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Rate performance and kinetic properties of Li3V,(PO4)3/C composite electrode have been investigated
in this paper. The Li3V,(PO4);/C composite obtained via a rheological phase method displays a mono-
clinic structure with an average particle size of ca. 200-300 nm. Electrochemical tests show this material
exhibits good reversibility and excellent rate capability up to a current density of 3373 mAg-! (30C). The

composite material achieves its theoretical capacity at 1 C rate. The capacity loss is less than 4% from 1 to
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10C. Even at the highest 30 C rate, the capacity is above 100 mAh g~'. The kinetic properties of the com-
posite electrode are analyzed by cyclic voltammetry (CV) and potentiostatic intermittent titration (PITT)
techniques. The Li* ion diffusion coefficients calculated from PITT are in the range of 10-7-10-8 cm?s~1.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium batteries have become of great impor-
tance in our life which has never been so dependant on portable
digital devices. Nevertheless, the development of battery systems is
far behind the ever-updating terminals. As the pace of electric vehi-
cles accelerates, researchers are eager to find electrode materials
with both thermal stability and high power density. Recently, mon-
oclinic Li3V,(PO4)3 is emerging as a promising high-power material
which boasts both high voltage plateaus and fast ion mobility [1-5].
As a member of polyanion compounds, Li3V,(PO4)3 also possesses
outstanding electrochemical and thermal stability [6], which makes
it rather appleaing.

Extraction of all Li from Li3V,(PO4)3 corresponds to a maxi-
mum capacity of 197 mAh g~! and an average potential of ~4V (vs.
Li/Li*). Numerous efforts have been made to enhance the perfor-
mance of Li3V,(POg4)3 [7-16]. The electrochemical behavior could
be improved by selecting proper synthesis routes and/or carbon
sources, attempting to ameliorate mixing effect and/or control
particle morphology. Wang et al. [9] reported that Li3V,(POg4)3/C
prepared via a PVA-assisted ball-milling route delivered long-term
cyclability. Qiao et al. [13] prepared plate-like Li3V,(PO4)3/C via
a glycine-assisted solution route, which showed a high reversible
capacity. The above results were based on the utilization of two Li,
associated with the V3*/V4* redox couple. The reversible cycling of
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three Li from Li3V,(PO4)3, though theoretically possible according
to phase identification [17,18], is problematic. Previous literature
[10-14] showed that Li3V,(PO4)3 exhibited a quick capacity fade
in early cycles when charged up to 4.8V, and this problem seemed
irrelavant with synthesis routes or raw materials. The underlying
mechanism is not clear yet. We focus on the cycling of two Li from
Li3V,(POg4)3 in the present study aiming to achieve better rate per-
formance.

The Li* ion diffusion coefficient is one of the most important
parameters revealing the kinetic properties of Li-insertion hosts.
Li* transport is mainly dependant on the crystallographic struc-
ture of insertion hosts. However, particle morphology also matters
since it could affect the diffusion length and mutual contact. Linear
potential sweep voltammetry can provide only values of D;; around
the voltammetric peaks [19]. To further observe the changes of dif-
fusion coefficients in the intercalation process, we chose the PITT
method. PITT can provide more detailed results, which enables us
to get a panoramic view of the diffusion coefficients. The classi-
cal application of PITT is usually related to systems in which the
concentration of intercalants changes monotonically as interca-
lation proceeds. Such systems (e.g., graphite materials) undergo
solid-state intercalation reactions which lead to the formation of
solid-solution phases during the intercalation process [19]. How-
ever, this technique has also been applied to intercalation systems
with two-phase reactions [19-21]. In such situations, the diffu-
sion coefficient mainly reflects attractive interactions between the
intercalation species [22]. In this paper, CV and PITT were used to
analyze the Li* ion diffusion behavior of Li3V,(PO4)3/C composite
electrode.
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Fig. 1. X-ray diffractogram of the Li3V,(PO4)3/C composite prepared via rheological
phase method.

