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A composite cathode material, B-LiVOPO,/LaPO,, is
synthesized by a sol-gel method. The synthesized samples are
characterized by XRD, SEM, TEM, EDS, XPS, and
electrochemical tests. Results indicate that LiVOPO, has an
orthorhombic structure with a Pnma space group and that
LaPO, has a monazite structure with a P21/n space group.
EDS and TEM results illustrate that LaPO, with typical sizes
of 10-40 nm is homogeneously distributed on the surface of
primary LiVOPO, particles. The synthesized f-
LiVOPO,/LaPO, exhibits much better electrochemical
performance than bare B-LiVOPOQO,. The B-LiVOPO,/LaPO,
samples delivered an initial discharge capacity of about 127.0
mAh g_l at 0.1 C and possessed favorable capacities at rates
of 0.5 and 1 C. Therefore, surface modification of crystalline
LaPO, is an effective way to improve the electrochemical
performance of B-LiVOPO,.

Introduction

Lithium-ion batteries are rechargeable batteries that can be used
in portable electronic devices, electric vehicles, and hybrid
electric vehicles, among others, because of their high specific
capacity, long cycle life, and high operating voltage.'” A
significant amount of research has focused on new cathode
materials for lithium-ion batteries. After Goodenough’s
laboratory 7 published their research results, interest in
polyanionic compounds as lithium storage electrodes for
rechargeable batteries grew. Specifically, lithium transition metal
phosphates, such as LIMPO, (M = Fe, Mn, or C0),5® LisV,(POy,);
(M =V, Fe, or Ti),”"" LiVPO,F,'*" and LiVOPO,,'* have
gained extensive attention as cathode materials because of their
high energy density, low cost, and excellent thermal stability.

LiFePO, is the simplest, most widely studied, and
potentially most useful of these cathode materials because of its
high lithium intercalation voltage (3.5 V vs. Li), high theoretical
capacity of 170 mAh g™, and low cost."* Compared with
LiFePQ,, lithium vanadyl phosphate (LiVOPO,) exhibits higher
energy density at nearly the same theoretical capacity of 166
mAh g ' and a higher lithium intercalation potential of about 4
V." LiVOPO, exists as a-LiVOPO, (triclinic, space group P-1)
or B-LiVOPO, (orthorhombic, space group Pnma), which exhibit
electronic conductivities of about 107! and 107° S em™,
respectively.'®"” The orthorhombic phase has been extensively
investigated because of its excellent ion-intercalation properties.
However, the poor electronic and ionic conductivity has been an
obstacle to the development of LiVOPO,.'*™"

Carbon coating, nano-sizing, porous structures, and
morphology tailoring have been investigated to improve the
performance of LiVOPO, cathode materials; however, these
techniques present certain disadvantages.”>**  Pure-phase
LiVOPO,, for example, is synthesized mainly through sintering
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in air, which results in negative effects on carbon coating and
metal doping and leads to poor electrochemical performance.
Hence, exploring other novel ideas to realize improved Li battery
performance is necessary.

Introducing electrical additives to the surface of cathode
materials is an effective way to improve the electrochemical
performances of phosphate-based cathode materials.>>> M. M.
Ren synthesized B-LiVOPO4/RuO, composites presenting good
electrochemical Li ion intercalation performance because of
enhanced electrical conductivity and Li ion diffusion.’ However,
the electrical additives were only coated at a micro-scale level
onto the pristine f-LiVOPO, particles so that improvements in
the electrochemical performance of the lithium batteries were not
very obvious. According to the reference, 2® introducing LaPOy
(with good ionic conductivity) to the surface of a cathode
material (Li[NijsCo0y,Mn(3]0,) is an effective way to improve
the electrochemical performance of Li[NiysCog,Mng 3]O,.

In the present study, B-LiVOPO,/LaPO, composite was
synthesized and characterized, and the effects of LaPO, surface
modification on the structural and electrochemical properties of
the composite were investigated.

