties of Li;VO, with Controlled
Oxygen Vacancies as Li-lon Battery Anode

Kan Wang,” Changkun Zhang,” Haoyu Fu,”’ Chaofeng Liu,”’ Zhuoyu Li,”’ Wenda Ma,”

Xianmao Lu,*® and Guozhong Cao*®™*!

/Abstract: Li;vVO,, as a promising intercalation-type anode
material for lithium-ion batteries, features a desired dis-
charge potential (ca. 0.5-1.0 V vs. Li/Li") and a good theoret-
ical storage capacity (590 mAhg~' with three Li* inserted).
However, the poor electrical conductivity of Li;VO, hinders
its practical application. In the present work, various
amounts of oxygen vacancies were introduced in Li;VO,
through annealing in hydrogen to improve its conductivity.
To elucidate the influence of oxygen vacancies on the elec-
trochemical performances of Li;VO,, the surface energy of
the resulting material was measured with an inverse gas

N

\

chromatography method. It was found that Li;VO, annealed
in pure hydrogen at 400°C for 15 min exhibited a much
higher surface energy (60.7 mJm™2) than pristine Li;VO,
(50.6 mJm™?). The increased surface energy would lower the
activation energy of phase transformation during the
charge-discharge process, leading to improved electrochem-
ical properties. As a result, the oxygen-deficient Li;VO, ach-
ieved a significantly improved specific capacity of
495 mAhg™" at 0.1 Ag”' (381 mAhg™' for pristine Li;VO,)
and retains 165 mAhg™' when the current density increases
to 8Ag~".

° J

Introduction

With high energy density and energy storage efficiency, lithi-
um-ion batteries (LIBs) are one of the most important energy-
storage technologies and have been widely used in portable
electronics, electric vehicles, and large energy storage
systems.™ One of the main challenges in the electrochemical
performances of LIBs is to ensure high specific capacity and
a suitable working voltage window of the electrodes.®” There-
fore, understanding the working mechanism of the electrode
materials has been a critical factor in designing LIBs. Of the
two electrodes in a LIB, the anode has a lower electrochemical
potential and plays a critical role in enhancing the energy den-
sity of the battery within the safety window of the electro-
lyte.””® Typical anode materials can be grouped into three
categories according to different reaction mechanisms: 1) con-
version-reaction materials including transition metal oxides
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and metal sulfides” 2)alloying materials such as Si and
Ge,"*™ and 3) intercalation materials such as graphite, Ti, or V-
based oxides.">"¥ Intercalation anodes possess good reversibil-
ity and cycling stability, as the host material would largely
retain its crystal structure."” Graphite as an intercalation mate-
rial has been commonly used as the anode in commercial LIBs.
However, the electrochemical behavior of natural graphite
strongly depends on electrolytes, which may enter the interlay-
ers of graphite to induce further expanded interlayer spacing
and hence exfoliation of the graphite. As a result, irreversible
capacity loss and battery degradation occur during long term
discharge—charge processes." Spinel Li,TisO;, is a typical zero-
strain-insertion anode material, which features a high lithium
ion diffusion coefficient (2x107® cm?s™") and excellent rate ca-
pability and reversibility."® However, its low theoretical capaci-
ty (175mAhg™") and relatively high phase transformation
potential (1.54V vs. Li/Li*) limit its applications."”'® Li,VO,
(LVO) has been considered as a promising intercalation anode
material for LIBs due to its small volume change during lithia-
tion/delithiation,"” relatively ~high theoretical capacity
(394 mAhg™" between 0.2 and 3.0 V vs. Li/Li™), as well as desir-
able working potential (ca. 0.5-1.0 V vs. Li/Li"). However, LVO
has a low electrical conductivity (<107 '°Scm™").%% A general
approach to enhance its surface electronic conductivity is to
form composites with electronically conductive materials,*'**
although the synthesis is always complicated and the volume
energy density may be reduced. Another strategy to tune the
electrical conductivity and electrochemical reactions of LVO is
by introducing ionic defects.****’ Oxygen vacancies, for exam-
ple, have been demonstrated to improve the specific capacity
and rate performance of LvO.?*®
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In this work, we introduced surface oxygen vacancies into
LVO through annealing in hydrogen and studied the impact
on the lithium ion intercalation properties. It was found that
with the formation of surface oxygen vacancies, the surface
energy of LVO increased dramatically. The increased surface
energy would lower the activation energy of phase transforma-
tion during the charge-discharge process, leading to improved
electrochemical properties of LVO. As expected, when LVO was
annealed in hydrogen at 400°C for 15 min, it delivered a high
capacity of 495 mAhg™' at 0.1 Ag~' and maintained a reversible
capacity of 165 mAhg™' at 8 Ag™"; a performance that is much
enhanced over pristine LVO (381 mAhg™' at 0.1 Ag”' and
58 mAhg ' at 8 Ag™).

