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a b s t r a c t

Boron was doped into lithium trivanadate through an aqueous reaction process followed by heating at
100 ◦C. The B-LiV3O8 materials as a cathode in lithium batteries exhibits a specific discharge capacity of
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269.4 mAh g at first cycle and remains 232.5 mAh g at cycle 100, at a current density of 150 mAh g in
the voltage range of 1.8–4.0 V. The B-LiV3O8 materials show excellent stability, with the retention of 86.30%
after 100 cycles. These result values are higher than those previous reports indicating B-LiV3O8 prepared by
our synthesis method is a promising candidate as cathode material for rechargeable lithium batteries. The
enhanced discharge capacities and their stabilities indicate that boron atoms promote lithium transferring
and intercalating/deintercalating during the electrochemical processes and improve the electrochemical
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ithium-ion battery performance of LiV3O8 ca

. Introduction

Lithium vanadium oxides have been extensively studied as a
otential cathode material for lithium ion batteries because of
heir high specific energy density, high working voltage and long
ycle life. These performances, in addition to their low cost and
on-toxicity, make the materials a promising alternative to the
xpensive and toxic LiCoO2 cathode materials commercially used
resently [1]. Of the families of lithium vanadium oxides, the LiV3O8
hase is particularly noticeable in the past 20 years because this
hase has a high capacity, can be readily fabricated, and has excel-

ent stabilities against oxidation [2–4].
For the successful application of LiV3O8 as a cathode in lithium

on batteries, the discharge capacity and cycle ability of LiV3O8
emains awaiting to be increased. Studies show that the electro-
hemical properties, including discharge capacity, rate capacity,
nd cycle performance, strongly depend on the methods of mate-
ials fabrication and processing [5,6]. This motivates extensive
fforts in the development of synthesis methods such as the sol–gel
ethod [7,8], hydrothermal reactions [9], flame synthesis [10], and

ost-processing techniques like grinding [11] and ultrasonic treat-

ent [12].
However, an important approach to enhanced charging perfor-

ance is the substitution of lithium with other cations. To date,
arious cations were doped into LiV3O8 including Na [13], K [14], Mo
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15], Si [16], Y [17], Mn and Ni [18]. Some are coupled with coating
f electronically conductive polymers such as polypyrrole [19,20].
tudies show that doping foreign atoms enhanced the electrochem-
cal performance of lithium batteries. For example, LiSi0.05V3O8
emained 224.3 mAh g−1 at cycle 150 and 143.0 mAh g−1 at cycle
00 at a current density of 150 mAh g−1 in the voltage range of
.8–4.0 V which was higher than undoped LiV3O8 [16]. The dis-
harge capacities of LiY0.1V3O8 electrode were higher than those
f LiV3O8 electrode, and the capacity retention at room tempera-
ure was higher (0.48% capacity loss/cycle) for LiY0.1V3O8 electrode
ompared to LiV3O8 electrode (1.46% capacity loss/cycle) [17].

The enhanced performance from doping is due to enlarged crys-
al layers which provide good channels for lithium transfer to inter-
alation/deintercalation in material electrodes. However, over dop-
ng may cause poor stability because the main structure of LiV3O8

ill be destroyed by too much doped atoms [16]. So, the appropri-
te amount of doping will be chosen to attain good electrochemical
roperties. In addition, different doping element has a different
ffect on the structures and electrochemical properties of LiV3O8
athode, which tell us the doping element will be carefully chosen.

Boron is electron-defect element. If it is incorporated into LiV3O8
ith its enough valences orbital, it would provide a stable struc-

ure during charge–discharge process. Additionally, the boron ion
an occupy the interlayer site of VO6 octahedrons and VO5 trigonal

ipyramids in LiV3O8 structure. The interlayer distance undergoes
n expansion with boron doping, leading to a much easier lithium
on intercalation/deintercalation. The discharge capacity and cycle
bility of LiV3O8 cathode is expected to be enhanced by boron
oping.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liyali@tju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.10.109
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In the present work, we incorporated boron into LiV3O8 in the
queous reaction of V2O5 and LiOH with the addition of boron
imple substance. XRD and XPS analysis found that the expansion
f the interlayer spacing of B-LiV3O8 by boron doping and the +3
xidation state of boron in B-LiV3O8 material, indicating boron is
ncorporated into the lattice of LiV3O8. Electrochemical measure-

ent shows the enhanced specific discharge capacity and excellent
tability.

