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Carbon-coated Li;V,(PO,); Composite Cathode Material for Lithium-ion Batteries:
Sol-gel Synthesis and Performance
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Abstract: A carbon-coated Li;V,(PO,); composite cathode material was synthesized by a sol-gel method using V,0s,
LiOH - H,0, H,0, NH,H,PO, and citric acid as starting materials. Properties of the prepared composite material were
investigated using XPS, XRD, SEM, Raman spectroscopy, TEM, and various electrochemical techniques. The
relationship among structure, calcination temperature, electronic conductivity and the electrochemical performance
of samples was also studied. The sample obtained had a monoclinic structure with a space group of P2,/n and a rough
and porous carbon surface layer. The electronic conductivity of the carbon-coated Li;V,(PO,); samples synthesized at
800 °C was about a factor of ~10* higher than that of carbon-free Li;V,(PO.); prepared by solid-state hydrogen
reducing reaction. The results show that the carbon-coated LisV,(PO,); is superior in the electrochemical performance
to the carbon-free sample. In the voltage range of 3.0~4.3 V, the carbon-coated Li;V,(PO,); synthesized at 800 “C
displays large reversible capacities (128 mAh-g™ at 0.1C and 109 mAh-g™ at 2C, respectively) and excellent cyclic

stability. The reason for the excellent electrochemical performance of the carbon coated Li;Vy(PO,); is discussed.
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Lithium ion batteries are attractive for portable
devices due to their high operating voltage, large energy
density, low self-discharge rate and long cycle life.
Commercial lithium ion batteries widely use the layered
LiCoO; cathode at present, but cobalt is expensive and
relatively toxic. In recent years, much effort has been
devoted to searching for new cathode materials in place
of commercial cathode materials based on LiCoO," .
Monoclinic Li;V,(PO,)s, one kind of framework material
based on the phosphate polyanion, has received
intensive attention because of its stable framework,
higher operating voltage than the counterpart oxides,
good lithium ion transport and large theoretical capacity
(133 and 197 mAh g™, corresponding to cycling two
lithium ions and all three lithium ions, respectively) ',
However, pristine Li;V,(PO,); was considered to be a
cathode material with intrinsic low electronic
conductivity ™, and the low electronic conductivity
degrades its electrochemical performance. Some
previous reports have demonstrated that it is an effect-
ive method to improve the electrochemical performance
of the cathode material with low electronic conductivity
by enhancing its electronic conductivity!"™*. The solut-
ions to improving the electronic conductivity mainly
include adding conductive materials, coating particles
with a thin carbon layer and doping heteroatoms.

In the most of previous reports, LisV,(PO,); had
been prepared by solid-state techniques using hydrogen
or carbon as reduction agents®"?. However, this synth-
esis process needs high calcination temperature and

6~ and it also requires several

long sintering time
iterations between mixing and sintering to improve the
homogeneity of the final products. These repeated heat
treatments induce growth and aggregation of Li;V,(PO,),,
which

performance of the prepared LisV, (POy)s. Recently,

adversely influences the electrochemical
Li;V, (PO,)s/carbon composites have been successfully
prepared by a sol-gel method using V,0s gel as
vanadium sources and carbon gel or high surface carbon

t 145 Nevertheless, in the two

powder as reductan
previous sol-gel methods, it took longer time to prepare
the V,0s5 gel, and the physical mixture of the raw

materials could result in unevenness in the composition

of the Li;V,(POy)y/carbon composites.

In this paper, the carbon-coated LisV, (POy);
samples have been synthesized by a sol-gel method
using citric acid as the carbon sources for reduction and
coating as well as a chelating agent, and the physical
properties and electrochemical performance of the

