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a b s t r a c t

The electrochemical properties of the LiFePO4/C (LFP/C) and Li3V2(PO4)3/C (LVP/C) samples are inves-
tigated using Li-ion half cells at various low temperatures of 23, 0, −10 and −20 ◦C in the electrolyte
1.0 M LiPF6/EC + DMC (1:1 w/w). In the voltage range of 2.5–4.3 V at 0.3 C rate, the LFP/C electrode shows
a stable reversible discharge capacity of 45.4 mAh g−1 at −20 ◦C, which is 31.5% of the capacity obtained
at 23 ◦C. In the voltage range of 3.0–4.3 V at 0.3 C rate, the LVP/C electrode delivers a high stable reversible
discharge capacity of 108.1 mAh g−1 at −20 ◦C, being 86.7% of the capacity at 23 ◦C. The electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements illustrate that the resistance
and cell polarization of LFP/C at various low temperatures are larger than those of LVP/C. In addition, using
CV method, the apparent chemical diffusion coefficient of lithium ions (Dapp) in LFP and LVP at various
ithium vanadium phosphates

arbon coating
iffusion coefficient
ctivation energy

Li+

low temperatures are in the magnitude of 10−11 and 10−10 cm2 s−1, respectively, and the Dapp
Li+

decreasing
rate of LFP as the temperature is much larger than LVP, meaning that the kinetics of the LFP electrode
is relatively slow. The activation energies of LFP and LVP are calculated to be 47.48 and 6.57 kJ mol−1,
respectively, which further indicates that the extraction/intercalation of Li+ in LVP is much easier than in
LFP. The high reversible capacity of LVP/C at −20 ◦C makes it an attractive cathode for low-temperature

lithium ion batteries.

. Introduction

Rechargeable lithium-ion batteries (LIBs) have become very
mportant components in electronic devices as well as in electric
ehicles (EVs) and hybrid electric vehicles (HEVs). LiCoO2 is the cur-
ently widely applied cathode material in commercial lithium-ion
atteries owing to its relatively good electrochemical properties
nd the convenience of preparation. However, it suffers from high
ost, toxicity and inferior safety [1,2]. Recently, NASICON or olivine
olyoxyanion structures, built from MO6 octahedra (where M is Fe,
o, Mn, Ni, V or Ti) and XO4

n− (where X is P, W, S or Mo) tetrahedral
nions, have been discovered as cathode materials with high safety
3–8].

Since the olivine-type LiFePO4 (LFP) was first reported by
adhi et al. [2] in 1997, it holds great promises as the possi-
le substitute for LiCoO2 for electric vehicles applications. It is

ecause that LFP possess high theoretical capacity (170 mAh g−1),

nexpensiveness, natural abundance, environmental friendliness,
hermal stability in the fully charged state and good cycle sta-
ility [9,10]. The main feature of the LiFePO4 crystal structure

∗ Corresponding author. Tel.: +86 551 3606971; fax: +86 551 3601592.
E-mail address: cchchen@ustc.edu.cn (C.H. Chen).
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oi:10.1016/j.jpowsour.2010.10.063
© 2010 Elsevier B.V. All rights reserved.

consists of olivine-type ribbons extending along the b crystal axis.
The Li+ insertion/extraction into LiFePO4 is in a two-phase mech-
anism. One Li+ can be reversibly removed from it, leading to
a crystalline form of the composition FePO4, which retains the
olivine-type structure with a volume decrease of only 6.81% and
density increase of 2.59% compared to LFP [2]. Such characteris-
tics ensure an excellent cycling stability. On the other hand, the
monoclinic Li3V2(PO4)3 (LVP) has also recently attracted consid-
erable interest as the cathode material [6]. Except for competitive
energy density and good thermal stability, it is also demonstrated
to have outstanding electrochemical performance with good ionic
mobility, high reversible capacity and relatively high operating
voltage [6,11]. The monoclinic LVP structure consists of a 3D
framework of slightly distorted VO6 octahedra and PO4 tetrahe-
dra sharing oxygen vertexes [6,12–14]. Such framework containing
corner-shared chains of Li polyhedra and interconnected intersti-
tial space is potentially a fast ionic conductor. It can extract and
insert two lithium ions reversibly between 3.0 and 4.3 V based on
the V3+/V4+ redox couple, corresponding to a theoretical capac-