2. Experimental

The Li3V,(PO4)3/C composite was prepared via a rheological phase method
[23-25]. All chemicals used were of analytical grade. Stoichiometric amounts of
LiOH-H,0, NH4VO3, and NH4H,PO,4 were added to a Teflon container. Citric acid
equivalent mole to NH4VO3; was employed as both chelating reagent and carbon
source. Then a small amount of deionized water was added dropwise into the con-
tainer to form a rheological mixture, followed by magnetic stirring for 15 min. The
container was then sealed in a stainless autoclave and placed in an oven at 80 °C for
8 h. The obtained precursor was dried, ground, and heated at 350°C with flowing
argon for 4 h. The resulting powders were then reground, pressed into pellets, and
annealed at 850 °C for 4 h under argon flow.

The crystallographic structure of the product was characterized by X-ray diffrac-
tion (XRD, Rigaku Ultima IV) with Cu Ko radiation. Particle morphology was
observed by scanning electron microscopy (SEM, Hitachi S-3500N) and transmission
electron microscopy (TEM, JEOL 2100). Energy diffraction patterns were obtained
through selected area electron diffraction (SAED). The residual carbon content was
determined by an elemental analyzer (Vario Micro Cube).

Electrochemical properties of the Li3V,(PO4)3/C composite was evaluated using
coin-type cells with a lithium foil at the negative electrode and Li3V2(PO4)3/C com-
posites at the positive electrode. To make composite electrodes, the as-prepared
powders (75wt.%) with acetylene black (15wt.%) and polyvinylidiene fluoride
(PVDF) binder (10 wt.%) were mixed homogeneously. The obtained slurry was then
coated uniformly on an aluminum foil, and dried at 80 °C overnight in vacuum. The
electrolyte was 1 M LiPFg solution in EC/DMC/EMC (1:1:1 in weight) while Celgard
2300 was used as electrode separator. The cells were assembled in an argon-filled
glove box. Galvanostatic cycling was performed between cut-off voltages of 3.0 and
4.3V (vs. Li/Li*) on a Land CT2001A battery tester. Cyclic voltammetry (CV) and
potentiostatic intermittent titration (PITT) measurements were carried out on a
CHI660c Electrochemical Workstation. The CV data was recorded between 3.0 and
4.3V (vs. Li/Li*) at various scan rates. For PITT tests, 10-20 mV potential steps were
applied during the charge process. All electrochemical tests were conducted at room
temperature.

3. Results and discussion

The X-ray diffractogram of the product is shown in Fig. 1.
The pattern is consistent with reliable literature sources [1,26].
The diffraction peaks can be indexed to a monoclinic structure
(space group P2/n). The lattice parameters are calculated to be
a=8.6225A,b=8.5506 A, c=11.9800 A, and 8=90.44°, which com-
pare favorably with those in previous reports [1,26]. Element
analysis (EA) of the product reveals a carbon content of 6.7 wt.%.
However, carbon is not reflected in diffraction peaks. Carbon was
generated from pyrolyzed organic precursor during heat treatment
and might exist in amorphous form.

Fig. 2 shows the SEM image of Li3V,(PO4)3/C particles. It can be
observed that the particles vary in size and some submicron-sized
particles aggregate to form secondary particles. The TEM image
(Fig. 3a) shows the particle size is ca. 200-300 nm. In addition,
the particles appear to be packed by smaller nanosheets, judging
from the brightness. The light-gray sponge-like webs linked to the

Fig. 2. SEM image of Li3V,(PO4)3/C particles.

particle edge are formed by residual carbons. By observing the edge
of one particle we could also find the presence of carbon layer, as
seen in Fig. 3b. The amorphous nature of carbon and the crystal
nature of Li3V,(PO4)3 are both evidenced by the SAED patterns
(Fig. 3d and c). It demonstrates that the carbon also deposits on
the particle surface. According to the Salah et al. [27], pyrolysis of
organic compounds under high temperature will generate predom-
inantly graphitic carbon, which is the only carbon type that can be
conductive. The bulk conductivity increases accordingly, and the
polarization of the composite electrode could be minimized. More-
over, the mesostructure of pyrolyzed carbon is favorable for Li*
transport.