samples are investigated.
1 Experimental

1.1 Synthesis of Li;V,(PO,);

The preparation of precursor gel was similar to our
previous report™. 8 g V,05 powder (supplied by Aldrich)
was dissolved by slowly adding 300 mL of 10% (V/V)
H,0, solution with vigorous stirring for 2 h to get a clear
orange solution, then citric acid equivalent molar to
V,05 and stoichiometric amounts of NH/H,PO, and
LiOH -H,0O were added to the above orange solution.
The mixed solution was aged with stirring at 60 °C for
10 h to obtain the green precursor gel. The obtained
green gel was dried in a vacuum oven at 80 °C,
pelletized and heated at 300 °C in a tubular furnace
with flowing argon gas at a flow rate of 150 sccm
(standard cubic centimeter per minute) for 4 h to allow
the evolution of NH; and H,0. The resulting product
was ground and pelletized again, and heated to 600 ~
850 °C at a rate of 2 C -min~" and kept for 8 h with a
(150 scem). The carbon-coated
Li;V,(PO,); composite sample was obtained through the

stream of argon gas

above experimental procedure and is referred as CC-
LVP (carbon-coated lithium vanadium phosphate) in
this paper. For comparison, carbon-free Li;V, (PO,);
sample, referred as CF-LVP (carbon-free lithium
vanadium phosphate) in this paper, was prepared
through solid-state hydrogen reducing reaction using
V,0s, NH,H,PO, and Li,CO; as starting materials and
hydrogen as reductant for V,0s5 according to reference!®.

During the synthesis of Li;V, (PO4); composite,
citric acid as a chelating agent for vanadium facilitates
the formation of the homogenous precursor gel;
moreover, its decomposition at higher temperatures in
an inert atmosphere ™! may provide the well-dispersed
carbon that was used as the selective reduction agent

for V(V) and the coating material for Li;V,(PO,)".
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1.2 Physical characterization

Thermogravimetric  (TG) analysis and differential
scanning calorimetry (DSC) were carried out using
NETZSCHSTA 409 PG/PC thermal analyzer heating
from room temperature to 950 °C (10 C *min~") in N,
atmosphere. The structures of the samples were
characterized by a D/Max I X-ray diffractometer
(Rigaku, Japan) with Ni filtered Cu Ko radiation (A=
0.154 18 nm) at 40 kV and 300 mA, and the scan rate
(26) of 8°-min™" was applied to record the pattern in the
26 range of 10°~80° by means of scintillation detector.
The surface morphology of the samples was observed
using a SIRION-100 (FEI, USA) scanning electron
microscopy (SEM) with an accelerating voltage of 10~
20 kV and the maximum current of 230 wA. The
microstructure was examined using a JEM 1010 (JEOL,
Japan) transmission electron microscope (TEM) with an
accelerating voltage of 100 kV. Before observation, the
samples were dispersed in anhydrous ethanol by
ultrasonic agitation, and the suspension solution was
dropped onto a standard copper TEM grid. The
valences of vanadium in dried gel and Li;V, (PO,);
were examined by a Thermo ESCALAB (Thermo VG
scientific,UK) X-ray photoelectron spectroscopy (XPS)
with monochromatic Al Ka radiation (1486.6 eV). The
pressure in the chamber was about 1.0x107® Pa. The
Cls line of adventious carbon at 285.0 eV was used as
internal standard to calibrate the binding energies. The
carbon content of samples was determined by a carbon-
sulfur analyser (Mlti EA2000). The Raman spectra of
the carbon-coated Li;V,(PO,); composites prepared at
different temperatures were measured with a Jobin-
Yvon U1000 double pass spectrometer (Longjumeau,
France) and the incident light used for experiments was
the 515.4 nm Ar line of a laser source. The electronic
conductivity of samples was determined by a direct volt-
ampere method on disc samples prepared by pressing
about 1.5 g Li;V, (PO); powders up to 30 MPa in
module. The top and bottom surfaces of the discs were
coated with gold by Fine Coat lon Sputter JFC-1100
(JEOL, Japan). The conductivity measurements of disc
samples were carried out on Potentiosta/Gavansta

Model 273A(EG&G, USA) by linear sweep voltammetry

between 0 and 100 mV at a scan rate of 0.1 mV -s™ with
each increment of 10 mV. The electronic conductivity,
o, is calculated by the formula of 0':4:;2k, where h
™

and d is the thickness (~5 mm) and the diameter(~12
mm) of disc samples, respectively, and % is the slope of
the I-E curves.
1.3 Electrochemical test