−1
ity of 133 mAh g . In this voltage range, the charge–discharge
mechanisms of LVP are three consecutive two-phase transi-
tion processes, occurring at 3.65 V (Li3V2(PO4)3 ↔ Li2.5V2(PO4)3),
3.70 V (Li2.5V2(PO4)3 ↔ Li2V2(PO4)3) and 4.10 V (Li2V2(PO4)3 ↔
LiV2(PO4)3).

dx.doi.org/10.1016/j.jpowsour.2010.10.063
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cchchen@ustc.edu.cn
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However, a main drawback of LiFePO4 and Li3V2(PO4)3 is their
ow intrinsic electronic conductivity (LFP: about 10−9 S cm−1[15],
VP: about 10−8 S cm−1 [14]), which limits their application
n high-power-density batteries. Various synthesis and process-
ng approaches have been employed to overcome this problem,

hich include selective doping with metal cations [16–18] and
sing carbon-coating strategy [9,19–21]. It is confirmed that the

ntroduction of conductive carbon in LFP and LVP cathodes can
ffectively promote electronic conductivity and particle connec-
ion. The carbon coating is usually realized by introducing an
rganic precursor in the starting materials. The organic precursors
an be converted into electronically conductive carbon through
yrolysis processes at high temperatures under inert atmospheres.

n fact, in the synthesis of the carbon coated Li3V2(PO4)3 (LVP/C)
omposites, the carbon should not only improve electronic con-
uctivity but also act as a reductant to reduce V5+ to V3+ when a
entavalent vanadium precursor such as NH4VO3 is used.

It is known that LiFePO4 and Li3V2(PO4)3 are the very promising
athode materials for large-scale lithium ion batteries, and much
ttention has been given to improve their basic electrochemical
ehavior at ambient and high temperatures [21–23]. Nevertheless,
any high technology applications, such as military and aerospace
issions, require Li-ion batteries to be capable of operating at

ow-temperatures (e.g. −20 ◦C or even lower) with appropriate
nergy density and power capability. Thus, it is very valuable to
valuate their low-temperature performance. Herein, a compara-
ive study of the electrochemical properties of the carbon coated
iFePO4 (LFP/C) and LVP/C cathodes in a general electrolyte (1.0 M
iPF6/EC + DMC (1:1 w/w)) at various low temperatures (23, 0, −10
nd −20 ◦C) was conducted. The electrochemical impedance spec-
roscopy (EIS) and cyclic voltammetry (CV) were used to determine
he performance limiting aspects at low-temperature.

. Experimental

A LFP/C powder was provided by Lithing Co. Ltd. (Nanjing,
hina), and it was prepared by a solid state reaction method at
00 ◦C. Meanwhile, a LVP/C composite powder was also prepared
y a solid state reaction method using crystal sugar as the reducing
gent as well as carbon source. During the LVP/C synthesis, stoi-
hiometric amounts of Li2CO3, V2O5 and NH4H2PO4 (Li:V:P = 3:2:3)
nd 40 wt% crystal sugar were dispersed into acetone and then ball
illed for two days. The obtained mixtures were dried in an oven at

0 ◦C to evaporate acetone. Then they were preheated at 350 ◦C in
2 atmosphere for 5 h to expel H2O and NH3. After that, the precur-

ors were reground and sintered at 750 ◦C for 16 h under flowing N2
o yield the LVP/C composites. The amount of carbon in LFP/C sam-
le was about 2.2 wt% measured by dissolving LFP/C in hydrochloric
cid solution (36 wt%) and weighing the remains. The residual car-
on content in the LVP/C composites is calculated as about 12.0 wt%.
he methodology of this residual carbon measurement has been
escribed elsewhere [24].

