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Preparation of Cr-doped LiVPO,F and Electrochemical Studies on Li
Extraction/Insertion Performances for Lithium-ion Batteries

LI Yu-Zhan ZHOU Zhen REN Jun-Xia GAO Xue-Ping YAN Jie*
(Institute of New Energy Material Chemistry, Nankai University, Tianjin 30007)

Abstract: A series of Cr-doped LiVPO,F cathode materials were synthesized by conventional solid-state reactions
of the stoichiometric mixture of VPO,, CrPO, and LiF, and the samples showed the same triclinic structure as the
undoped LiVPO,F. The Cr-doped LiVPO,F samples were investigated on the Li extraction/insertion performances
through galvanostatic charge/discharge, cyclic voltammetry (CV), and electrochemical impedance spectrum (EIS).
The Cr-doped LiVPO,F systems showed improved capacity and cyclability in the voltage range of 3.0~4.6 V at
different rates, for example, the measured discharge capacity of the Cr-doped LiVPO,F sample was still held over
110 mAh-g™ after 50 cycles at 0.2 C rate at room temperature. The optimal doping content of Cr was that x=0.03
in the LiV,_Cr,PO,F samples to achieve high discharge capacity and good cyclic stability. The electrode reaction
reversibility was enhanced, and the charge transfer resistance was decreased through the Cr-doping. The improved
electrochemical performances of the Cr-doped LiVPO,F cathode materials are attributed to the structural stability

derived from the incorporation of Cr* ions.
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0 Introduction such as cellular phones, notebook-type computers etc.
due to high energy density, good cyclic performance

Since the birth in the early 1990"s, lithium ion and excellent capacity retention. However, the ever-
batteries have been widely used in portable devices  growing demand for lithium ion batteries has been
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spawning more and more explorations of novel lithium
insertion materials both for cathodes and anodes!'. In
LiCoO, and spinel
but

alternative cathode materials have been pursued to re-

lithium-ion rechargeable batteries,
LiMn,0, are currently used as cathode materials,
place them. A good cathode material should have
large capacity that can be retained for up to 1000 cy-
cles, good stability that can withstand fast recharge
and discharge and some other possible extreme condi-
tions, high affordablility for consumer electronics and
large scale storage, and low toxicity.

In recent years, novel compounds based on tran-
sition metal polyanions have been proposed as a new
class of cathode materials for lithium ion batteries®.
At present there is great interest in synthesizing new
phosphate or fluorophosphates with open structures
because of their potential applications?. Certain lithium
fluorophosphates turn out to be fascinating from a crys-
tal-chemical point of view because of the particular be-
havior of the Li* ion in the presence of PO group. The
Li extraction/insertion properties of LiVPO,F were in-
LiVPOF is
isostructural with the naturally occurring mineral
LiFePO, - OH,

structure  (space group Pl). The reversible Li extrac-

tensively studied in Barker's group!®-'Z,

tavorite, crystallized with a triclinic
tion/insertion reaction for Li,  VPO,F, based on the V*
/V* redox couple operates at about 4.2 V vs Li"/Li"2.
However, the capacity of LiVPO,F decreases quickly
during charge/discharge cycles, probably due to the
phase instability, so before the practical application,
long-term cyclic ability must be improved. We have
recently found that the B-doping could improve the
cyclic ability of LiVPOF cathode material. In this
work, Cr-doped LiVPO,F cathode material was synthe-
sized, and the Cr-doping effect was investigated on the
electrochemical performances of the LiVPOF cathode
material. The Cr-doping was also found to increase the
discharge capacity and enhance the cyclic ability of

LiVPO/F cathode material.
1 Experimental

1.1 Synthesis of LiV,_Cr,POF (0.00<x<0.07)

Undoped and Cr-doped LiVPO,F cathode materi-

als were synthesized by solid state reaction at high
temperature. Firstly, a stoichiometric mixture of V,0s,
NH,H,PO, and carbon was thoroughly mixed, and then
pressed into pellets and heated at 300 °C in a tube
furnace with a flowing argon gas for 4 h. After slowly
cooled down to room temperature, the pellets were
ground for 20 min, pressed into pellets again, heated

to 750 °C,

pellets were cooled to room temperature, and ground in-

and held at this temperature for 6 h. The

to fine VPO, powder for further use. Similarly, CrPO,
was synthesized at 900 °C for 8 h in air. Secondly, a
CrPO, and LiF was

thoroughly mixed, pressed into pellets, and sintered at

stoichiometric mixture of VPO,

750 °C for 15 min in a tube furnace with a flowing ar-
gon gas. Finally, the LiV,_Cr,POF product was cooled
to room temperature rapidly and ground into fine
powder. The undoped LiVPO,F sample was also pre-
pared for comparison through the same procedure ex-
cept the addition of CrPO.,.
1.2 Material characterization

