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Abstract

Lithium vanadium oxide (Li; ,V;0g) cathode materials were synthesized via a simple hydrothermal reaction followed by heat
treatment at 300 or 400 °C. From both XRD and TG/DTA analyses, a detailed comprehensive reaction sequence for the formation of
single-phase LiV;Oy is proposed. Li;  ,V30g (x=0.2) materials with different thermal histories show clear differences in morphologies
and sizes, although they maintained an impurity-free single phase regardless of thermal treatment. Samples that were heat treated at
300 °C show an agglomerated particle shape with many nanorod-like Li; , ,V3Og particles over the surface that enhance the surface area
of the particles. In contrast, samples treated at 400 °C have a bi-modal particle size distribution with improved crystallinity. Such
differences in morphologies clearly influence the electrochemical properties. LiV3;Og cathode materials that were treated at 300 and
400 °C showed initial discharge capacacities of 346.52 and 261.23 mA h/g, respectively, and discharge capacities of 78.66 and
157.35 mA h/g, respectively, after 100 cycles. The improved cyclability of LiV3Og cathode materials that were heat treated at 400 °C is
due to their increased crystallinity and structural stability.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Lithium vanadium oxide (LiV3;Og) has been extensively
studied for use as a cathode material in rechargeable lithium
batteries due to its attractive electrochemical properties
including high specific energy, good rate capacity, long
cycle life, facile preparation, and low cost [1,2]. LiV30g has
a layered structure composed of two basic structural units:
VOyg4 octahedra and VOs distorted trigonal bipyramids [3].
The lithium ions that occupy the octahedral sites are linked
to the V305 layer by strong ionic bonds, which impart
stability to the crystal structure of LiV3;Og during the
discharge/charge process [4]. Based on theoretical calcula-
tions, approximately 3 Li* (ca. 280 mA h/g) can be rever-
sibly inserted/extracted into/from the crystalline LiV3Og
cathode [5]. An amorphous LiV;Og cathode indicated a
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capacity of 419 mA h/g through the reversible insertion of a
maximum 4.5 Li* [5]; this capacity is much higher than that
of LiCoO, cathodes (140 mA h/g). In addition, LiV3Og is
used as both a cathode material for non-aqueous recharge
lithium batteries [6,7] and an anode material for aqueous
rechargeable lithium batteries (ARLB) [8-10]. In compar-
ison to conventional lithium batteries, ARLBs have many
advantages including high ion conductivity compared to
non-aqueous lithium ion cells, high rate capability, and
relatively high energy and power densities; they are also
inherently safe even when misused and do not pollute the
environment [11].

Since the electrochemical properties of LiV3;Og materials
have been reported to be highly dependent on the pre-
paration conditions and the resulted morphology changes,
numerous techniques have been applied to elucidate such
relationships to improve capacity and stability. Generally,
solid-state synthesis requires a large amount of thermal
energy (> 680 °C) and a long reaction time (> 10 h); it is
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also difficult to accurately control the Li/V ratio due to the
evaporation of the Li sources, which induces a specific
capacity loss of LiV30g [3]. Thus, a variety of techniques
have been developed to overcome the drawbacks of
conventional solid-state synthesis of LiV;O0sg. These include
a sol-gel process [12—14], a hydrothermal process [15,16],
freeze-drying [17], spray drying [18,19], a rheological phase
reaction method [20], an ultrasonic method [21,22], a flame
pyrolysis method [23], a low-heat solid-state method [24], a
microwave sol-gel method [25,26], an EDTA sol-gel
method [27], and a surfactant-assisted polymer precursor
method [28]. Among these techniques, the hydrothermal
method is most attractive to industry owing to its facile
and cost-effective formation of advanced materials.

Although it has been reported that the formation of
LiV;0g undergoes a complex reaction sequence depending
on the synthesis techniques used [29-32], the exact reaction
sequence during hydrothermal reaction and subsequent
heat treatment has not been detailed yet. To elucidate the
complex reaction mechanism, the overall mechanism has
been determined in this study by considering each step
during the hydrothermal reaction and subsequent heat
treatment. Furthermore, the effect of different thermal
histories on the morphology and electrochemical proper-
ties of single-phase LiV30Og is discussed. It has been found
the heat treatment temperatures significantly affect the
morphology, crystallinity, specific surface area, and elec-
trochemical properties of the samples.