Electrochemical charge/discharge profiles and rate performance
for Li3V,(PO4)3/Ccycled at various current densities (ca. 1-30 C) are
shown in Fig. 4. Herein a rate of nC denotes to a full charge or dis-
charge in 1/n h. Typical voltage profiles of Li3V,(PO,4); containing
three pairs of flat plateaus could be seen from 1 to 5 C (see Fig. 4a).
The voltage profiles obtained between 3.0 and 4.3V correspond to
the V3*/V4* redox couple.

During the charge process, the voltage profiles display three
flat plateaus located around 3.59, 3.68, and 4.08V, correspond-
ing to the first-order transitions of Li3_yV,(PO4)3. The first
two plateaus are in accordance with the extraction of first Li
(LizV2(POg4)3 — Li V2 (PO4)3), while the third long plateau is related
to the extraction of second Li (Li;V5(PO4)3 — LiVy(POg4)3). During
the discharge process, three flat plateaus can be seen at 4.04, 3.65
and 3.57V, corresponding to the reversed two-phase transitions.
LiV,(PO4); is re-inserted with two Li in this process. It can be
seen from these curves that the cell voltage difference magnifies
and the capacities decrease with increasing charge/discharge rates.
Meanwhile, the two plateaus around 3.6 V merge into one and flat
plateaus gradually disappear.

It was reported that monoclinic Li3V,(POg4)3 owns a 3-D struc-
ture, allowing rapid ion transport similar to the NASICON phases
[1,28]. This nature is proved by rate performance tests, as shown in
Fig. 4b. The capacity retention keeps good for all current densities
applied to the cell. The discharge capacity at 1 Cis 124mAhg-1. As
the rate is raised to 2, 5 and 10 C, the cell delivers a capacity of 123,
122 and 120mAh g1, respectively. Note that the capacity loss is
less than 4% from 1 to 10C. At a high rate of 20C (2178 mAg™1),
a capacity of 115mAhg-! is obtained. Even at the highest 30C
(3373 mAg1) rate, that is 2 min discharge, the capacity is above
100mAh g-1, which is about 82% of its initial value at 1 C. Further-
more, the cell almost fully retrieves its lost capacity when the rate
is returned to 1C. Based on the rate capability of the composite
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Fig. 3. (a) TEM image of Li3V2(PO4)3/C particles; (b)-(d) TEM image showing the edge of one particle and the corresponding SAED patterns.

electrode, Li3V,(PO4)3 is a promising cathode material for high-rate
lithium-ion batteries.

Our results indicate that there is no need to dope Li3V,(POg4)3
with alien cations for acquiring satisfying rate capability, thus
simplifying preparation procedures. By adding organic precursor
into the raw materials and using the rheological phase method,
high-rate Li3V,(POg4)3 could be prepared with intimate mixing wit
carbon. This finding may be meaningful for large-scale applica-
tions such as electrical vehicles (EVs) and hybrid electrical vehicles
(HEVs).

To understand the kinetic properties of the material under elec-
trochemical tests, we adopted CV and PITT methods to analyze the
Li* transport. CV technique is a typical method for the evaluation
of chemical diffusion coefficients in electrode materials [29]. Fig. 5
presents a series of cyclic voltammograms of the Li3V,(POg4)3/C
electrode at different scan rates (0.05-0.8 mVs~1) in the voltage
range of 3.0-4.3V. The good symmetry of three pairs of redox
peaks signifies nice reversibility. The three anodic peaks correspond
to the three-step extraction of Li* from LiyV,(PO4)3, whereas the
cathodic peaks are related to the re-insertion of Li*. As the scan
rate increases, the peak current also increases, with anodic peaks

shifting to higher potentials and cathodic peaks shifting to lower
potentials. In the case of semi-infinite and finite diffusion, the peak
current I, is proportional to the square root of scan rate v1/2 There-
fore, the chemical diffusion coefficient of Li* can be calculated from
the Randles-Sevcik equation [30]:

