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In this paper, we report on the synthesis of porous LiV30g by using a tartaric acid-assisted sol-gel
process and their enhanced electrochemical properties for reversible lithium storage. The crystal struc-
ture, morphology and pore texture of the as-synthesized samples are characterized by means of XRD,
SEM, TEM/HRTEM and N, adsorption/desorption measurements. The results show that the tartaric acid
plays a pore-making function and the calcination temperature is an important influential factor to
the pore texture. In particular, the porous LiV30g calcined at 300°C (LiV30g-300) exhibits hierarchi-
cal porous structure with high surface area of 152.4m?g-!. The electrochemical performance of the
as-prepared porous LiV30g as cathode materials for lithium ion batteries is investigated by galvanostatic
charge-discharge cycling and electrochemical impedance spectroscopy. The porous LiV30g-300 displays
a maximum discharge capacity of 320 mAh g-! and remains 96.3% of its initial discharge capacity after 50
charge/discharge cycles at the current density of 40mA g~! due to the enhanced charge transfer kinetics
with a low apparent activity energy of 35.2 kj mol~!, suggesting its promising application as the cathode
material of Li-ion batteries.
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1. Introduction

Exploring cathode material with larger discharge capacity and
higher energy density is still the main challenge for developing
lithium ion batteries because their electrochemical performance
is usually cathode limited [1,2]. Vanadium oxide-based materi-
als have attracted significant attention due to their low-cost, high
discharge capacity and high specific energy [3-7]. Among them,
the layered lithium trivanadate (LiV30g) can insert reversibly over
three Li per formula unit at the tetrahedral sites, making it one
of the promising substitutes for expensive LiCoO, cathode used
commercially in lithium ion batteries [8-10]. However, the LiV30g
synthesized by traditional solid-state method suffers from seri-
ous capacity loss caused by poor kinetic diffusion of Li* ions into
LiV30g tetrahedral sites [11]. To overcome this obstacle, many
research efforts have been focused on improving the electrochemi-
cal properties of LiV3Og by either developing new synthetic method
[12-15] or structural/morphological modification [16-18].

It is found that the grain morphology and crystal shape play a
major role on the initial capacity and cyclability of LiV30g [19,20].
Reducing the particle size and increasing the surface area would
improve Li* ion diffusion kinetic, leading to higher specific capac-
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ities and better cyclability. For example, Xu et al. have showed
that LiV30g nanorods exhibit the highest discharge capacity of
302mAhg-! and remain 278 mAh g1 after 30 cysles [21]. Liu et al.
have demonstrated that single-crystalline LiV30g nanorods show
an initial discharge capacity as high as 348 mAhg-! at 20mAg-1,
and still remain at 303 mAhg-! at 50mAg-! [22]. Li et al. have
reported that carnation-like LiV30g nanostrutures present the
highest capacity of 357mAhg-! and enhanced cycling perfor-
mance [23]. Recently, Liang and co-workers have demonstrated
that the LiV30g nanorods prepared by a thermal co-decomposition
method deliver specific discharge capacities of 320mAhg~! and
239mAh g1 at current densities of 100mAg-1and 1Ag-1, respec-
tively, and exhibit good capacity retention [24]. On the other hand,
it should be noted that converting the materials from solid bulk
to porous forms, which can decrease the polarization and allevi-
ate the structure stress during the charge/discharge cycling, is an
efficient method to improve the electrochemical performance of
cathode materials [25,26]. Indeed, Cui et al. have reported that
the LiV30g nanotubes with inner diameter of 30-50 nm have a
high initial discharge capacity of 457 mhAg-! at current density
of 30mAg-!, but the discharge capacity decreases quickly [27].
To the best of our knowledge, the controllable synthesis and elec-
trochemical properties of LiV30g with mesoporous structure has
not been reported yet. Herein, we present a facile and controllable
route to synthesize porous LiV30g by a tartaric acid-assisted sol-gel
method. Furthermore, the specific capacity, cycling performance
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Fig. 1. XRD patterns of the as-prepared LiV50g samples: (a) LiV30g-300, (b) LiV30g-
400, (c) LiV305-500 and (d) LiV30g-300 bulk.

and electrochemical kinetics of the as-synthesized porous LiV30g
were investigated in detail, indicating their potential application as
the cathode material for rechargeable Li-ion batteries.