Structural analyses of LFP/C and LVP/C were performed by the
-ray diffraction (XRD) using a rotating anode X-ray diffractometer

MXPAHF, Cu K� radiation). The diffraction patterns were recorded
t room temperature in the 2� range from 10◦ to 60◦. The particle
orphology of the samples was observed under a scanning electron
icroscope (SEM, JSM-6390LA). The particle size distribution of the

amples was determined by a laser particle sizer (Rise-2008).
The electrochemical tests of LFP/C and LVP/C composites were
arried out in coin-type cells. The working electrodes were pre-
ared by mixing 80 wt% active materials, 10 wt% acetylene black
nd 10 wt% polyvinylidene fluoride (PVDF) in NMP, and then fol-
owed by coating the slurry onto Al foil current collector and drying
t 70 ◦C. The lithium metal foil was used as the anode while the
Fig. 1. X-ray diffraction patterns of the LFP/C (a) and LVP/C (b) samples.

electrolyte was a solution of 1 M LiPF6 in a 1:1 (w/w) mixture
of EC and DMC. The coin-cells (CR2032 size) were assembled in
an argon-filled glove box and tested on a multi-channel battery
test system (NEWARE BTS-610) with galvanostatic charge and dis-
charge in the voltage range of 2.5–4.3 V for LFP/C and 3.0–4.3 V
for LVP/C under a constant current density of 0.3 C at various low
temperatures (23, 0, −10 and −20 ◦C). Here, it is noted that the
cycling at −10 and 0 ◦C was conducted in a household refrigera-
tor with about ± 4 ◦C fluctuation. And other electrochemical tests
at low temperatures of 0, −10 and −20 ◦C were performed in a
low-temperature test case with almost no temperature fluctua-
tion. In addition, it should be pointed out that the specific capacity
data in this paper are based on the mass of the bare LFP and LVP
without the residual carbon. Moreover, their cyclic voltammetry
and electrochemical impedance spectroscopy (frequency range:
0.001–105 Hz) measurements were performed on a CHI 604B elec-
trochemical workstation.

3. Results and discussion

The X-ray diffraction patterns (XRD) of LFP/C and LVP/C samples
are shown in Fig. 1. All diffraction peaks in Fig. 1a can be indexed
as LiFePO4 phase with an ordered orthorhombic olivine structure
(space group: Pnma). No impurities such as Fe2P, Li3PO4 and others
are observed. In addition, all diffraction peaks are narrow, indicat-
ing that the LFP gains are with high crystallinity. As shown in Fig. 1b,
the diffraction lines can be attributed to a well-crystallized mono-
clinic Li3V2(PO4)3 phase with the space group of P21/n. No traces of
possible phases such as Li2O, Li3PO4 and Li3VO4 were detected. On
the other hand, no diffraction peaks corresponding to the carbon
present in LFP/C and LVP/C samples are observed, which indicates
that the residual carbon is amorphous and/or the thickness of the
residual carbon on the LFP and LVP particles is too thin [25,26],
and its presence does not influence the structure of LFP and LVP.
Furthermore, the grain size (D) is calculated with the Scherrer’s
equation: D = 0.9�/(ˇ cos�), where � is the X-ray wavelength and ˇ
is the full-width-at-half-maximum of the diffraction peak on a 2�
scale. Based on diffraction planes of (3 1 1), (1 1 1) and (2 1 1), the
mean value of grain size of LFP (D̄LFP) is 50 nm. Meanwhile, (D̄LVP)
of LVP was calculated to be 42 nm according to diffraction planes of
(1 2 1), (0 2 0) and (2 2 0). It can be seen that (D̄LVP) is a little smaller
than (D̄LFP), which is probably because of the suppression of the

growth of crystalline LVP by excess carbon content.