2. Experimental
2.1. Material synthesis and characterization

Analytically pure LiOH (99% +, Sigma-Aldrich), V,Os
(99%, Sigma-Aldrich), and NH3;H,O (1 mol/L, Junsei,
Japan) were used as raw materials without any purifica-
tion. First, LiOH and V,0;5 (Li:V=1, 1.2:3; atomic ratio)
were added to distilled water under magnetic stirring at
room temperature; LiOH dissolved completely in distilled
water, but V,Os remained partially undissolved. To fully
dissolve V,0Os in the distilled water, NH3- H,O (1 mol/L)
was added during stirring until pH 9 was reached. At pH 9,
the reaction solution changed from brown to dark green.
The solution was then transferred into a Teflon-lined
stainless steel autoclave (120 mL capacity). The mixture
was subjected to hydrothermal conditions at a temperature
of 200 °C for 12 h. After the hydrothermal reaction, the
solution became colorless and the pH of solution returned
to seven. The solution was dried at 100 °C in air until a
bright brown gel appeared. The gel was heat treated at
either 300 or 400 °C for 12 h followed by passive cooling to
room temperature. Finally, dark brown samples were
obtained after the hydrothermal reaction followed by heat
treatment at 300 (LVO300) or 400 °C (LVO400).

The crystal structures of the as-prepared and heated
powders were determined using X-ray diffraction (XRD,
X’Pert pro MPD, PANalytica, generator 3 kW) with CuKa

radiation. The morphologies and particle sizes of the
samples were analyzed via field emission scanning electron
microscopy (FE-SEM, Hitachi SU-70, resolution:1.0 nm
guaranteed or better at 15kV acc). Thermogravimetry/
differential thermal analysis (TG/DTA) was performed
using a thermal analysis system (TG/DTA, SDT Q600).

2.2. Electrochemical measurements

The working electrode was prepared by pressing a
mixture of the active cathode material, conductive material
(super p carbon black), and binder (polyvinylidene fluoride
(PVDF)) at a weight ratio of 80:15:5. The mixtures were
dissolved in 1-methyl-2-pyrrolidinone (NMP) to form slur-
ries and then uniformly cast on thick aluminum foil
(thickness 0.01 mm, 99.9% trace metals basis). Li metal foil
was used as the reference electrode. The electrolyte (Solvent
Company, Korea) was 1 M LiPF¢ dissolved in a 1:1
(volume) mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC). The test cells (CR2016 coin-type) were
assembled under a high purity argon atmosphere in a glove
box (M. O. Tech, Korea) using a separator (polypropylene
2600). The discharge/charge tests were performed at room
temperature using an automatic battery tester system
(WBCS 3000, WonATech, Korea). Discharge/charge mea-
surements were performed in the voltage range of 1.8-4.0 V
at various current densities (0.1 and 0.2 C).

3. Result and discussion
3.1. Reaction sequence of lithium vanadium oxide

In this study, single-phase LiV3Og cathode materials
were synthesized using hydrothermal techniques followed
by heat treatment at an elevated temperature. The first step
involves the dissolution of the LiOH and V,Os5 precursors
in distilled water at room temperature, which initiates the
following reactions [32]:

2LiOH 4+ V,05 - 2LiVOs3, (1)

2LiVO;+2V,05 — 2LiV50s. )

Since V,05 does not completely dissolve in the distilled
water, aqueous ammonia was added to increase the pH to
9 and promote dissolution [31]. The aqueous ammonia
addition also induces the instant formation of NH4VO;
(Eq. (3)), which plays an important role in the formation
of the LiV;0g phase as reported by Liu et al. [32]:

NH4OH+V,05—-NH;VO3;+H,0 3)

It is evident from Egs. (1) to (3) that after the addition of
ammonia, the reaction mixture contains various compo-
nents, including LiVO3, LiV3;0g, and NH4VO; [30].