2. Experimental details
2.1. Synthesis and characterization of porous LiV30g

The porous LiV30g were synthesized through a sol-gel route. All of the chemical
reagents were of analytical grade and used without further purification. In a typical
preparation of porous LiV30g, 0.001 mol of LiOH-H,0, 0.003 mol of NH4VO3 and
0.003 mol of tartaric acid (CgH140¢) were dissolved into 20 mL of deionized water
under magnetic stirred. Then, the resultant solution was dried in air at 80°C until
a black xerogel was obtained. Afterwards, the xerogel was calcined at 300, 400 and
500°C in a muffle furnace oven for 2 h to obtain the samples, which were denoted as
LiV305-300, LiV305-400 and LiV30s-500, respectively. For comparison, the LiV30g
bulk particles calcined at 300 °C (LiV30g-300 bulk) were prepared from the process
mentioned above without addition of tartaric acid.

The phase of the as-prepared samples was investigated by powder X-ray
diffraction (XRD, Rigaku D/max-2500 X-ray generator, Cu Ka radiation). The mor-
phology and microstructure of the samples were analyzed with scanning electron
microscopy (SEM, JEOL JSM-6700F Field Emission, 10kV), transmission electron
microscopy (TEM), and high-resolution TEM (Philips Tecnai T20ST, 200 kV) [28].
The specific surface areas and pore distribution of the products were detected by
nitrogen adsorption-desorption measurements (BEL-SORP-mini, BEL, Japan).

2.2. Electrochemical measurements

Electrochemical properties of the as-synthesized samples were studied using
two-electrode test cells. The working electrode as cathode was fabricated by com-
pressing a mixture of 85 wt% active material (as-prepared LiV30g samples), 10 wt%
carbon black (Cabot, Vulcan XC-72) and 5 wt% polyvinylidene fluoride (PVDF) onto
a Al foil and then drying in vacuum at 80°C for 24 h. The test cells were assem-
bled in a glove-box (Mikrouna Co., Ltd., Universal 2240/750) filled with pure argon
(99.999%), lithium foil as anode and Celgard 2320 as separator. The electrolyte solu-
tion was 1.0molL~" LiPFg dissolved in a mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC) solution with the volumetric ratio of 1:1.

The capacity and cycling performance of the electrode were investigated by
a galvanostatic charge-discharge method using Land battery measurement sys-
tem (CT2001A, WuHan, PR China) in the potential range of 1.5-3.5V (vs. Li*/Li)
at current density of 40mAg-'. The capacity was based on the amount of the
active material, excluding the weight of the additives in the electrode. The elec-
trochemical impedance spectroscopy (EIS) was investigated by the Parstat 2273
potentiostat/galvanostat analyzer (AMTECT Company) with an AC voltage of 10 mV
amplitude in the frequency range from 1 x 10° to 1 x 102 Hz. Prior to EIS measure-
ment, the as-assembled cells were discharged to the requested voltage and held for
4h to reach the equilibrium state at 20, 30, 40 and 50 °C, respectively. The EIS data
were analyzed using ZsimpWin software.