The SEM images of the LFP/C and LVP/C samples are presented
in Fig. 2a and b. As shown in Fig. 2a, a lot of nano/micron-sized LFP
particles with granular shape are agglomerated to form large sec-
ondary particles, and they are well interconnected with the help
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Fig. 2. SEM images of the LFP/C (a) and LVP/C (b) sa

f the carbon network. The LVP/C sample (Fig. 2b) also displays
n agglomerated morphology, which is formed by intertwining
f a large number of flake shape microstructures and considered
o be porous. Their particle size distribution curves are shown in
ig. 2c. The value of particle size at 50% cumulative population
D50) for LFP/C and LVP/C samples is 2.45 and 9.47 �m, respectively.
he narrower distribution curve of the LFP/C sample indicates the
omogeneous particle size distribution of the powders. On the
ther hand, the LVP/C sample illustrates a broadened distribution
urve due to the inhomogeneous particle size distribution caused
y the intertwining of flake shape microstructures. In addition, we
an find that D50(LVP/C) is roughly comparable to its aggregate size,
hile, D50(LFP/C) is much smaller than its aggregate size. Thus, it
eans that the LFP/C agglomerate can be easily dispersed, while
VP/C is relatively hard.
Fig. 3a displays the initial charge–discharge curves of the LFP/C

ample at various low temperatures under a 0.3 C rate. At the tem-
erature of 23 ◦C, the sample exhibits a flat and long voltage charge
3.5 V)/discharge (3.4 V) plateau, which indicates the two-phase

ig. 3. The initial charge–discharge curves of the LFP/C (a) and LVP/C (b) samples at
arious low temperatures (23, 0, −10 and −20 ◦C) under a 0.3 C rate.
as well as their particle size distribution curves (c).

redox reaction process (LiFePO4 ⇔ FePO4) [2]. As the operation
temperature decreases, the capacity decreases and the electrical
polarization increases especially at −10 and −20 ◦C, as indicated
by the voltage differences between the charge (increase) and dis-
charge (decrease) plateaus. The initial discharge capacities for the
LFP/C sample at temperatures of 23, 0, −10 and −20 ◦C are 141.8,
92.7, 57.9 and 46.7 mAh g−1 with the coulombic efficiency of 91.2%,
74.5%, 63.6% and 61.3%, respectively. Hence, at −20 ◦C, the cell only
retains 32.9% of the discharge capacity obtained at 23 ◦C. The reduc-
tion of energy and power capability with decreasing temperature is
probably attributed in literature to the decreased ionic conductivity
of the electrolyte and solid electrolyte interface (SEI) film formed on
the anode lithium metal surface, and limited diffusivity of lithium
ions within the LiFePO4 cathode, and the related polarization of
the LiFePO4 electrode, and substantially increased charge-transfer
resistance on the electrolyte–electrode interfaces [27–30].

The initial charge–discharge curves of the LVP/C sample at var-
ious low temperatures are illustrated in Fig. 3b. As seen from
the curves obtained at 23 ◦C, there are three charge flat plateaus
(around 3.65, 3.73 and 4.15 V) and three discharge flat plateaus
(around 3.51, 3.60 and 4.02 V), exhibiting the characteristic of two-
phase behavior between the single phase of LixV2(PO4)3 (x = 3.0,
2.5, 2.0 and 1.0). Similar to the case of the LFP/C sample, when the
temperature decreases from 23 ◦C to −20 ◦C, both the capacity and
operating discharge voltage of the LVP/C sample are also reduced.
With lowering of the temperature, the initial discharge capac-
ity of the LVP/C sample decreased to about 127.0 mAh g−1 (23 ◦C),
109.9 mAh g−1 (0 ◦C), 108.6 mAh g−1 (−10 ◦C) and 103.8 mAh g−1

(−20 ◦C) with corresponding coulombic efficiency of 99.8%, 98.8%,
97.6% and 96.2%, respectively. By comparing LFP/C and LVP/C,
it can be found that not only the initial discharge capacity of
LVP/C (103.8 mAh g−1) at −20 ◦C but also the capacity proportion
of −20 ◦C to 23 ◦C (81.7%) is much higher than those of LFP/C
(46.7 mAh g−1, 32.9%). Moreover, the coulombic efficiency of LVP/C
can still reach 96.2% at −20 ◦C, while LFP/C owns only 61.3%, which
indicates that, in a full lithium-ion cell, LVP/C is a more suitable
cathode especially at −20 ◦C due to its less irreversible capacity
loss.