Experimental Section
Material synthesis and characterization

LVO was prepared by a simple solution reaction method followed
by heat treatment. First, stoichiometric amounts of V,O; (0.152 g)
and LiOH-H,0 (0.21 g) were, in turn, added to a mixture of 60 mL
ethyl alcohol and 20 mL deionized water. The mixture was then so-
nicated for 20 min and stirred for 6 h. After freeze-drying for 12 h,
the resulting white powder was calcined at 650°C for 2 h in
a muffle furnace. The calcined LVO was then ground and annealed
at different temperatures to find the optimal annealing tempera-
ture (400°C), at which the LVO was then annealed for 15 (LVO-15),
30 (LVO-30), and 60 min (LVO-60), respectively, under pure hydro-
gen flow at 80 sccm. Pure argon was used during the heating up
and cooling periods.

The crystal structure of LVO samples was characterized by X-ray
diffraction (XRD) on an XPert® diffractometer (PANalytical,
Netherlands) with Cuy, radiation (1=1.54056 A) over the range of
10° to 75° (26) with a step size of 0.013°. The diffraction peak posi-
tions of the samples were calibrated with NaCl. The morphologies
of the products were investigated with a field emission scanning
electron microscope (FESEM, Hitachi SU8020, Japan). X-ray photo-
electron spectra (XPS) were acquired by using an X-ray photo
electron spectrometer (ESCALAB 250Xi, USA). The surface area was
obtained by N, adsorption-desorption analyses (ASAP 2020 HD88,
USA).

The surface energy of the samples was measured with an inverse
gas chromatography (IGC) surface energy analyzer (SEA, Surface
Measurement Systems Ltd., London, UK). IGC is a versatile, sensi-
tive, and powerful technique capable of determining the surface
parameters of samples. Before taking any measurements, the col-
umns were pretreated at 180°C for 1 h under a hydrogen flow. Hy-
drogen was used as the carrier gas with a flow rate of 25 mLmin™".
The column temperature was 25°C when the experiments were
carried out. The probes were defined to be n-hexane, n-heptane,
n-octane, and n-nonane for dispersive surface energy. Methane
was used as a dead time probe. The retention times (t), averaged
over two injections, were determined by the Conder and Young
method. The fractional surface energy of all samples was 0.05. Dis-
persive surface energy was obtained by the Schultz method. The
monopolar probes, dichloromethane and ethyl acetate, were also
injected in order to obtain the acid-base surface energy. However,
the analyzed materials had strong interactions with those probes;
thus no elution was detected.””
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Electrochemical characterization

Standard CR2032 coin-type cells were used for electrochemical
tests and the cells were assembled in an argon-filled glovebox
with both oxygen and water contents less than 1 ppm. Celgard
2400 polypropylene film was used as the separator. The electrolyte
was a 1M solution of LiPF, in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (the weight ratio of EC/DMC is 1:1).
Li foils were used as the counter and reference electrodes. The
electrode slurry consisted of 75 wt.% of active material, 20 wt.% of
acetylene black and 5wt.% of sodium carboxymethyl cellulose
(CMC). The homogeneous slurry was coated on a Cu foil and dried
in vacuum oven at 120°C for 12 h. Galvanostatic charge-discharge
tests were conducted on a self-acting battery tester (LAND
CT2001A, China). Cyclic voltammetry (CV) and electrochemical im-
pedance spectroscopy (EIS) tests were performed on a Solartron
potentiostat. All electrochemical measurements were carried out in
a voltage range of 0.01-3.00 V vs. Li/Li* and the frequencies of the
EIS ranged from 100 kHz to 0.01 Hz.

Results and Discussion

LVO samples were annealed at temperatures ranging from
200°C and up, in hydrogen, for 15 minutes. It was found that
at temperatures higher than 400°C, an impurity phase, LiVO,,
started to appear as revealed by XRD (Figure S1 in Supporting
Information). For samples annealed at 200, 300, and 400 °C, all
electrochemical characterizations indicated that LVO annealed
at 400°C outperformed those annealed at 200 and 300°C in
terms of both kinetic properties and rate performance (Fig-
ure 52).2" Therefore, an annealing temperature of 400°C was
selected for further investigation.