3. Results and discussion
3.1. Structural and morphological Characterization

Fig. 1 shows the XRD patterns of the as-synthesized LiV30g
samples calcined at 300 (LiV30g-300, Fig. 1a), 400 (LiV30g-400,

Fig. 1b) and 500°C (LiV30g-500, Fig. 1c) with and without tar-
taric acid (LiV30g-300 bulk, Fig. 1d), respectively. It can be seen
that the positions of the characteristic peaks of the samples are
accordant with each other. All of the characteristic peaks can be
indexed into monoclinic LiV30g with space group of P21/m (JCPDS
card no. 72-1193). No peak from other phase has been detected,
revealing the high phase purity of the as-synthesized samples. In
addition, with increasing the calcination temperature, the inten-
sity of the diffraction peaks becomes stronger, indicating the higher
crystallinity.

The influence of tartaric acid and calcination temperature on
the morphology of the products was investigated by SEM images,
as shownin Fig. 2. The sample synthesized by the sol-gel method, in
which the calcination temperature is 300 °C and no tartaric acid was
added in the reaction system, is always composed of compact and
irregular microparticles with size of about 1-3 pwm (Fig. 2a and b).
When the tartaric acid is added in the reaction system, the LiV30g
calcined at 300°C (LiV30g-300) is composed of porous particles
with size of about several micrometers, as shown in the overview
SEM image (Fig. 2c). Increasing the magnification, it can be seen
from Fig. 2d that the LiV30g microparticles are honeycomb-like in
shape with pore size distribution from around 10 nm to several
tens of nanometers over the whole area of the LiV30g particles.
This result reveals that the tartaric acid decomposes and releases
CO, and H,0 gases during the calcination process, which is the key
factor in the formation of pores and tunnels in the LiV30g sam-
ple. In addition, it is found that the calcination temperature plays
an important role in controlling the pore texture of the LiV30g
samples. The sample calcined at 400 °C (LiV30g-400) is also com-
posed of porous microparticles (Fig. 2e). However, the pore size is
in the range of 0.5-1 pm, which is much larger than that of the
LiV30g-300. Moreover, the pore wall of LiV30g-400 splits and in
fact is assembled by a large number of nanoparticles with size
of about 200 nm, as shown in the magnified SEM image (Fig. 2f).
When the calcination temperature grows to 500 °C (Fig. 2g and h),
the sample (LiV30g-500) consists of a large number of particles
with size between 300 and 600 nm, and no obvious porous struc-
ture is detected. It is believed that the gas generation rate is varied
at different temperature. The increase of the calcination tempera-
ture from 300 to 500 °C accelerated the gas generation rate, which
results in enlarging the pore size and even destroying the porous
structure. Moreover, the change in particle size with temperature
can be explained by variation of the growth rate at different tem-
perature. The increase of the calcination temperature from 300 to
500°C accelerated the growth rate of the particles, which leads the
larger size of the products. Thus, the LiV30g-400 and LiV30g-500
samples showed large particles.

Furthermore, TEM technique has been employed to investigate
the detailed structure of the as-prepared porous LiV30g-300, as
shown in Fig. 3. A low magnification TEM image in Fig. 3a presents
the porous structure of the LiV30g-300, which is consistent with the
observation in the SEM images (Fig. 2c and d). It can be seen from
Fig. 3b that the porous LiV30g is assembled by aggregate primary
nanoparticles with sizes of several tens of nanometers, showing
wormbhole-like meso- and macroporous structure. In addition, the
magnified TEM image in Fig. 3c indicates that the primary nanopar-
ticles present mesoporous structure with pore size between 2 and
4 nm. The high-resolution TEM (Fig. 3d) image taken from the edge
of the porous LiV30g particles shows that the apparent lattice
spacing is 0.314 nm, which is in accordance with the interplanar
distance of the (—1 1 1) crystal plane of LiV30g. This result is further
confirmed in the corresponding fast Fourier transform (FFT) pattern
(inset in Fig. 3d), indicating the well-crystallized monoclinic phase
of the porous LiV30g-300 sample.