Experimental

The B-LiVOPO,/LaPO,4 composite was synthesized via a sol—gel
method. First, a stoichiometric amount of NH,VO; (AR, >
99.0%), LiNO; (AR, > 99.0%), (NH,),HPO,4 (AR, > 99.0%), and
La(NO;);(AR, > 99.0%) at 1:1.05:1.03:0.03 molar ratio were
dissolved in water with magnetic stirring at 85 °C for 2 h. When
the raw materials were completely dissolved, C,H,04:2H,0 (AR,
> 99.0%) was dissolved as both the chelating agent and reducer.
Next, the mixture was continuously stirred at 85 °C until a dark
blue gel formed. This gel was then dried and sintered at 450 °C
for 8 h in air atmosphere to form B-LiVOPO,/LaPO,4 composite
powder. The product was spontaneously cooled to room
temperature, and the $-LiVOPO,/LaPO, composite was obtained.
Bare B-LiVOPO, was synthesized via the same method but
without La(NOs);. The molar ratio of NH4VO;, LiNO;, and
(NH4),HPO,4 used was 1:1.05:1.

The elemental composition of the powders was
determined by XPS on an instrument (Kratos Model XSAMS800)
equipped with a Mg Ko achromatic X-ray source (1235.6 eV) and
a JEOL-energy dispersive spectroscopy (EDS) detector.
Structural and crystalline phase analyses of the products were
conducted by XRD (Rint-2000, Rigaku) using Cu Ka radiation.
The samples were observed by SEM, JEOL JSM-5600LV) and
TEM (Tecnai G12). Elemental carbon analysis was performed
using C-S analysis equipment (Eltar, Germany).

Electrochemical characterizations were performed using
CR2025 coin-type cells. The composite electrodes were prepared
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by mixing the as-synthesized composite with carbon black and
polyvinylidene difluoride at a weight ratio of 80:10:10 using
NMP as the solvent. The cathode was prepared by spreading the
mixture on an aluminum foil. Charge—discharge tests of the
s samples were performed in coin cells with cathodes and lithium
anodes. After solvent evaporation, the electrodes were punched to
form disks with 14 mm diameter and then dried at 120 °C for 4
h. The test cell consisted of the positive electrode and lithium foil
negative electrode separated by a porous polypropylene film, and

10 1 mol L™" LiPF, in EC: EMC: DMC (1: 1:1 v/v) as the electrolyte.

The coin cells were assembled in a dry Ar-filled glove box.
The cells were charged and discharged over a voltage range of
3.04.5 V versus a Li/Li" electrode at 25 °C. The cycling and
charge—discharge performance of the cells was tested using an

1s automatic galvanostatic charge—discharge unit (LAND battery
cycle). Cyclic voltammograms were recorded with a scan rate of
0.1 mV s ! between 3.0 and 4.5 V.

Results and discussion

The XRD patterns of the synthesized powders are shown in Fig. 1.

20 The sharp peaks in the patterns indicate that the powders are well
crystallized. The pattern of the B-LiVOPO, powders is consistent
with the JCPDS data (PDF#85-2438) and literature reports.> >
The main crystalline phase in both samples represents an
orthorhombic structure with a Pnma space group. A subtle

»s difference may be observed between bare B-LiVOPO, and (-
LiVOPO,/LaPO, from 28° to 31° (marked with an oval). The
main planes of (1 2 0), (2 1 0), (0 1 2), and (-1 1 2) indicate the
diffraction peaks of impurities corresponding to the peaks for
LaPQ,, which is consistent with the JCPDS data (PDF#83-0651).

30 These results that LaPO, has a crystalline phase and a monazite
structure with a P21/n space group. The weight percentage of
LaPO, in the B-LiVOPO,/LaPO, composite is 4%. No other
diffraction peak is found in the XRD patterns. The amount of
carbon in the composites is about 1.2 wt.%, as determined by the

35 C—S analysis method. Carbon remaining in the composite could
not be detected by XRD, which indicates that the residual carbon
is amorphous.