For samples annealed at 400 °C for different times, the XRD
diffraction peaks matched well with the orthorhombic Li;VO,
phase (JCPDS No.38-1247) with space group Pnm2,, indicating
the samples are free of impurity phases after reduction by
hydrogen (Figure 1a). In addition, the sharp diffraction peaks
demonstrate the high crystallinity of the samples. Based on
the Scherrer equation, the crystallite grain sizes of all the sam-
ples were about 70 nm. Compared to pristine LVO, the diffrac-
tion peaks of the annealed samples shifted to lower angles
(Figure 1b), indicating that the LVO lattice expanded upon an-
nealing in hydrogen. The lattice expansion was also confirmed
from the increasing lattice constants with annealing time (Tab-
le 1).This result was expected because due to the reduction by
hydrogen, longer annealing would introduce more V** ions
which have a larger ionic radius that that of V°* (0.72 vs.
0.68 A). The HRTEM images of four samples are shown in Fig-
ure S3, and the observed lattice spacings are in accordance
with that of LVO. However, oxygen vacancies are difficult to
capture as the samples are easily decomposed under the elec-
tron beam. This phenomenon may imply that oxygen vacan-
cies in the LVO lattice are high energy active sites that may
easily induce phase transitions under some special conditions.
HRTEM is the projection of the three-dimensional structure to
a two-dimensional image, so randomly distributed sporadic
oxygen vacancies would be easily shadowed by other structur-
al information. To confirm the change in V**/V>" ratio with an-
nealing, XPS analysis was carried out. As shown in Figure S4,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) XRD patterns of the samples with different annealing times. b) Zoomed-in view of the (110) reflection. c-f) XPS spectra of V 2p,, for LVO, LVO-15,

LVO-30, and LVO-60.

Table 1. Lattice parameters of the samples with different annealing times
in hydrogen.

Sample a[A] b [A] c Al

LVO 54234 6.2966 4.9295
LVO-15 5.4297 6.3030 4.9327
LVO-30 5.4311 6.3062 4.9340
LVO-60 5.4321 6.3082 49367

the V 2p,, binding energy shifted from 517.31 to 517.18 eV
with increasing annealing time. The molar ratios of V**/V°" of
samples LVO, LVO-15, LVO-30, and LVO-60, estimated through
peak deconvolution (Figure 1c-f), were found to be 0.05, 0.08,
0.09, and 0.10, respectively, suggesting that longer hydrogen
treatment lead to more V** ions at the surface of the samples.
SEM images of the four samples suggest that both hydrogen
treatment and annealing time show little influence on the
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morphology of LVO (Figure S5). In addition, BET tests reveal
larger surface areas of hydrogen-treated samples compared
with pristine LVO. In particular, LVO-15 possesses the highest
BET surface area of 8.41 m?g~". The increased surface area of
hydrogen-treated samples can be beneficial to the electro-
chemical performances.

A half-cell configuration was used to evaluate the electro-
chemical performance of the four samples. The voltage
window was set between 0.01 and 3.00 V versus Li/Li*. The
cycling performance of the four samples is shown in Figure 2a.
At a current density of 1 Ag™', the discharge capacities of the
first cycle were 357 mAhg™' for LVO, 306 mAhg™' for LVO-15,
296 mAhg™' for LVO-30, and 257 mAhg™' for LVO-60, respec-
tively. Although the pristine LVO electrode displayed the high-
est capacity in the initial cycles, its capacity begins to decline
sharply after 110 cycles and dropped to 159 mAhg™' at the
500" cycle due to the low electrical conductivity of LVO."™ The
annealed samples, however, showed unusual cycle curves

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Charge-discharge cycling test of all samples at a current density of 1 Ag™' for 500 cycles. b) Discharge and charge curves of all the sample elec-
trodes for the 248th cycle at 1 Ag™". ¢) The second-cycle CV curves of the four samples at a voltage range of 0.01-3.00 V and a scan rate of 0.1 mVs™". d) The
second charge-discharge curve of LVO-15 at various current densities of 0.05-8.00 Ag~". e) Discharge capacity of all the samples at different current densities

in the voltage range of 0.01-3.00 V versus Li/Li".

compared with the pristine sample. LVO-15, for example, start-
ed with a lower initial capacity than pristine LVO, but it gradu-
ally increased until the 248" cycle, reaching a high capacity of
338 mAhg™'. Although the discharge capacity decreased to
244 mAhg™ after 500 cycles, it was still much higher than that
of LVO (159 mAhg™). LVO-30 and LVO-60 electrodes exhibited
similar discharge cycle curves, but the capacities decreased
with annealing time, possibly attributed to the increased V**
/V°7 ratio. Figure 2b shows the galvanostatic charge-discharge
curves of the 248™ cycle of the four samples, confirming that
LVO-15 exhibited the highest capacity (338 mAhg™") of all four
samples.