The electrochemical tests of the samples were
carried out using two-electrode or three-electrode cells.
In all cells, lithium metal was served as counter and
reference electrodes, Celguard-2300 was used as
separator, and the electrolyte was 1mol L ™' LiPF;
solution in a mixture of ethylene carbonate/dimethyl
carbonate (1:1 V/V). The CC-LVP and CF-LVP cathod-
es were prepared by coating a slurry of 80% CC-LVP,
10% carbon black and 10% poly(vinylidene difluoride),
and a slurry of 75% CF-LVP, 15% carbon black and
10% poly (vinylidene difluoride), respectively, on
aluminium foil current collector. After dried at 120 C
in a vacuum oven for 24 h, the resulting electrodes with
an active material loading of about 8 mg -cm ™ were
transferred to an Ar-filled glove box to assemble testing
cells. Galvanostatic charge-discharge measurements
were carried out in two-electrode cells using a PCBT-
138-320 battery programme-control test system (Lixing,
Wuhan, China). Cyclic voltammetry (CV) was conduc-
ted in three-electrode cells at a scan rate of 0.05 mV+s™

by Potentiosta/Gavansta Model 273A.
2 Results and discussion

Fig.1 shows the TG-DSC curves of the dried prec-
ursor gel. On the DSC curve near 132 °C, there is an
obvious endothermic peak, associating with the sharp
weight loss on the TG curve, which is related to the fast
dehydration of precursor gel. There is a broad
exothermic peak near 518 °C on the DSC curve, possibly
associating with evolution of NH; and H,0, decom-
position of organic compound and formation of LisV,
(PO4);. When the temperature is higher than 600 °C, TG
curve shows that the weight almost remains constant,
implying that the formation of Li;V,(PO,); phase begins

at this temperature. Based on the above analysis, the
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Fig.1 TG-DSC curves of the precursor gel

calcination temperature for the dried precursor gel is
adjusted in the range of 600~850 °C.

The XRD patterns of various Li;V,(POg); samples
are shown in Fig.2. It can be seen that the XRD
patterns of all samples except for the sample calcined
at 600 C are in good agreement with that of
monoclinic LisFe,(POy); (PDF 43-0526). The unit cell
parameters obtained from the least square refinement
based on a monoclinic structure using space group
P2,/n are listed in Table 1. When the calcination
temperature is 600 °C, monoclinic Li;V,(PO,); appears,
but its diffraction intensity is very weak and impurity

phases are observed. The diffraction intensity of the

CF-LVF

850 C

800 'C

750 C

600 C

r T T T T T T T 1

100 20 30 40 50 60 70 8 90
20/ (°)

Fig.2 XRD patterns of carbon-free sample and
samples prepared at different temperatures

by sol-gel method

samples increases with increasing calcination
temperature, suggesting that higher temperatures are
beneficial for the improvement of Li;V,(PO,); crystalli-
nity. The CC-LVP samples display smaller crystal cell
sizes than CF-LVP, which could result from the
inhibition of the well-dispersed carbon originated from
the decomposition of citric complexes for the growth of
Li;V,(PO,); crystals. This may suggest that the electro-
chemical performance of CC-LVP is better than that of

CF-LVP.

Table 1 Lattice parameters of Li;V,(PO,); samples synthesized at different conditions

Sample Preparation conditions a/ nm b/ nm ¢/ nm B1(°) V [/ nm®
CC-LVP dried gel calcined at 750 °C 0.8617 0.8610 1.2063 90.64 0.8949
CC-LVP dried gel calcined at 800 °C 0.8620 0.8609 1.206 1 90.57 0.8950
CC-LVP dried gel calcined at 850 °C 0.8616 0.8616 1.206 4 90.60 0.8955
CF-LVP solid state reaction using 0.8648 0.8621 12080 90.46 0.9006

hydrogen as reductant for V,0s

Typical SEM images for the CC-LVP samples
prepared at 750, 800 and 850 C and CF-LVP are
presented in Fig.3. The CC-LVP samples display
smaller particle size than CF-LVP, and the particle size
and crystalinity of the CC-LVP samples increase with