I, = 2.69 x 10°n%/2ADy;"/2v'/2 AC (1)

where n is the number of electrons per reaction species (for Li*
it is 1), A is the surface area of the electrode, Dy; is the diffusion
coefficient of Li*, v is the scan rate, and AC is the change in Li*
concentration corresponding to the specific reaction. It is assumed
that the intercalation process is controlled by the solid-state dif-
fusion of Li ions [31]. At low scan rates, I, increases linearly with
v!/2, as shown in Fig. 6. From the slope of the linear fit, the appar-
ent Li* diffusion coefficients for peak A1, A3, C2, and C3 (marked in
Fig.5)are calculated tobe 2.60 x 10~9,1.36 x 1079,2.30 x 10~9, and
1.02 x 1072 cm?2 s~!, respectively. Peak A2 and C1 were not chosen
to calculate Dy; for simplicity because they overlay their preceding
peaks. The order of Dy here is much higher than that of LiFePOg4 [22].
Li* diffusion coefficient is a key factor reflecting the Li* intercalation
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Fig. 4. (a) Charge/discharge profiles and (b) rate performance of Li3V,(PO4)3/C at
various C-rates.

behavior in the electrode. Higher diffusion coefficient means faster
insertion/extraction of Li* ions and hence better rate performance.

PITT method was applied to obtained highly resolved data
on Li* diffusion coefficients. Detailed discussions of PITT can be
found in previous literature [32,33]. In brief, a chronoamperomet-
ric response can be obtained after a potential step. After plotting
I1t'12 vs. log t which reflects several kinetic regions, the diffusion
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Fig. 5. Cyclic voltammograms of the Li3V,(PO4)3/C electrode at various scan rates.
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Fig. 6. The relationship of I, to v'/2 from the data of CV.

coefficient can be calculated from the minimum in the plot using
the following equation [33]:

/2 _ Dy'/?AQ
Lirl/2

where Dy is the diffusion coefficient of Li* in the bulk material, AQ
is the total charge injected into the electrode during the potential
step, and L is the characteristic diffusion length, which is assumed
to be equal to the electrode thickness for simplicity.

In the long time approximation (t>L2/Dy;), Dy; can be evaluated
according to the following equation [26]:

(2)

2AQDL 7T2D]_'t
1= T‘ exp (— 4L2l (3)
which can be transformed to:
2AQDL1 7T2D]_'
lnI:ln( T )— 4L21 t (4)

Eq.(4)clearly shows that Dj; can be calculated from the intercept
or the slope of InI vs. t. The latter does not need to know AQ and is
simpler in calculation.

Fig. 7a shows the current-time relationship after a 20 mV poten-
tial step from 3.485 to 3.505V (vs. Li/Li*). The corresponding plot
of It'/2 vs. log t is shown in Fig. 7b. The plateau in Fig. 7b reflects
the Cottrell behavior. In the Cottrell region, the semi-infinite pla-
nar diffusion of lithium ions in the Li3V,(PO4); structure plays
a major role. The diffusion coefficient calculated from the mini-
mum is 4.69 x 10~7 cm2 s~!. The corresponding plot of InI vs. t is
shown in Fig. 7c. After the linear fitting, the diffusion coefficient of
Li* is calculated to be 5.60 x 10~7 cm? s~! from the intercept, and
3.48 x 107 cm? s~! from the slope. The three values match quite
well.

In the vicinity of the plateau regions (see Fig. 4a), the potential
step is reduced to 10 mV. Fig. 8a shows the current-time relation-
ship after a potential step from 4.063 to 4.073 V. It can been seen
that the electrode needs more time to return to equilibrium. To cal-
culate Dy, plot of It'/2 vs. log t is shown in Fig. 8b and plot of InI vs.
t is shown in Fig. 8c.