Fig. 4 illustrates the cycling performance of the LFP/C and LVP/C
samples at various low temperatures under a 0.3 C rate. For the
LFP/C sample (Fig. 4a), it exhibits an excellent cycling capabil-
ity with almost no capacity fading at various low temperatures.
During cycles, the average discharge capacities at 23, 0, −10 and
−20 ◦C are 144.2, 90.7, 55.5 and 45.4 mAh g−1, respectively, which
are very close to their initial discharge capacities. It should be
noted that, with decreasing temperature, the capacity decreased

◦ ◦ ◦
rapidly, owning 62.9% (0 C), 38.5% (−10 C) and 31.5% (−20 C) of
the capacity obtained at 23 ◦C. In addition, with a careful obser-
vation of the cycling performance at −10 ◦C, it can be seen that
the discharge capacity displays a small extent of periodic variation
due to the temperature fluctuation (±4 ◦C) in the household refrig-



2112 X.H. Rui et al. / Journal of Power Sources 196 (2011) 2109–2114

F
l
c

e
l
w
b
i
d
F
i
(
a
c
v
d
c
1
t
a
8
l
2
i
O
a
s
−

p
t
w
o
i
t

ig. 4. The cycling performance of the LFP/C (a) and LVP/C (b) samples at various
ow temperatures under a 0.3 C rate. Inset of (b) is the 1st and 4th charge–discharge
urves at −20 ◦C.

rator, indicating that the LFP/C cathode is very sensitive to the
ow temperature varying (especially ≤−10 ◦C). In our experiments,

hen the cell completed the −20 ◦C cycling test, it was then heated
ack to 23 ◦C to continue its cycling test. We can find that the capac-

ty can initially return to 130.2 mAh g−1 and shows a little fading
uring 23 cycles (capacity fading rate: 0.55% per cycle). As shown in
ig. 4b, for the LVP/C cell conducted at 23 ◦C, there is a slight capac-
ty fading with a 100 cycles capacity retention of 97.5%. At −20 ◦C
inset of Fig. 4b), there still exist three stable discharge plateaus at
round 3.85, 3.38 and 3.22 V that cause a relatively high discharge
apacity and good cycling performance. On the other hand, the acti-
ation procedure is particularly needed at low temperatures, which
isplays an increasing discharge capacity during the initial several
ycles. During cycles, the average discharge capacities are 124.7,
10.0, 109.5 and 108.1 mAh g−1 at 23, 0, −10 and −20 ◦C, respec-
ively. It can be found that the discharge capacities at −20, −10
nd 0 ◦C are very close, displaying 88.2% (0 ◦C), 87.8% (−10 ◦C) and
6.7% (−20 ◦C) of the capacity gained at 23 ◦C. In addition, simi-

ar to the LFP/C, when the LVP/C cell is recovered from −20 ◦C to
3 ◦C, it also illustrates an increasing capacity and a little capac-

ty fading during 95 cycles (capacity fading rate: 0.97% per cycle).
verall, considering the low-temperature performance of the LFP/C
nd LVP/C cathodes (Figs. 3 and 4), we can find that the LVP cathode
hows a superior low-temperature capability, especially at −10 and
20 ◦C.

To understand the origin of the superior low-temperature
erformance of the LVP/C to LFP/C, we firstly analyze their elec-
rochemical impedance spectra (EIS) at various low temperatures,

hich were measured at the 6th full charge state. Fig. 5 presents EIS

f LFP/C and LVP/C cells at various low temperatures. From Fig. 5,
t is apparently seen that the impedance spectrum is composed of
wo partially overlapped semicircles at high and medium frequency
Fig. 5. Electrochemical impedance spectra of LFP/C (a) and LVP/C (b) cells measured
at full charge state under various low temperatures. Inset of (a) analogs an equivalent
circuit for the LFP/C or LVP/C half-cell.