increasing calcination temperature. It can be seen that
the CC-LVP sample prepared at 800 °C shows relatively
small and uniform particle size, porous structure and
good crystallinity, implying that it could have better

electrochemical performance. Fig.4 illustrates that the

Fig.3 SEM images of CC-LVP calcined at (a) 750 °C; (b) 800 °C; (c) 850 °C and CF-LVP (d)
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Fig.4 TEM images of the CC-LVP synthesized at
800 °C (a) and CF-LVP (b)

TEM images of the CC-LVP sample prepared at 800 °C
and CF-LVP. The CF-LVP sample particles exhibit
smooth surfaces. Whereas the CC-LVP sample displays
a particle size of about 400 nm, and its particle surfaces
are covered with a porous nanostructured carbon layer.
The existence of the thin porous carbon layer may
enhance the electronic conductivity and inhibit the
growth of particle.

The XPS spectra of the dried gel and CC-LVP are
shown in Fig.5. The absence of N peak in the XPS of
CC-LVP and the presence of C peak in the XPS of both
samples indicate the complete decomposition of
NH,H,PO, and the existence of residual carbon in the
final product. The inset in Fig.5 shows that the binding
energy for V2psy, peak of the dried gel (515.7 €V) is
higher than that for the corresponding peak of CC-LVP
(515.2 €V), suggesting that the valence of vanadium in
the dried gel is higher than that in CC-LVP. It can be

concluded from previous results ! that the valence

Ols
50000

—Dri 40 000|2— Dried gel
a Dried gel b corve

b——cC-LVP o000
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10 000
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Fig.5 XPS spectra of the dried precursor gel and the
CC-LVP calcined at 800 °C. The inset shows
V2p spectra of the corresponding samples
state of vanadium in the gel and Li;V,(PO,); is +4 and
+3, respectively. The transfer of V>* to V** may originate
from the reduction effect of H,O, and citric acid on

M43 the valence

V,0s. While in the previous reports
state of vanadium in the gel precursors could be +5 due
to the absence of an effective reductant. The relatively
lower valence state (+4) of vanadium in our gel
precursor may be partially responsible for the lower
calcination temperature and shorter reaction time
during synthesis of CC-LVP. In addition, the addition of
H,0, and citric acid may have significant contribution
to fast formation of the gel precursor.

Raman spectroscopy is a particularly useful tool
for characterizing the carbon films because carbon is a
relatively strong scatterer with two Raman-active E,,
modes. Fig.6 shows the Raman spectra of CC-LVP
samples prepared at 600~850 °C and the deconvolution
for the Raman spectrum of the CC-LVP prepared at 600
°C using a fit with four Gaussian bands. Two intense and
broad bands at about 1372 and 1594 ¢m™ in all the
CC-LVP samples are assigned to the D and G bands of
the residual carbon, respectively. The intensity of D and

G bands

temperature, which could result from the decrease of

decreases with increasing calcination
carbon content at higher temperatures. To resolve the
Raman spectra of the residual carbon, a standard peak
deconvolution procedure after polynomial background
subtraction was applied. A deconvolution of all the
Raman spectra using a fit with D and G lines did not