SEM images of bare B-LiVOPO, and B-LiVOPO,/LaPO, are
shown in Fig. 2. The surfaces of bare B-LiVOPO, particles [Figs.
a0 2(a) and 2(b)] are slightly smoother than those of pB-
LiVOPO,/LaPO, [Figs. 2(c) and 2(d]. In addition, the particle
sizes of B-LiVOPO4/LaPO,4 sample are much smaller than those
of bare B-LiVOPO,, which is beneficial to intercalation and de-
intercalation of Li ions over short paths. Moreover, f-
4s LiVOPO4/LaPO,4 has more pores than B-LiVOPQy,; these pores
cause an increase in the specific area of the former. The surface
areas of B-LiVOPO, and B-LiVOPO4/LaPO, are 3.012 and 3.898
m’g ', respectively.

B-LiVOPO, f
I - LiVOPO /LaPO,
——PDF #85-2438

LaPO (PDF#83-0651)
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Fig.1 XRD patterns of the synthesized samples

Fig.2 (a, b) SEM images of B-LiVOPO,,

(c, d) SEM images of B-LiVOPO,/LaPO,

LaPO,

RS

3k
(120)

60

Fig.3 (a, b) TEM image of B-LiVOPO,/LaPO4 composite material (c)
The local amplification of one of selected LaPOj, site (d, e) Fourier
transform (FFT) of the selected areas

HRTEM images of B-LiVOPO,/LaPO, are shown in Fig.
6s 3. As seen in Figs. 3(a) and 3(b), the B-LiVOPO, particle is
surrounded by LaPO, nanoparticles, and the particle size of
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LaPQ, is within 1040 nm. The presence of LaPO, as observed in
the present study is different from that described in previous
literature reports, in which LaPO, may be observed as a thin
amorphous layer on the surface of the particles.® To verify the

o

characteristics of LaPO, modification, local amplification of one
of the modification sites (marked with a blue circle) was
performed, as shown in Fig. 3(c). One type of lattice fringe was
found in the LaPO, modification site [right section in Fig. 3(c)].
The lattice fringe is attributed to LaPO, with an inter-planar
spacing of 3.12 A, which corresponds to the (1 2 0) lattice plane.
These results indicate that crystalline-phaseLaPO, particles are
distributed on the surface of B-LiVOPO, particles, which is
consistent with the XRD results. Figs. 3(d) and 3(e) reveal the
Fourier transform (FFT) of the selected areas. The FFT image in
Fig. 3(d) shows the diffraction spots of B-LiVOPO,, while the
FFT image in Fig. 3(e) corresponds to the diffraction spots of
LaPO,.

To analyze the uniformity of element distribution in
LaPO,, EDS analysis was carried out. Fig. 4 shows the EDS
patterns of vanadium, phosphorus, and lanthanum in the f-
LiVOPO,/LaPO, phosphorus
are uniformly distributed in the sample, and lanthanum is

>

@

2

S

sample.  Vanadium  and
homogeneously dispersed on the surface of primary particles.
These results clearly illustrate that crystalline LaPO, is
2s homogeneously distributed on the surface of B-LiVOPO, primary

particles.

Fig.4 X-ray spectroscopy (EDS) analysis of vanadium, phosphorus and
lanthanum for B-LiVOPO,/LaPO, composite material

30 The XPS spectra of B-LiVOPO,/LaPO,4 sample are shown
in Fig. 5. Peaks appearing at 54.96, 130.70, 531.80, 517.28, and
853.08 eV can be assigned to Lils, P2p, Ols, V2p, and La3d3,
respectively. The test values are fairly consistent with the
reference,”’ which reports that Li*, P>*, O*, and La*" cations

35 exhibit characteristic peaks of Lils, P2p, Ols, and La3d3 at 54.9,
130.6, 531.8, and 853.0 eV, respectively. In addition, according
to another reference,”® V**(V0,) cations exhibit a peak of V2p at
517.3 eV. These results reveal that the valence state of vanadium
in the external surface area of the sample is +4 and that of

40 lanthanum is +3. The results are consistent with the discussion
above.