Undoped and Cr-doped LiVPO,F were character-
ized with 26 between 3° to 50° by X-ray diffraction
(XRD) wsing a D/Max III diffractometer with Cu Ko
radiation, at the scan rate of 8°+min~!

the 40 kV, current of 100 mA.
1.3 Electrochemical tests

, and voltage of

Teflon-type test cells were assembled for all the
electrochemical tests with undoped and Cr-doped
LiVPO,F samples as active materials in the cathodes,
respectively. A mixture of 77wt% active materials,
18wt% carbon black and 5wt% colloidal polytetrafluo-
roethylene (PTFE) binder was pressed into a circular
pellet electrode with a diameter of 8 mm. The pellet
was then dried at 100 °C for 24 h. The test cells were
assembled with the above electrode as cathode and Li
metal as anode in a dry glove box filled with argon
The electrolyte was 1 mol- L™ LiPF, dissolved in
(C)
carbonate (DMC) with the volume ratio of 1:1.

gas.
a mixture of ethylene carbonate and dimethyl

Charge/discharge cycling tests were performed
using a commercial battery tester. The test cells were
galvanostatically charged and discharged in the volt-
age range of 3.0~4.6 V. Cyclic voltammogram (CV)
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was measured at a scan rate of 0.1 mV-s™ using CHI
600A electrochemical analyzer. Electrochemical im-
pendence spectrum (EIS) measurements were per-
formed using a Solartron 1260 frequency response an-
alyzer combined with a PAR 283 potentiostat. EIS
measurements covered the frequency range of 10 kHz
to 10 mHz with an ac voltage of 5 mV. The CV and
EIS experiments were performed in the three-electrode
system using metallic foils as both counter and refer-

ence electrode.
2 Results and discussion

2.1 XRD results

The XRD patters of LiV,_Cr,POJF (x=0.01, 0.03,
0.05, 0.07) are shown in Fig.1, and all the XRD pat-
terns are similar to that of undoped LiVPO,F. The
diffraction peaks of all the samples are attributed to a
pure single phase indexed with triclinic structure, and
no other phases were detected in XRD analyses, indi-
cating that Cr was doped completely into the crystal
lattice of LiVPO,F. Since the radius of V** is 0.074
nm, and the radius of Cr** is 0.064 nm. The Cr** ions
may be mostly located at the position of V?* in the
crystal lattice.

Accordingly, the Cr doping does not

change the basic LiVPO,F crystal structure.

2 " 0.07
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£ T 0.03
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20/ ()
Fig.1 XRD patters for undoped and Cr-doped LiVPO,F
(LiV,.Cr.PO,F) with x of 0.01, 0.03, 0.05 and 0.07
2.2 Galvanostatic charge/discharge tests
Fig.2 shows the charge/discharge profiles for the
LiV,_CrPOF cathode materials at 0.2 C rate. In this
study, the charge/discharge profiles of 50 cycles are
presented instead of only the first one, since lithium

ion cells generally have different starting voltage dur-

ing the first cycles. From Fig.2, it is clear that the
initial discharge capacity of LiVPO,F is about 116.5
mAh-g™, but the discharge capacity drops quickly to
about 83.1 mAh-g™ after 50 cycles,

loss is about 28.6% after 50 cycles.

so the capacity
This result is in
good agreement with that of Baker et al.®'®. However,
in the Cr-doped LiV,_Cr,PO,F system, the capacity
loss was 24.1%, 4.0%, 0.9%, 3.5% for the sample with
x of 0.01, 0.03, 0.05 and 0.07, respectively. Therefore,
the triclinic structure becomes more tolerant to repeated
charge/discharge cycles due to the Cr doping. The ini-
tial discharge capacity of LiVywCrooPOF is about
122.8 mAh-g™,
quickly during the subsequent charge/discharge cycles,

but the discharge capacity decreases

L.e., after 50 cycles, the discharge capacity is only 93.1
mAh g™, The initial capacities of LiVyCro;PO,F,
LiV95BoosPOLE and LiV 9B i,POLF are 120.9, 111.0 and
110.5 mAh-¢g™, respectively, and the discharge capac-
ities are 116.0, 110.0 and 106.6 mAh-g™, respectively
after 50 cycles. Therefore, the optimal Cr doping con-
tent is that x=0.03 in order to achieve high discharge
capacity and good cyclic stability in the LiVPOF sys-

tem.
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Fig.2  Discharge capacity vs cyclic number for various
LiV, Cr,PO,F (x=0~0.07) at room temperature
and 0.2 C in the voltage range of 3.0~4.6 V
(vs Li/Li)

Fig.3 shows the first charge/discharge curves of
LiVg,CrysPOF sample.
plateau around 4.3 V during charge and 4.2 V during
The LiVgCrosPOF sample exhibited a
higher charge capacity about 132.9 mAh-g™ and dis-