give accurate results. Four Gaussian bands are
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o] @ (PO,); samples measured by linear sweep voltammetry
are presented in Fig.7. The slope, &, is obtained from
the I-E curves, then the conductivity, o, is calculated
g 4h :
N by the formula o = ——= k. The results of electronic
z Td
Q
= conductivity of various Li;V,(PO,); samples are listed in
<
5 Table 2. All CC-LVP samples display much higher
electronic conductivity than CF-LVP because of the
o - existence of the carbon coating layer. With increasing
400 60 800 1000 1200 1400 1600 1800 2000 . . . ..
Raman shift / cm calcination temperature, the electronic conductivity of
600 1372 CC-LVP increases although carbon content decreases
() ; 1594 8
s00 & 'E?:?eﬁme"'ﬁ'spe°‘m'“ & as shown in Table 2. This may result from the increase
itting resul i
o e 2 of the sp? structure fraction in the carbon coating layer
©7400 1 e Gaussian fit 3 . . . . .
= f— Gaussian fit 4 of CC-LVP with increasing calcination temperature.
g 3001 The electronic conductivity of the CC-LVP samples
£ 200 1 synthesized at 800 and 850 °C is 9.81x10~ and 1.14x
<
= 10*S-em™, respectively, about a factor of ~10* higher
100
than that of CF-LVP.
0P . . . 2.0x10°
800 1000 1200 1 400 1 600 1 800
Raman shift / cm! 1.8x10 1
16x1051 =600 T
Fig.6  (a) Raman spectra of CC-LVP prepared at Lax10° 1 :;28 g
different temperatures. (b) Raman spectrum of 1.2x10% | :228 g
the residual carbon in the CC-LVP prepared < 1.0x10° 4 —»—CF-LVP
at 600 °C and its fitting result ~ 8.0x10¢ 1
6.0x10° 1
necessary lo account for the observed Raman features 40x10% ]
with minimum error. The corresponding bands are at 2.0%10%
. R —e—1
about 1344, 1378, 1569 and 1 612 cm™, respectively. 0.0 '  m— —
. . ) 0.00 0.02 0.04 0.06 0.08 0.10
The bands at 1344 and 1 569 cm™ are assigned to sp E/V

graphite-like structure with relatively good electronic
conductivity, and the two others originate from the sp’
carbonaceous

type often observed in amorphous

1731 The ratio of sp” to sp® is defined as the

materia
integral of the Gaussians (/34+/15) to (l138+/1612) in Fig.
6b. The same deconvolution procedure was applied to
the Raman spectra of all the CC-LVP samples, and the
results of sp%sp? for samples synthesized at 600, 700,
750, 800 and 850 C are 1.26, 1.20, 1.71, 2.06 and
1.98, respectively. The results show that higher
calcination temperature facilitates the increase of the
sp? structure fraction in residual carbon. This implies
that the CC-LVP

temperatures have higher electronic conductivity

The I-E curves for the different tested disc Li;V,

higher

[29]

samples prepared at

Fig.7 I-E plots for Li;V,(PO,); samples

prepared at different conditions

Table 2 Electronic conductivity and carbon content
of Li,V,(PO,); samples

Sample Carbon content / wt% o / (S-em™)
Calcination at 600 °C for 8 h 6.25 5.88x10°°
Calcination at 700 C for 8 h 4.80 7.26x10°°
Calcination at 750 C for 8 h 4.25 2.53x10°
Calcination at 800 °C for 8 h 3.15 9.81x10°
Calcination at 850 °C for 8 h 2.85 1.14x10™
Solid state hydrogen reduction 0 7 52%10°

at 850 C for 16 h

Fig.8 shows the initial charge-discharge profiles of
CC-LVP samples prepared at different temperatures
and CF-LVP at 0.1C (13.3 mA - g™) in the voltage range
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of 3.0~4.3 V at 25 °C. Fig.9 reveals that the effects of
calcination temperature on the capacity and electronic
conductivity of CC-LVP and CF-LVP. It is clear that the
capacity of CC-LVP samples increases with increasing
calcination temperature from 600 to 800 °C, consistent
with the variation trend of electronic conductivity with
calcination temperature. The CC-LVP sample prepared
at 850 °C displays relatively lower reversible capacity
than the CC-LVP sample synthesized at 800 C
although it has higher electronic conductivity than other
samples, resulting from its larger particle size due to
agglomeration. All Li;V, (PO,); samples except for the
CC-LVP prepared at 600 °C exhibit three charge
plateaus and the corresponding three discharge
plateaus, corresponding to three compositional regions
of Li;_ V,(PO,)s, that is, x=0.0~0.5, x=0.5~1.0 and x=
1.0~2.0%". The lower crystallinity and impurities may

be mainly responsible for the smaller reversible

44
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Fig.8 Initial charge-discharge profiles of CC-LVP