The reaction mixture was then transferred to a Teflon-
lined autoclave and heated hydrothermally at 200 °C
for 12 h. The obtained solutions were dried at 100 °C to
form powders, which were analyzed by XRD (Fig. 1a).
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Fig. 1. (a) XRD pattern after the hydrothermal reaction, (b) TG/DTA results of samples up to 600 °C, (c) XRD patterns of Li; ; ,V30g (x=0) samples
after heat treatment at 300 and 400 °C, and (d) XRD patterns of Li; ,V30g (x=0.2) samples after heat treatment at 300 and 400 °C.

The powders contain a variety of compounds including
NH4VO;, NH4V;0g, LiVO;, LiV;0g, V,0s, and LiOH.
Thus, the following reactions are possible during the hydro-
thermal reaction:

XLiOH + xNH4VO; - xLiVO; + xLiOH + NH, )
xLiVO3; +xV,05— xLiV30g (%)
xNH4VO5;+xV,05 - xNH4 V3054 (6)

Even after the hydrothermal reaction, the samples
showed mixed crystal phases with a highest intensity peak
corresponding to the intermediate NH,V;0g phase. Since
NH,4V;0g casily transforms to LiV3;Og in the presence of
lithium ions through the removal of NH,, it might play an
important role in the formation of single-phase LiV3Og.

To determine the ideal heat-treatment temperature for the
formation of single-phase LiV3;0g, TG/DTA measurements
were performed on the dried brown gels, as shown in
Fig. 1b. Thermal decomposition of the precursor can be
divided into three temperature stages. In the first stage, from
room temperature to 150 °C, a weight loss of ~3 wt% was
detected with no obvious peaks on the DTA curve. Above
150 °C, weight loss increased rapidly with increasing tem-
perature. A considerable weight loss (14.94%) was observed
in the range 150-290 °C, which indicates active combustion
and decomposition of the precursor. At this stage, endother-
mic peaks were found at 176.75, 217.68, and 285.35 °C, as
shown in Fig. 1b, which correspond to the evaporation of
residual water, chemically bound water, and NH,, respec-
tively. In the last stage from 290 to 600 °C, little weight loss
was observed. An endothermic peak at 600 °C in the DTA
curve indicates total oxidation of vanadium to V°* [29].

The results of XRD analyses of the dried brown gels heat
treated at 300 and 400 °C to synthesize single-phase LiV3;0g
are shown in Fig. l1c and d. Phase analysis of the samples
with a stoichiometric composition (Li/V=1/3) (Fig. lc)
revealed the presence of an impurity (Lig3V,0s) as well as
intermediate phases (LiVO5; and V,0s), which may degrade
the electrochemical properties. To synthesize impurity-free
LiV30g, samples with an excess of lithium (Li;, ,V30Osg,
x=0.2) were prepared; the XRD results shown in Fig. 1d
reveal no evidence of a second phase. From the XRD
analyses (Fig. 1d), a possible reaction sequence for the
formation of impurity-free LiV30g, which is similar to that
proposed by Yang et al. [31], is as follows:

xLiOH +xNH,VO; - xLiVO; - xH,0+ (x—y)H,0 1 +NH4 1

(7
XLiVO; - xH>0 4+ xNH4VO; — LiV;05 +xNH; T + (x+)H,01
(®)
XNH4V308 - xH,O+ xLiOH —>XLiV30g +xNHj3 T + (X +y)H20T
©)
xLiVO3+xV,05 — LiV3;0g4 (10)

The TG/DTA studies provide evidence of the evaporation
of residual H,O, chemically bound H»,O, and NH4 from the
precursor, as shown in Eqgs. (7)«9). According to Eq. (10),
single-phase LiV3Og can be synthesized above 300 °C without
forming a second phase of Lij 3V30g, as shown in Fig. 1d. The
overall reaction sequence is summarized in Table 1. Moreover,
considering the increase of the (100) peak at 13.89° with
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Table 1

Overall reaction sequence for the formation of single-phase LiV30g.

LiOH V,05 LiVO; NH4VO; NH,4V;0g LiV;0g
Precursors dissolution l 1 (0] X X (0]
Precursors (with NH4OH) ! ! l O X -
Hydrothermal reaction® l 1 l l o il
Heating ( < 300 °C) l | ! l l il
Heating (~300 °C) X X X X X -

4200 °C for 12 h; O first formed; |amount decreased; amount increased;— amount constant.