The long term cyclic curves for the hydrogen annealed sam-
ples exhibited a maximum capacity at around 248th cycle. The
mechanism that led to such an activation of the electrode with
increased cycle number is unclear, although similar results
have been reported in the literature and some probable

Chem. Eur. J. 2017, 23, 5368 - 5374
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causes have been proposed.”®***4 For example, V,0; xerogel
electrodes annealed in N, exhibited an initial low discharge
capacity of 68 mAhg™" but increased in later cycles until reach-
ing a high value of 158 mAhg ' To explore the reason of
this phenomenon, we compared the morphologies of LVO-15
before and after the cycling test (Figure S6 in Supporting Infor-
mation). Before the charge-discharge test, LVO-15 showed
a relatively smooth surface. After 500 cycles the LVO-15 elec-
trode surface became rough and small particles appeared in
the sample (Figure S6b). This result indicates that an electro-
chemical reconstruction process occurred during cycling test,
causing the formation of smaller particles that offer better con-
tact with electrolyte and promote the electrochemical reaction
between the electrode and electrolyte.?*3”

Cyclic voltammetric (CV) curves of all samples were mea-
sured at a scan rate of 0.1 mVs™' in the potential window of
3.00 to 0.01V versus Li/Li* (Figures 2¢, S7). For the first three

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cycles, the CV curves of the four samples share similar profiles
- the 1st cathodic scan showed two peaks at 0.75 and 0.52V,
corresponding to the formation of a solid-electrolyte interface
(SEI);3%37 put in the subsequent cycles, the two reduction
peaks shifted to 0.85 and 0.53 V and a third peak located at
0.95V emerged due to the activation of electrode materials.®
The three reduction peaks at 0.53, 0.85, and 0.95V can be as-
cribed to the phase transformation with the insertion of Li*
ions into the electrodes. For all cycles, two oxidation peaks
were observed at 1.06 and 1.34V due to the extraction of Li*
from Li;,VO,. Figure 2d shows the 2" cycle charge-discharge
curve of LVO-15 at different current densities. The discharge
capacities of the LVO-15 electrode were 512, 495, 454, 393,
340, 282, 220, and 165 mAhg™" at 0.05, 0.1, 0.2, 0.5, 1, 2, 4, and
8 Ag™', respectively. It is worth noting that at 8 Ag™', the pris-
tine LVO electrode delivered a capacity of only one third of
that of LVO-15 (58 vs. 165 mAhg~', Figure S8). The rate capabil-
ities of the four electrodes are compared in Figure 2e, which
shows that LVO-15 outperformed all the others at all current
densities.

To understand the mechanism that causes the best electro-
chemical performance of LVO-15 among all samples, we
measured the surface energies of the samples using an inverse
gas chromatography (IGC) method.?***" The dispersive
surface energy was determined by the n-hexane, n-heptane, n-
octane and n-nonane probes. The retention of a gas probe
molecule is defined as the amount of carrier gas required to
elute the injected volume of probe molecules from the
column, quantified by the net retention volume, V,. During the
test, the probe-probe interactions are negligible because the
probes are infinitely diluted. Thus, V, depends only on the
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interactions between the sample and probe molecules. The
free energy of adsorption of the probe on the stationary phase
surface per mole, AG,, can be determined from V,, according
to Equation (1):1*?

AG, = —RTIn(V,) + K (1)

where R is the gas constant, T is the absolute column tempera-
ture, and K is a constant which depends on the chosen
reference state. AG, is also related to the work of adhesion
(W,) between the vapor probe and the solid stationary phase
per unit of surface area as shown in Equation (2):

—AG, = NaW, (2)

where N is Avogadro’s number and a is the surface area of an
adsorbed probe molecule. If the probes are different n-alkane
molecules and the dispersive interaction only occurs between
the sample and probes, the work of adhesion can be present-
ed as follows [Eq. (3)]:

W= W = 27\ /v 3)

where y¢ and y?are the dispersive components of the surface
energy of the liquid and the stationary phase, respectively.

Then Equations (1)—(3) are combined to give Equation (4):*

RTIn(V,) = \/)/_;’ZNa\/;T,d +K (4)

From Equation (4), it can be seen that RTIn(V,) is proportion-
al to a\/y{ so that a series of nonpolar n-alkanes used as
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Figure 3. Plots of RTIn(V,) versus ay/y¢ for the calculation of the dispersive part of surface energy for the samples.
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probes can plot a line with RTIn(V,, ) versus a\/ﬁ. The disper-
sive component of surface energy can be calculated by the
slope of the fitted line.