samples calcined at different temperatures and

CF-LVP at 0.1 C in the voltage range of

3.0~4.3V at 25 C
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Fig.9 Variation in the capacity and electronic
conductivity of CF-LVP and CC-LVP

with caleination temperature

capacities of CC-LVP calcined at relatively low
temperatures (600 and 700 °C). The CC-LVP samples
synthesized at 750, 800 and 850 °C present lower
charge voltage plateau and higher discharge voltage
plateau than CF-LVP, indicating that these CC-LVP
samples have smaller electrode polarization due to their
larger electronic conductivities. It is noted that among
all the tested samples the CC-LVP prepared at 800 °C
displays the highest discharge potential plateaus and
the largest reversible capacity 128 mAh -g ™' nearly
equivalent to the reversible cycling of two lithium ions
per Li;V,(PO,); formula unit (133 mAh-g™). The cyclic
of CC-LVP prepared at
temperatures and CF-LVP at 0.1C in the voltage range
of 3.0~4.3 V at 25 °C is shown in Fig.10. All the tested

samples present a large capacity retention rate (>95%)

performance different

after 30 cycles, suggesting their better electrochemical-
cycling under the present experimental conditions. The
sequence of reversible capacity is CC-LVP at 800 C>
CC-LVP at 850 C>CC-LVP at 750 “C>CF-LVP>CC-
LVP at 700 °C>CC-LVP at 600 °C, consistent with the

corresponding initial capacity sequence shown in Fig.8.
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Fig.10

Fig.11 and 12 show the initial charge-discharge
profiles and cyclic performance of CC-LVP and CF-
LVP samples at 2C in the voltage range of 3.0~4.3 V at
25 C, respectively. The CF-LVP sample displays larger
electrode polarization and much smaller reversible
capacity than CC-LVP at 2C, which may result from the
very low electronic conductivity of CF-LVP. The



188 Jd Hl fk

A 24 %

44

Voltage / V

3.0 T T T T T T
0 20 40 60 80 100 120 140
Capcity / (mAh-g™)
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Fig.12  Cyclic performance of CF-LVP and CC-LVP
samples prepared at different temperatures at

2C in the voltage range of 3.0~4.3 V at 25 C

comparison of the data in Fig.8 and 11 indicates that
the variation trend in reversible capacity of CC-LVP
with calcination temperature at 2C is in general
agreement with that at 0.1C, but the capacity value at
2C is lower than that at 0.1C. It can also be seen from
Fig.10 and 12 that the CF-LVP sample show relatively
lower cyclic stability at 2C than at 0.1C. These may
result from larger electrode polarization and poor
structure stability of CF-LVP at a higher charge-
discharge rate.

of test

In order to investigate the effects

temperature on the electrochemical performance of
Li;V,(PO,)s, the CC-LVP prepared at 800 °C and CF-
LVP were cycled at 0.1 and 2C in the voltage range of
3.0~4.3 V at 25 and 55 C, respectively, and the results
are shown in Fig.13 and 14. Fig.13 shows that the

initial electrochemical performance of the two samples
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b——CC-LVP0.1Cat 55 C
Cc——CC-LVP2Cat25 C
d——CcC-LVP2Catss ©
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b
0 20 40 60 80 100 120 140 160 180 200
Capcity / (mAh-g™)

Fig.13  Initial charge-discharge profiles of CF-LVP
and CC-LVP prepared at 800 °C at 0.1 C and
2C in the voltage range of 3.0~4.3 V at
25 and 55 °C
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Fig.14  Cyclic performance of CF-LVP and CC-LVP
prepared at 800 “C at 0.1C and 2C in the
voltage range of 3.0~4.3 V at 25 and 55 C