. b
gt 78

o

TasnannuEwEY

Fig. 2. SEM images of single-phase LiV;Og synthesized by heat treatment at (a, b) 300 and (c, d) 400 °C. Insets in (b) show the presence of nanorods at
the surface of LiV3;Og aggregates, and insets in (d) indicate the presence of small particles and microrods forming a bi-modal size distribution.

increasing heat-treatment temperature, it is evident that higher
heat increases the crystallinity of the LiV3Og phase.

3.2. The morphology of lithium vanadium oxide

Fig. 2 shows the SEM images of the single-phase LiV;Og
synthesized by heat treatment at 300 (Fig. 2a and b) and
400 °C (Fig. 2¢ and d); the morphology and size of the as-
synthesized LiV3Og is significantly influenced by the heat-
treatment temperature. LiV30g samples synthesized by heat
treatment at 300 °C (LVO300) are highly agglomerated
compared with those heat treated at 400 °C (LVO400).
Interestingly, as-synthesized LVO300 contains tiny nanorods
(20-50 nm in diameter and ~ 500 nm in length) at the surface
of the agglomerated particles, which increases the surface area.

In contrast, as-synthesized LVO400 shows agglomerated
particles without any nanorods; instead, submicron-sized
particles (200-500 nm in diameter) and a few micron-sized
microrods (3—10 pm in length) form the bi-modal particle size
distribution. Generally, upon increasing the heat treatment
temperature from 300 to 400 °C, the particles of the products
become larger and more crystallized, which is in agreement
with the XRD results; however, the surface area shows the
reverse trend.

3.3. Electrochemical performance of lithium vanadium oxide

To investigate the effect of different heat-treatment temper-
atures on the electrochemical behavior of LiV3;Og during
Lit insertion/extraction, the discharge-charge behavior and
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differential capacity (dQ/dV) characteristics of the LiV;Og
cathode materials were measured at a current density of
0.1-0.2 C at room temperature at a potential ranging between
1.8 and 4.0 V (vs. Li/Li*"), as shown in Fig. 3. In Fig. 3a and
b, the initial capacities (Fig. 3a) and differential capacities
(Fig. 3b) of LVO300 and LVO400 measured at 0.1 C are
shown; LVO300 showed a higher initial capacity (Fig. 3a)
and the reduction/oxidation peaks of the first cycle were
significantly different with different heat-treatment tempera-
tures (Fig. 3b). The initial discharge capacities of LVO300
and LVO400 were 346.52 and 261.23 mA h/g, respectively.
A possible reason for this significant difference is the large
interface area of LVO300, which is similar to that reported
previously [33]: LVO300 samples contain relatively small
aggregated particles as well as surface nanorods (see Fig. 3b),
which decrease the diffusion distance for active lithium ions
and increase the initial capacity [34]. From the differential
capacities plot (AV'=0.02 V) shown in Fig. 3b, Li insertion/
extraction during the first discharge/charge process is evident.
Oxidation/reduction peaks of LVO300 were found at 2.29/
2.43, 2.56/2.66, 2.72/2.74, and 2.80/2.84 V, whereas those for
LVO400 were found at 2.52/2.74, 2.72/2.78, and 2.80/2.88 V.
During the initial discharge/charge process, the major oxida-
tion/reduction peak (2.56/2.66 V) of LVO300 was intense
compared with that (2.52/2.74 V) of LVO400, which demon-
strates the higher initial capacity of LVO300.

After Li* insertion/extraction for 50 cycles, another 50
discharge/charge cycles were performed on the same samples
at a current density of 0.2C. Fig. 3¢ and d shows the
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variation of the 51th capacities (Fig. 3c) and differential
capacities (Fig. 3d) of LVO300 and LVO400 measured at
0.2 C. In contrast with the first cycle at a current density of
0.1 C, the discharge/charge capacities (163.60/167.29 mA h/g)
of LVO400 were much larger than those (103.64/106.87 mA
h/g) of LVO300. Meanwhile, the main oxidation/reduction
peak of LVO300 shifted from 2.56/2.66 V for the first cycle at
0.1 C to 2.53/2.72'V for the Slst cycle at 0.2 C (Fig. 3b),
whereas the main peak of LVO400 did not change
(Fig. 3d). The oxidation/reduction peak shift of LVO300
can be correlated to fading capacities and structural
damage in the active materials during the insertion and
extraction of Li ions [35]. Also, the differential capacity of
LVO0400 was bigger, which confirms a higher capacity, and
new oxidation and reduction peaks were observed at 3.27,
3.31 and 3.75V, and 2.12, 3.20 and 3.59 V, respectively;
these contribute to the enhancement of the discharge/
charge capacities of LVO400 [35].