The charge/discharge curves of Li/B-LiVOPO, and Li/B-
LiVOPO,/LaPO; cells at different rates of 0.1, 0.25, 0.5, and 1 C
(160 mA g') in the voltage range of 3.0-4.5 V at 25 °C are

45 illustrated in Fig. 6(a). The AV of charge/discharge plateaus in the
curves of the B-LiVOPO,/LaPQy cell is much smaller than that of
bare B-LiVOPOQ,. In addition, the initial discharge capacities of f3-
LiVOPOQ,at rates of 0.1, 0.25, 0.5, and 1 C are about 109.1, 94.3,
76.7, and 54.6 mAh g ', respectively, whereas those of pB-

so LIVOPO4/LaPO, are about 127.0, 120.0, 103.6, and 83.0 mAh
g !, respectively. Apparently, the rate capacity of p-
LiVOPO,/LaPO, is much better than that of -LiVOPO,.
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Fig.5 X-ray photoelectron(XPS) spectra of B-LiVOPO,/LaPO, composite
70 material

Based on Fig. 6(b), the discharge capacities of [3-
LiVOPOQ;, at rates of 0.1, 0.25, 0.5, and 1 C are about 99.2, 84.5,
63.3, and 36.0 mAh g after 30 cycles, which indicates that the
cell respectively retains 90.9%, 89.6%, 82.5%, and 65.9% of its

ss initial discharge capacity,. Compared with B-LiVOPQ,, the
discharge capacities of B-LiVOPO,/LaPOy at rates of 0.1, 0.25,
0.5, and 1 C are about 125.0, 116.0, 97.0, and 73.6 mAh gf1 after
30 cycles, and the cell respectively retains 98.4%, 96.7%, 93.6%,
and 73.6% of its initial discharge capacity. Thus, the capacity

so retention of B-LiVOPO,/LaPO, displays greater advantages
compared with that of bare -LiVOPO, even at higher rates.

From the discussion above, we can draw the conclusion
that the composite cathode material B-LiVOPO,/LaPO, shows
better electrochemical performance than B-LiVOPO, because of

ss introduction of the ionic conductor LaPO, to the 3D network
between B-LiVOPO, primary particles.

Fig. 6(c) shows the cyclic voltammetry curves of -
LiVOPO, and B-LiVOPO,/LaPO, at a scan rate of 0.1 mV st
between 3.0 and 4.5 V. The redox processes of B-LiVOPO, and

90 B-LiVOPO,/LaPO, occur at 3.822/4.160 V and 3.839/4.066 V,
respectively, which may be assigned to the V*'/°* couples and
attributed to LiVOPQO,4.The voltage gap between the redox peaks

4 | Journal Name, [year], [vol], 00—00
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of B-LiVOPO,/LaPO, is obviously much smaller than that of bare

B-LiVOPO,, which indicates that B-LiVOPO,/LaPO, presents

much better reversibility for Li* extraction/insertion. These

results are in accordance with the charge and discharge curves
s obtained previously.

B-LiVOPO,
Is 45 4‘/_//_
4.0
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Fig.6 (a, b) Charge/discharge profiles and cycling performance of B-LiVOPO, and B-LiVOPO,/LaPO, cathode; (c) Cyclic voltammetry curves for -

LiVOPO, and B-LiVOPO./LaPO, cathode at a scan rate of 0.1 mV st

Conclusions

B-LiVOPO,/LaPO, was synthesized via the sol-gel method, and
crystalline LaPO, was successfully distributed on the surface of

45 B-LiVOPOQ, primary particles. Introduction of the ionic conductor
LaPO, to the 3D network between B-LiVOPO, primary particles
and the small particle and pore structure of the matrix enhanced
the discharge capacity, cyclic stability, and capacity retention of
the resultant composite compared with those of bare B-LiVOPO,.

so Hence, introduction of LaPO,to B-LiVOPO, is an effective way
to enhance the electrochemical performance of LiVOPO,.
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