is enhanced at the elevated temperature. This mainly
results from the improved lithium ion diffusion at the
elevated temperature™, At 55 °C, the capacity of CC-
LVP is 130 mAh -g ™ at 0.1C, very close to the
theoretical capacity of 133 mAh-g™, and the capacity is
113 mAh-g™ at 2C. For CF-LVP, the capacity increase
at 0.1C is higher (from 108 at 25 °C to 115 at 55 °C)
than that at 2C  (from 62 at 25 °C to 63.3 at 55 °C).
While the capacity increase of CC-LVP is higher at low
rate. The different trend of increase may mainly result
from the different increment of lithium ion diffusion
coefficient of CF-LVP and CC-LVP samples. The
increment of lithium ion diffusion coefficient of CC-
LVP is much higher than that of CF-LVP, so the
capacity increase of CC-LVP is higher than that of CF-
LVP at 2C. While the increase of capacity of CF-LVP is
higher than that of CC-LVP at 0.1C, the reason for that
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is that the capacity of CC-LVP is very close to the
theoretical capacity, it is difficult to increase capacity
significantly. The decrease in the electrochemical
performance of the samples at larger charge-discharge
rate, as before, is due to the increase of electrode
polarization. It can be seen from Fig.14 that the two
samples show excellent cyclic performance in the
voltage range of 3.0~4.3 V at the elevated temperature,
especially at lower charge-discharge rate.

Cyclic voltammetry (CV) measurement was carried
out in the voltage range of 3.0 ~4.3 V to further
understand the charge-discharge behaviour of the LisV,
(PO,); electrode, and the results are shown in Fig.15.
Three

reduction ones occur on the CV curve in the voltage

oxidation peaks and three corresponding
range of 3.0~4.3 V, consistent with the existence of
three pairs of charge-discharge plateaus in Fig.8. All
the oxidation and reduction peaks are associated with
the V3*/V** couple®”. The first, second and third oxida-
tion peaks correspond to the extraction of lithium
reaction, Li;V,(PO,)s—LiysVa(POy)s, LizsVo(POL);—LisV,
(POy); and Li,V,(PO,);—LiV,(POy)s, respectively. The
corresponding reduction peaks are associated with the
lithium insertion reaction, LiV, (PO,); —Li,V, (PO,)s,
Li;V5(PO4)5—LissVo(POy); and LizsVo(PO);—LisVo(POy)s,
respectively. It can be seen from Fig.15 that the CV
curves for CC-LVP show lower oxidation peak potential
and higher reduction peak potential than those for CF-
LVP, implying smaller electrode polarization for CC-
LVP. This agrees well with the results of the charge-

discharge experiments.
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Fig.15 Cyclic voltamograms for the CC-LVP and
CF-LVP electrodes at a scanning rate of
0.05 mV-s™ in the voltage range of
3.0~43 Vat 25 <C

3 Conclusions

The carbon-coated Li;V,(PO,); samples have been
synthesized by a sol-gel method using citric acid as both
a chelating agent and carbon source. The single-phase
Li;V,(PO,); obtained by calcination of the precursor gel
at 800 and 850 °C shows a monoclinic structure with a
space group of P2,/n, and the Li;V,(PO,); particles are
covered with a rough and porous carbon layer. With
increasing calcination temperature, the sp*/sp® value in
the coated carbon layer increases, and results in the
improvement for the electronic conductivity of CC-LVP.
The electronic conductivity of the CC-LVP samples
synthesized at 800 and 850 “C is about a factor of
~10* higher than that of the carbon-free Li;V,(PO,);
synthesized by solid state hydrogen reducing reaction.
The carbon-coated Li;V, (PO,); samples show smaller
than CF-LVP due to the

conductivities, thus their

electrode polarization
improved  electronic
electrochemical performance is obviously enhanced.
The CC-LVP samples calcined at higher temperatures
(800 and 850 °C) display much better electrochemical
performance than CC-LVP
(600 and 700 °C), consistent with the

variation trend of electronic conductivity with calcina-

calcined at lower

temperatures

tion temperature. The elevated test temperature may
enhance the electrochemical performance of Li;V,(PO,);
samples. Among all the tested samples the CC-LVP
prepared at 800 °C displays the highest discharge pot-
ential plateaus and the largest reversible capacity.
Small particle size, porous carbon coating layer and
relatively high electronic conductivity may be respo-

nsible for its excellent electrochemical performance.
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