regions, and a straight slopping line at low frequency regions. Such
a pattern in the impedance spectra can be simply explained by
an equivalent circuit shown in the inset of Fig. 5a. The Rb repre-
sents bulk resistance of the cell, which reflects the overall ohmic
resistance of the electrolyte, and electrodes; Rct1 and Cdl1 are the
charge-transfer resistance and its related double-layer capacitance
between the electrolyte and lithium metal anode, which corre-
spond to the semicircle at high frequencies; Rct2 and Cdl2 are the
charge-transfer resistance and its related double-layer capacitance
between the electrolyte and cathode, corresponding to the semi-
circle at medium frequencies; W is the Warburg impedance related
to the diffusion of lithium ions in the electrode, which is indicated
by a straight slopping line at low frequencies. The combination of
Rct2 and W is called Faradic impedance, which reflects the kinet-
ics of the cell reactions. High Rct2 generally corresponds to a slow
kinetics of the Faradic reaction. As shown in Fig. 5, it is apparently
seen that Rct2 of LFP/C and LVP/C samples increased rapidly with
the temperature falling, which adequately explains why their elec-
trochemical performance decreases as the temperature decreased.
Moreover, by comparing Rct2 values at various low temperatures,

it can be found that the Rct2 values of the LFP/C cell are all larger
than those of the LVP/C cell, e.g. at −20 ◦C, LFP/C: 781 � and LVP/C:
503 �, which is a reason that the low-temperature performance of
the LVP/C is superior to the LFP/C.
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ig. 6. The CV curves of the LFP/C (a) and LVP/C (b) samples in the second cycle at
arious low temperatures using a scanning rate of 0.1 mV s−1.

Fig. 6 illustrates the cyclic voltammogram (CV) curves of the
FP/C and LVP/C samples in the second cycle at various low tem-
eratures using a scanning rate of 0.1 mV s−1, in which the voltage
ifference (�V) between the anodic and cathodic peaks can be eas-

ly measured. As shown in Fig. 6a, a pair of redox peaks appears in
he CV curves of the LFP/C sample, which corresponds to the two-
hase charge/discharge reaction of the Fe2+/Fe3+ redox couple. For
implicity, we always compare the �V value as a parameter to esti-
ate the passivation or polarization levels. The �V values for LFP/C

t various low temperatures of 23, 0, −10 and −20 ◦C are 0.41, 0.50,
.54 and 0.69 V, respectively, which indicates that the polarization

ncreases with decreasing temperature during the redox process.

t is mainly because of a decrease in the ionic conductivity of elec-
rolyte as well as a slowdown of the cell electrochemical reactions.
or the LVP/C sample (Fig. 6b), there are three oxidation peaks and
hree corresponding reduction peaks, which are associated with
3+/V4+ redox couple. According to �V values, similar to LFP/C,

able 1
he apparent chemical diffusion coefficient of lithium ions of LFP and LVP at various low

T, ◦C

23

Dapp
Li+ (LFP)/ × 10−11 cm2 S−1 8.63

Dapp
Li+ (LVP)/ × 10−10 cm2 S−1 8.66
Fig. 7. The relationship of the cathodic C1 and C3 peak current (ip) and the square
root of scan rate (�1/2).

the polarization of LVP/C cells also increases as the temperature
decreases. For example, �V values for the peak associated with the
second lithium ion extraction/intercalation at temperatures of 23,
0,−10 and−20 ◦C are 0.24, 0.25, 0.31 and 0.41 V, respectively, which
are lower than those of LFP/C sample, implying that the polarization
of LFP/C cells is larger than LVP/C cells.

To further investigate the electrode kinetics, the apparent chem-
ical diffusion coefficient of lithium ions (Dapp

Li+ ) in LFP and LVP for
Li+ full intercalation at various low temperatures is estimated by
a previously reported CV method [31,32]. The cathodic C1 (LFP)
and C3 (LVP) peaks as marked in Fig. 6 respectively correspond to
one lithium intercalation into FePO4 and 0.5 lithium intercalation
into Li2.5V2(PO4)3 to form full intercalation state of LiFePO4 and
Li3V2(PO4)3, which are used to calculate the Dapp