The chemical diffusion coefficients of Li* ions obtained by PITT
are shown in Fig. 9a. D; ranges from 10~7 to 108 cm?2 s~!, depend-
ing on the potentials. The values are close to the data in previous
reports [3,34]. The plot displays three valleys and the minimum
values coincide with the peaks in the incremental capacity curve
(Fig. 9b). In addition, the three minima also correspond to the
plateaus in voltage profiles (Fig. 4a). The value of Dy; decreases
drastically as the potential moves close to the plateau regions and
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Fig. 7. (a) Current-time relationship after a 20mV potential step from 3.485 to
3.505V; (b) plot of It'/2 vs. log t and (c) plot of InI vs. t after the potential step from
3.485 to 3.505V.

increases immediately after passing these regions. A possible expla-
nation is that the plateau regions are actually two-phase regions
for LixV2(PO4)3, and Li* transfer in these regions is more difficult
than in single phase structure [34]. For example, the first plateau
during charge begins at 3.58V and ends at 3.61V. Li3V,(POy4)3
and Liy5V,(PO4)3 coexist in this region. Before this region, Dy;
drops from 3.15x 107 cm?s~! at 3.542V to 3.18 x 10~8 cm?s~!
at 3.573V, as the Li;5V5(PO4); phase begins to form. After the

complete transformation of LizV,(POg4)3 into Li;5V5(PO4)s3, Dyj
increases markedly to 3.15 x 10~7 cm? s~ 1 at 3.616 V.

—— - -
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Fig. 8. (a) Current-time relationship after a 10 mV potential step from 4.063 to
4.073V; (b) plot of It!/2 vs. log t and (c) plot of InI vs. t after the potential step from
4.063 to 4.073 V.

The Li* transport is quickly slowed down in two-phase domains
because of strong attractive interactions between the intercalated
species [22]. In the LixV,(POg4)3 system, however, the attractive
interactions seem weaker than that in the LiyFePO4 system. On the
other hand, similar to LiFePO4, phosphate hosts such as LiVOPO4
and LiVPO4F, are also quite sensitive to rate variation [35,36]. This

could be attributed to the reduced ionic/electronic conductivity of

the fully extracted phase. Therefore, we think the partial use of

lithiumions from Li3V,(PO4)s3 is contributive to the good reversibil-
ity in our case.
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As for the large-scale applications of battery systems, repro-
ductibility and simplified preparation procedures are crucial to
reduce costs. We noticed that some materials need complicated
particle modifications or strict size control to ensure acceptable
rate capability. Encouragingly, our results provide a preferable
choice. The NASICON-like Li3V,(PO4); prepared by rheological
phase method displayed its competence as a cathode material for
high-power lithium-ion batteries, which could be used in EV/HEV
batteries. The facile preparation method is feasible for scale-up
production. In addition, the values of evaluated by CV and PITT
measurements confirmed the good Li* ion mobility of LizV,(POg4)s.

4. Conclusions

In summary, monoclinic Li3V,(PO4)3/C prepared by rheologi-
cal phase method exhibited good reversibility and excellent rate
capability in the voltage range of 3.0-4.3V, corresponding to the
utilization the V3*/V4* redox couple. The results showed that the
composite achieved its theoretical capacity at the 1C rate. The
capacity fade was less than 4% from 1 to 10 C. In addition, a capacity
of above 100 mAh g1 was obtained at the 30 C rate, with negligible
deterioration of the cell. The reversibility of the material was con-
firmed by the good symmetry of the redox peaks in CV curves. The
Li* diffusion coefficients calculated from PITT ranged from 107 to

10~8 cm? s~1, depending on the potentials. The efficient rheologi-
cal phase method, together with the intrinsic fast Li* mobility and
the partial use of Li from Li3V,(PO4)s3, are considered to be the rea-
son for satisfactory reversibility of Li3V,(PO4)3/C composite under
varying current densities.
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