Figure 3 shows that the plots of RTIn(V,) against a\/y_f of
the four samples annealed with different times. According to
the linear fit, the dispersive surface energies for LVO, LVO-15,
LVO-30, and LVO-60 are 50.64, 60.67, 57.10, and 58.44 mJm2
Clearly, all annealed samples exhibited a higher dispersive sur-
face energy than that of pristine LVO, with the sample that
was annealed for 15 min in hydrogen, LVO-15, showing the
highest. The enhanced dispersive surface energy compared
with pristine LVO can be attributed to more oxygen vacancies
that induce more defects and active lattice sites due to
annealing. With the introduction of oxygen vacancies, the de-
fects derived from the oxygen vacancies may serve as nuclea-
tion centers with higher lattice energy. Therefore, less external
energy is required to overcome the nucleation barrier and
phase transition becomes much easier for reversible insertion
and extraction of Li ions.***! Therefore, the annealed samples
exhibited much improved rate performance especially at high
current densities.

The electrochemical impedance spectra (EIS) of the four
samples are shown in Figure 4a. The EIS spectra consist of two
parts: a compressed semicircle between the 100 kHz and
100 Hz shows the charge transfer resistance and constant-

a —LVO

—LVO-15
——LVO-30
——LVO-60

1004

Z' (ohm)

804

60+

004 006 008 010 012
0)—]/2

Figure 4. a) Nyquist plots of the electrodes before cycling tests. Inset shows
the equivalent circuit where R is the charge transfer resistance, R, is the re-
sistance of the electrolyte, CPE is the double layer capacitance, and Z,, is the
Warburg resistance. b) Z' versus w "% in the low frequency range.
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phase element of the electrodes, and a sloping line with an
angle about 45° following the semicircle in the region of low
frequencies reflects the diffusion of Li ions in the electrode
bulk. An equivalent circuit, as shown in the inset of Figure 43,
was used to evaluate the values of the charge transfer resist-
ance R, of the four samples (Table 2). Obviously, the smaller
charge transfer resistances of the annealed samples LVO-15,
LVO-30, and LVO-60 due to oxygen deficiency makes them
more favorable for high rate performance than pristine LVO.

Table 2. The charge transfer resistance, linear relation of Z versus w2,
g

and lithium diffusion coefficients of the four samples.

Sample R Q] X: w2 v/Z® D9 [em?s™]
LvO 79 Y=500.27x+69.69 7.11x107"
LVO-15 58 Y=265.86x+49.55 2.53x10°'°
LVO-30 67 Y=364.78x+56.22 1.34x107'°
LVO-60 69 Y=310.02x+59.85 1.85x10°'°

[a] Charge transfer resistance. [b] Linear relation of Z and w "2 [c] Lithi-
um diffusion coefficient.

In addition, the lithium diffusion coefficient (D) can be
calculated using Equation (5):

D = R’T? | 2A%n*F*C20? (5)

where R is the gas constant, T is the absolute temperature, F is
the Faraday constant, n is the number of electrons transferred
per molecule, A is the active surface area of the electrode
(0.50 cm?), C, is the concentration of lithium ions in the cath-
ode (9.8x 10> molcm~3), D is the apparent ion diffusion coeffi-
cient, and o is the Warburg factor, which is relative to Z' and
can be obtained from the slope of the lines in Figure 4b
[Eq. (6)]:

Z =Ry +R +o0'? (6)

where Ry, is ohmic solution resistance, and R, is charge transfer
resistance. The resulting lithium D;; of the four samples are
shown in Table 2. Compared to pristine LVO, the annealed elec-
trodes exhibited much higher lithium diffusion coefficients.
The above results clearly indicate that LVO annealed in hydro-
gen atmosphere presents a smaller charge-transfer resistance
and higher lithium diffusion coefficient, offering much
enhanced electrochemical performance.

Conclusions

Different amounts of oxygen vacancies in LVO were introduced
by annealing in pure hydrogen at 400°C for a various period
of time. The oxygen-deficient samples showed improved rate
performance and enhanced cyclic performance compared with
pristine LVO. Specifically, LVO-15 (annealed for 15 min) demon-
strated the highest discharge capacity of 495 mAhg™' at
0.1Ag™". At 8Ag ', LVO-15 delivered a capacity of
165 mAhg~', nearly three times higher than that of pristine

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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LVO (58 mAhg™'). The improved lithium ion storage
performance of oxygen-deficient samples could be attributed
to the introduction of oxygen vacancies, which might have
served as nucleation or catalysis centers to facilitate fast phase
transformation during the lithium ion intercalation/de-
intercalation process.
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