. Experimental

Boron containing LiV3O8 was prepared from LiOH, V2O5 and
oron powers in an aqueous solution followed by heating. LiOH
nd V2O5 of a stoichiometric ratio for LiV3O8 and boron powders
ith the atomic ratios of Li:V:B = 1:3:0 and 1:3:0.1 were added into
eionized water. The dispersion was fully mixed by magnetic stir-
ing and heated at 80 ◦C for 0.5 h in kept stirring until the formation
f an orange viscous gel. The gel was heated at 100 ◦C for 3 h. B-
iV3O8 products were obtained which was grounded into 180 mesh
owders. For studying the effects of boron doping, pure LiV3O8
as prepared under the identical conditions but without the boron
owder addition.

The structures of products were studied using X-ray diffrac-
ion (XRD, Rigaku D/MAX-2500v/pc, CuK�), X-ray photoelectron
pectroscopy (XPS, PHI-1600), Fourier transform infrared spectrum
FTIR, WQF-510 Beijin Rayleigh, KBr pellets), and scanning electron

icroscope (SEM, JSM-6700F JEOL).
For electrochemical tests, cathode electrodes were prepared by

ixing the active material (LiV3O8 or B-LiV3O8), conductive addi-
ive (acetylene black) and binder (PTFE) in a weigh ratio of 75:20:5.
he materials, as a cathode, were assembled into lithium batteries
n an argon filled glove box, with the use of Celgard 2300 as a sepa-
ator, Li foil counter and reference electrodes, and 1 mol dm−3 LiPF6
n ethylene carbonate (EC), propylene carbonate (PC) and dimethyl
arbonate (DMC) (1:1:1 by volume, Jinniu) as electrolyte, to form
aboratory-made coin-type cells (size: CR2032).

Galvanostatic charge–discharge cycle tests were performed on
LAND 2001A battery testing system (Wuhan Jinnuo, China) at a

urrent density of 150 mAh g−1 in the potential range of 1.8–4.0 V vs.

i+/Li. Cyclic voltammetry (CV) test was performed on a CHI 660C
lectrochemical workstation at a scan rate of 0.5 mAh g−1 on the
otential interval 1.6–4.2 V vs. Li+/Li. All the tests were performed
t room temperature.

Fig. 1. XRD patterns of LiV3O8 and B-LiV3O8.
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ig. 2. XPS patterns of B-LiV3O8. (a) XPS survey spectrum; (b) high resolution XPS
pectra of V-2p; (c) high resolution XPS spectra of B-1s.

. Results and discussion

It is known that a lower degree of crystallization of LiV3O8
nhances the electrochemical performance [21]. X-ray diffractions

how that B-Li0.1V3O8 was poorly crystallized (Fig. 1). The diffrac-
ion peak close to 2 theta at 10◦ is from (100) planes of LiV3O8,
nd the lattice parameter is calculated to be d(1 0 0) =10.35 Å at
� = 8.54◦. This value is larger than d(1 0 0) =8.55 Å at 2� = 10.34◦ for
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ndoped LiV3O8. This may indicate that boron may enter the lat-
ice of LiV3O8 to shift the lattice parameter to lower angles and
xpand the interlayer spacing of LiV3O8. Many studies reported
his expansion of the interlayer spacing attributes to the inserting
f foreign atom during synthesis process, which provides a good
hannel and enhanced distribution of the Li+ ions in the LiV3O8
ayers [16–18,22].

XPS of V (Fig. 2b) show the binding energies of 516.95 and
24.29 eV which is assigned to V+5. The binding energy 521.84 eV is
ue to V+4. The peak at 191.99 eV attribute to B+3 (Fig. 2c). B changes
ome of V+5 in LiV3O8 to V+4 with the formation of B+3, which is
ndicated boron reacted with the reactants and may insert into the
attice of LiV3O8.

FTIR (Fig. 3) shows the presence of V O and V–O–V. –OH is found
t 1610, 1552 and 1415 cm−1 [23]. In B-LiV3O8, the absorptions
t 939, 742, 667 and 534 cm−1 are observed [24,25]. In undoped
iV3O8 the absorptions appear at 960, 744, 667 and 534 cm−1. In
omparison, the first absorptions have difference of 21 cm−1 indi-
ating that boron doping shift V O and V–O–V stretching to the
ed side. This may indicate that boron was bridged with vanadium
n the doped phases. Combined with XRD result, boron oxide may
orm interlayers in V–O groups that expands the interlayer spacing.

SEM (Fig. 4) shows the particle sizes of B-Li0.1V3O8 are between
.5 to 5 �m. The particle sizes of LiV3O8 are between 1 and 10 �m.
y boron doping, the size of materials is smaller and have more layer
tructure than the undoped material that can make an important
ffect on electrochemical performance of the samples.