The discharge/charge capacities and cycling perfor-
mance of LiV;0g cathode materials with different thermal
treatment histories at two different current densities of 0.1
and 0.2 C are displayed in Fig. 4. The discharge/charge
capacities (measured at 0.1 C) for the first and 50th cycles
of LVO300 were 346.52/361.69 and 127.65/128.39 mA h/g,
respectively; at a current density of 0.2 C, the discharge/
charge capacities for the 51st and 100th cycles were 103.64/
106.87 and 78.66/76.51 mA h/g, respectively. For LVO400,
the discharge/charge capacities (measured at 0.1 C) for
the first and 50th cycles were 261.23/263.71 and 192.50/

100
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Fig. 3. Discharge—charge behaviors at the (a) first and (b) 51st cycles and differential capacity (dQ/dV’) characteristics at the (c) initial and (d) 51st cycles
of the LiV3Og cathode materials measured at current densities of 0.1 C (a, b) and 0.2 C (¢, d) at room temperature at a potential ranging between 1.8 and

4.0V (vs. Li/Li™).
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Fig. 4. (a) Cycling performance and (b) Coulombic efficiencies of LiV;Og cathodes heat treated at 300 and 400 °C.

195.16 mA h/g, respectively; at a current density of 0.2 C,
the discharge/charge capacities for the 51st and 100th
cycles were 163.60/167.29 and 157.35/158.51 mA h/g,
respectively. Although LVO300 shows higher initial capa-
cities at a current density of 0.1 C due to its large surface
area, its capacity fading was much more severe up to
50 cycles due to structural instability during the discharge/
charge process; the discharge/charge capacities during the
subsequent 50 cycles at 0.2 C faded much more slowly,
which is probably due to structural stabilization after
50 cycles at 0.1 C. For LVO400, the discharge/charge
capacities as well as cycling stability are much better, as
shown in Fig. 4. During the discharge/charge process at
0.1 C up to fifth cycle, the capacity faded rapidly due to
instability at the interface of the active materials and
electrolytes. However, after five cycles the capacities
stabilized and were almost constant up to the 50th cycle.
Also, during the subsequent 50 cycles at 0.2 C, excellent
cycling stability was observed up to the 100th cycle.
As shown in Fig. 4, all the samples showed Coulombic
efficiencies slightly greater than 100% during the entire 100
cycles. Comparing these two samples, LVO400 shows
lower initial capacities but improved cycling properties
than LVO300 due to its higher crystallinity and bi-modal
nature of particle sizes.

4. Conclusion

In this report, we elucidated the complex reaction
mechanism of LiV3Og phase formation during a hydro-
thermal reaction followed by heat treatment. Based on
XRD and TG/DTA data and the heat treatment of the
hydrothermally reacted gels with an Li/V ratio of 1.2, a
possible reaction sequence for the formation of impurity-
free LiV30g was proposed. The formation of the inter-
mediate NH4V30g phase was determined to play an
important role in the formation of the LiV;0g phase. We
also focused on the electrochemical properties of LiV;Og
cathode materials with different thermal histories; the heat
treatment temperatures significantly affect the morphology,
crystallinity, specific surface area, and electrochemical prop-
erties of the samples. Samples treated at 300 °C show a

higher initial capacity of 346.52mA h/g owing to the
increased surface area resulting from the presence of
nanorods on the aggregate surface, but rapidly fading
capacity due to structural instability. In contrast, samples
treated at 400 °C show excellent cycling behaviors, which is
probably due to its higher crystallinity and the bi-modal
particle sizes.
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