Fig. 4 shows the N, adsorption/desorption isotherms and cor-
responding Barrett-Joyner-Halenda (BJH) pore size distribution
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Fig. 2. SEM images of the as-synthesized LiV30g samples: (a, b) LiV30g-300 bulk, (c, d) LiV305-300, (e, f) LiV305-400 and (g, h) LiV30g-500.

of the porous LiV30g-300 sample. The shape of the isotherms
indicates that the as-synthesized LiV30g-300 contains multimodal
pores (Fig. 4a) [29]. The steep increase of N, adsorbed volume
at high relative pressure reveals the presence of macropores in
the sample, while, the H3 type hysteresis loop in the isotherms
confirms the mesoporosity. The BJH calculation (Fig. 4b) reveals
that the LiV30g-300 sample presents a narrow pore size distribu-
tion between 2 and 4 nm, suggesting the ordered pore structure.
Besides the main pore size distribution, in fact, the BJH calcu-
lation reveals that the LiV30g-300 sample presents pore size in
the range of 10-15 and 20-30nm from the magnified BJH curve

marked by rectangle frame (Inset in Fig. 4b), which is in agree-
ment with the SEM images. Furthermore, the total specific surface
area of LiV30g-300 estimated from the Brunauer-Emmett-Teller
(BET) method is 152.4m?2 g1, which is much higher than that
of the as-synthesized LiV305-300 bulk (7.8mZ2g-!). As far as
we know, it is the highest surface area for LiV30g that have
ever been reported to date [20,22]. This result suggests that
the tartaric acid-assisted sol-gel process is an effective way for
obtaining hierarchical porous structure with enlarged specific
surface areas, which can provide more active sites for lithium
storage.
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Fig. 3. (a-c) TEM and (d) HRTEM images of the as-prepared LiV305-300. Inset in (d) shows the corresponding FFT pattern.

3.2. Electrochemical Characterization

Fig. 5 shows the discharge-charge curves and cyclability of the
as-synthesized LiV30g samples at current density of 40mAg-1.
As shown in Fig. 5a, the voltage profiles of the as-synthesized
LiV30g-300, LiV30g-400, LiV30g-500 and LiV30g-300 bulk elec-
trodes present a similar shape. The potential decreases with the
discharge processing, showing two voltage plateaus at about 2.8
and 2.5V (vs. Li*/Li), respectively. It has been reported that the dis-
charge plateau of 2.8 V is ascribed to single-phase lithium insertion
process for LiV30g, and the 2.5V plateau reveals the two-phase
transformation between Li; +xV30g (1 <x <2)and LizV30g [22,30].
Meanwhile, the charge profile shows one flat voltage plateau at
around 2.72V, indicating occurrence of lithium extraction from the
Li4V30g phase and simultaneous formation of the LiV30g phase. In
fact, one obscure plateau at around 2.85V also can be observed
in the charge profile, which is an electrochemical signature of a
delithiation process in the single LiV30g phase [11]. Furthermore,
the LiV30g-300 exhibits longer potential plateau, delivering much
higher discharge capacity than these of other samples. The increase
in the discharge capacity is attributed to the fact that the micro-
and mesopores in the LiV30g-300 can provide more active sites for
lithium ion accommodation.

The cyclic performance of the samples at40 mA g~ ! in the poten-
tial range of 1.5-3.5V (vs. Li*/Li) was investigated. As shown in
Fig. 5b, the LiV30g-300 bulk obtained without addition of tartaric