The charge–discharge curves of B-LiV3O8 are displayed in
ig. 5 together with those of LiV3O8 for comparison. The first

ycle discharge specific capacity of B-LiV3O8 is 258.8 mAh g−1

hich is 37.73% higher than that for LiV3O8 (187.9 mAh g−1).
he significantly increased discharge capacity indicates the pro-
ounced effects of B-doping on the electrochemical performance
f the materials. Moreover, the discharge plateau for B-LiV3O8

A
s
t
i

Fig. 4. SEM images of LiV3O8 (
Fig. 3. FTIR spectra of LiV3O8 and B-LiV3O8.

s between 2.3 and 2.6 V, and this plateau is absent in the
ndoping materials. This also benefits from B-doing which Boron
xide may form inter-layers in V–O groups making the structure
ore stable during charge–discharge process. The voltage plateau

orrespond to cathodic/anodic peaks for the lithium ion intercala-
ion/deintercalation [20]. The voltage plateau is expected because
t can ensure the discharge process of battery at a stable voltage
ange.
Fig. 6 shows charge–discharge cycling of B-Li0.1V3O8 and LiV3O8.
fter 100 cycles of charge–discharge, the capacity of B-Li0.1V3O8 is
till over 230 mAh g−1 with the capacity retention of 86.30% from
he initial value. The capacity after 100 cycles for LiV3O8 however
ncreased from 187.9 to 215 mAh g−1. It is interesting to note that

a, b) and B-LiV3O8 (c, d).
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Fig. 5. Initial charge–discharge curves of LiV3O8 and B-LiV3O8.

he capacity of B-LiV3O8 still displays a plateau at 228.6 mAh g−1

fter 83 cycles, while LiV3O8 kept absence of this peak value.
The maximum discharge capacity of undoped LiV3O8 is shown

fter some cycles while there is no such expression in B-LiV3O8
aterial. It is indicated that the diffusivity/intercalation of Li+ in

he undoped LiV3O8 is much lower than B-LiV3O8 at the initial
tage [20]. It is because by boron doping, the interlayer space is
xpanded according to XRD result, which provide a good channel
nd enhanced distribution of the Li+ ions in the LiV3O8 layers. The
ore diffusion paths of B-LiV3O8 lead to faster intercalation of Li+

han undoped LiV3O8.
The effects of oxidation of B-LiV3O8 on the CV profiles in a sub-

equent cycle between 4.0 and 1.8 V are shown in Fig. 7. LiV3O8
nd the B-LiV3O8 cathode initially have a circuit voltage (OCV)
round 3.4 V. The first voltammograms show very different from
hose reported in literatures [17,18]. The difference is likely resulted
rom some structural modifications during the first charge and dis-
harge operations. From Fig. 7, it can also be seen that the prolonged
ycling kept the shapes of the curves nearly unchanged. This indi-

ates greatly enhanced reversibility of LiV3O8 cathode material by
-doping.

Finally, we analyze the second CV curves of B-LiV3O8 and LiV3O8,
hown in Fig. 8. The B-LiV3O8 phase show three oxidation peaks
t 2.91, 2.44, 3.00 V vs. Li/Li+ and three reduction peaks at 2.71,

Fig. 6. Cycling stability curves of LiV3O8 and B-LiV3O8.

d
p
o
B
a

Fig. 7. Cyclic voltammograms of (a) LiV3O8 and (b) B-LiV3O8 for 1–5 cycles.

.01, 3.45 V vs. Li/Li+. The boron doped sample exhibits three oxi-
+
ation peaks at 3.21, 2.98, 2.36 V vs. Li/Li and three reduction

eaks at 2.35, 3.47 V vs. Li/Li+. The oxidation and reduction peaks
f the samples are wide absent of noticeable plateaus. However,
-doping produces a larger peak area than the undoped materi-
ls. This indicates a higher specific charge–discharge capacity, in

Fig. 8. Cyclic voltammograms of LiV3O8 and B-LiV3O8 (second cycle).
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greement with that obtained from the charge–discharge cycle
est.

. Conclusions

In summery, boron was doped into LiV3O8 through an aqueous
olution reaction followed by heating at 100 ◦C. The as-prepared
aterials were well characterized. The boron doping increases the

nterlayer spacing of materials structure and makes the materi-
ls structure more stable during charge–discharge cycles, which
mprove the electrochemical performance of LiV3O8 significantly.
he reason for the good performance is that boron broadens the
athway between adjacent vanadate chains for the diffusion of

ithium in the material and stabilizes the layer structure.
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