Li+ of LFP and LVP.
The CV curves of LFP/C and LVP/C electrodes at temperatures of 23,
0, −10 and −20 ◦C under the scan rates of 0.1, 0.2, 0.3 and 0.5 mV s−1

were conducted, which are not shown here. As shown in Fig. 7, it
is found that the cathodic C1 and C3 peak current (ip) has a linear
relationship with the square root of scan rate (�1/2), which is typ-
ical of the equilibrium behavior of an intercalation type electrode.
If the charge transfer at the interface is fast enough and the rate-
limiting step is the lithium diffusion in electrode, the relationship
of the peak current and the CV sweep rate is:

ip =
(

2.69 × 105
)

n3/2SD1/2
Li+ C∗

Li�
1/2 (1)

where ip is the peak current (A), n is the charge-transfer number,
S is the contact area between electrode and electrolyte (here the
geometric area of electrode, 1.54 cm2, is used for simplicity), C∗

Li
is the concentration of lithium ions in the cathode, and � is the
potential scan rate (V s−1). Based on Eq. (1) and the slope of ip vs.

�1/2 plots in Fig. 7, the Dapp

Li+ values of LFP and LVP at various low
temperatures are determined and the results are shown in Table 1.
It can be found that the Dapp

Li+ values of LFP are in a magnitude of

10−11 cm2 s−1, which are an order lower than those of LVP. In addi-

temperatures.

0 −10 −20

2.16 1.64 0.25

8.02 7.41 5.22
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ig. 8. Arrhenius plots of the apparent chemical diffusion coefficient of lithium ions
f the LFP and LVP.

ion, with the temperature decreasing, no matter the LFP or the
VP, the Dapp

Li+ all decrease. However, the Dapp
Li+ decreasing rate of LFP

s the temperature is much larger than that of LVP. Thus, it can be
oncluded that the LFP electrode kinetics is more sluggish than LVP,
specially at low temperature of −20 ◦C.

To see more clearly the temperature effect on Dapp
Li+ , the logarith-

ic Dapp
Li+ was plotted against the inverse of temperature (Fig. 8), and

he resultant plots follow the conventional Arrhenius equation:

app
Li+ = D0 exp

(−Ea

RT

)
(2)

here D0 is the pre-exponential factor (a temperature-
ndependent coefficient), Ea is the activation energy, R is the
as constant, T is the absolute temperature. On the basis of Eq. (2),
he activation energies (Ea = − Rk ln 10, k is the slope of the fitting
ine shown in Fig. 8) of LFP and LVP are calculated to be 47.48 and
.57 kJ mol−1, respectively. The activation energy of LVP is about
ne seventh that of LFP, indicating an easier diffusion for lithium
xtraction/intercalation.

. Conclusion

The electrochemical tests illustrate that the low-temperature
erformance of LVP/C is much better than that of LFP/C in a gen-
ral electrolyte (1.0 M LiPF6/EC + DMC (1:1 w/w)). At −20 ◦C, the
FP/C sample has only a stable reversible discharge capacity of

5.4 mAh g−1 under 0.3 C rate, which owns 31.5% of the capacity
btained at 23 ◦C. For the LVP/C sample, it delivers a high sta-
le reversible discharge capacity of 108.1 mAh g−1 at −20 ◦C under
.3 C rate, owning 86.7% of the capacity gained at 23 ◦C. The EIS
easurement shows that the charge-transfer resistance Rct2 val-

[
[
[
[
[

urces 196 (2011) 2109–2114

ues of LFP/C at various low temperatures are all greater than those
of LVP/C. Moreover, in CV curves, the �V values of LFP/C at vari-
ous low temperatures are all larger than those of LVP/C, implying
that the cell polarization of LVP/C is relatively low. Also, the Dapp

Li+

measurement shows that not only Dapp
Li+ values of LFP at various low

temperatures are lower than those of LVP, but also the Dapp
Li+ decreas-

ing rate of LFP with the temperature is much larger, meaning that
the LFP electrode kinetics is more sluggish. The activation energies
of LFP and LVP are calculated to be 47.48 and 6.57 kJ mol−1, indi-
cating that the extraction/intercalation of Li+ in LVP is much easier
than in LFP.
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