acid presents an initial discharge capacity of 258 mAh g~ but with
a serious capacity fading in the cycling. The discharge capacity
decreases quickly to 139 mAhg-1 after 50 cycles, corresponding
to only 53.9% of the initial value. The capacity decay for LiV30g
obtained with addition of tartaric acid is far slower compared to the
LiV30g-300 bulk. In particular, the porous LiV30g-300 shows a high
initial discharge capacity of 301 mAhg~! and the discharge capac-
ity increases to a maximum value of 320mAh g~ at the 3rd cycle
following with a slight decrease upon cycling. This result can be
explained by an activation process. After a few cycles, more lithium
ions can be accommodated in the porous LiV30g-300 through the
hierarchical pores and inner tunnel. Thus, an increase in capacity
was observed. After 50 charge/discharge cycles, the porous LiV30g-
300 still maintains a capacity of 290mAhg-1, corresponding to
96.3% of its initial discharge capacity. It is noted that the porous
LiV30g-300 outperforms the previously reported LiV30g rods and
polypyrrole-LiV30g composite in discharge capacity [15,17], and
the capacity retention of the porous LiV30g-300 is comparable
to the nanostructured LiV3Og [16,22]. Although the LiV30g-400
and LiV30g-500 show lower initial discharge capacities (255 and
202 mAh g1, respectively) than that of the LiV30g-300 bulk, they
exhibit better cycling stability. At 50th charge/discharge cycle, the
discharge capacities of the LiV30g-400 and LiV30g-500 keep at 202
and 166 mAh g1, respectively. Thus, the surface morphology has a
strong influence on the capacity and cycling performance of LiV30g
electrode.
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Furthermore, the electrochemical impedance spectroscopy (EIS)
was used to study the lithium ion intercalation kinetics. Panels a
and b in Fig. 6 shows the EIS measured at different temperature
for the porous LiV30g-300 and LiV30g-300 bulk electrodes at 2.5V
(vs. Li*/Li) on their 5th discharge cycle. It can be found that the
impedance curves show two partially overlapped semicircles in
the high- and medium-frequency region and an inclined line in the
low-frequency region. In the light of the equivalent circuit shown
in Fig. 6¢, the semicircle could be assigned to the combination of the
electrode/electrolyte interface filmresistance (R¢) and charge trans-
fer resistance (R ), while the linear portion could be considered as
Warburg impedance [31]. The values of R¢; for porous LiV30g-300
are 170.0, 113.8, 66.2 and 51.1 2 at 20, 30, 40 and 50°C, respec-
tively, which are smaller than those of LiV30g-300 bulk (806.0,
436.4,233.9 and 127.6 2) at the corresponding temperatures, indi-
cating that the porous structure facilitate the lithium ions transfer
and intercalation. The apparent activation energies (E,) for lithium
intercalation were estimated by electrochemical impedance spec-
troscopy (EIS) [6]. The apparent activation energies (E; = —Rk, R is
the gas constant and k is the slope of the straight line in Fig. 6d)
of porous LiV30g-300 and LiV30g-300 bulk are calculated to be
35.2 and 50.9k] mol~1, respectively. The lower activation energy
of porous LiV30g-300 indicates the enhanced kinetics of lithium
ion diffusion.

On the basis of the results mentioned above, the porous LiV30g
exhibit enhanced electrochemical performance. The reasonable
explanation is discussed as follows. First, the porous structure pro-
vides high surface area and extra tunnel to make the efficient
contact of the porous LiV30g with the electrolyte, which decreases
the polarization of the electrode. Second, the continuous and thin
pore walls also facilitate the transport of electron and lithium
ion. Thus, the charge transfer kinetics is improved. Finally, the
porous framework could act as a buffer to alleviate the LiV30g vol-
ume change during charging/discharging, resulting in the improved
cycling stability. Consequently, the porous LiV30g-300 presents
enhanced discharge capacity and cycling performance

4. Conclusions

The pore size and surface texture of porous LiV30g, which were
prepared by a tartaric acid assisted sol-gel method, were readily
controlled by altering the calcination temperature. The as-prepared
porous LiV30g-300 with surface area of 152.4m?2g-! exhibited a
maximum discharge capacity of 320mAh g1 at current density of
40mAg~! and remained 96.3% of its initial discharge capacity after
50 cycles. The improved electrochemical properties of the porous
LiV30g-300 is contributed to their enhanced charge transfer kinet-
ics, indicating their potential application as cathode material in
lithium ion batteries.
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