The sample exhibited a flat
discharge.

charge capacity about 120.9 mAh -g™ at the current
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density of 0.2 C rate. Furthermore,
showed higher coulombic efficiency 91%.
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Fig3 First charge/discharge curves of LiVeyCronPOF
samples at 25 °C at 0.2 C rates in the voltage
range of 3.0~4.6 V (vs Li*/Li)

Galvanostatic charge/discharge tests were also
conducted at different rates for LiCrypVoe;POLF sample
at room temperature in order to examine whether there
is a kinetic limitation of lithium-ion transfer in the
solid state, and the results are shown in Fig.4. In Fig.
4 the discharge capacity decreases at all rate with the
but not sharply. After 50
cycles, the discharge capacity drops to 116.0 mAh-g™
at 0.2 C rate, 101.4 mAh-g™ at 0.5 C, and 97.5 mAh-
¢ at 1 C, respectively. Namely, the capacity decreas-
es continuously at a rate of 0.08% per cycle at 0.2 C,
0.14% per cycle at 0.5 C, and 0.13% per cycle at 1 C.

increase of cycle number,
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Fig.4 Cycling performance of LiVg;Cryp;,POF samples at
25 C at different rate in the voltage range of 3.0~
4.6V (vs Li*/ Li)

The cyclic tests were performed at 25 C and 55
°C for the LiVgCrysPO,F sample between 3.0 V and
4.6 V at 0.5 C rate. The LiVgCryisPO.F sample ex-
hibited the discharge capacity of 129.2 mAh-g™ at 55

the sample also

C for the first cycle, which is a dramatic improvement
over 109.3 mAh-g™ at 25 °C. The discharge capacities
at 55 °C were all much higher than those at 25 °C for
all the cycles in Fig.5. The general improvement in
the performance may be attributed to the increased

diffusion of lithium ions at elevated temperatures.
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Fig.5 Cyclic performances of LiVosCrosPOLF sample at

25 °C and 55 C in the voltage range of 3.0~4.6

V (vs Li*/ Li) at 0.5 C rate
2.3 CV measurements

CV curves for LiVPO,F and LiVy,Cry;sPOF sam-

ples are shown in Fig.6. The curves indicate the po-
tential in which the lithium extraction/insertion and
the phase transition (if there is) occur. In the undoped
system, the extraction and insertion process occurs at
4.39 V and 4.10 V, respectively. However, in the Cr-
doped system, Li ion extraction potential decreases to
4.36 V,and the Li ion insertion potential increases to
4.12 V, indicating that the overpotential for both the

extraction and insertion process is reduced. In CV

measurements, it is known that the potential differ-

0.001 0

0.000 5

0.0000

Current/ A

-0.000 5

-0.001 0

30 32 34 36 38 40 42 44 46
Potential / V vs Li*/ Li

Fig.6 CV curves at scan rate of 0.1 mV+s™ in the
voltage range of 3.0~4.6 V for undoped
LiVPO,F and LiV4,CryPO,F samples
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ence between anodic peak and cathodic peak is an
important parameter to evaluate the reversibility of an
electrochemical reaction. The potential difference of
Cr-doped system is about 0.24 V, whereas that of the
undoped system is about 0.29 V, showing the en-
hancement of electrode reaction reversibility due to
the Cr-doping.
2.4 EIS analysis

The electrochemical impedance spectra of
LiVPO,F and LiVyy,Cro;POJF electrodes materials
were measured at different charging states. The typical
Nyquist plots of EIS are presented in Fig.7 and Fig.8
for LiVPO,F and LiV,yCryisPOLF,

semicircle was observed to center on the real axis at

respectively. A

the high frequency range. In the low frequency range,
a straight line with an angle of 45° to the real axis
corresponds to the Warburg impedance. The high-fre-
quency semicircle is related to the charge-transfer re-
sistance (R,) and the double-layer capacitance. The
low-frequency tails resulted from the diffusion of lithi-
um ions in the bulk active mass. Similar EIS patterns
were observed for LiVPO,F and LiV,yCryiPOLF sys-
In the case of LiVPO,F,

semicircle seemed to have significant dependence on

tems. the diameter of the

the potential during charging, signifying that the film
formation process is dependent on the lithium ion
content. On the other hand, the charge transfer resis-
tance, R, shows a greater dependence on the lithium
insertion and extraction levels. In the highly charged
states, the sample was found to give lower Ret values.
Comparing the diameter of the semicircle of the above

it can be found that LiV¢CryePOF

two system,

500

400

0 100 200 300 400 500 600 700 800
z'/Q

Fig.7 Nyquist plots for the EIS of LiVPO,F at different

open circuit potentials

'l
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Fig.8 Nyquist plots for the EIS of LiV,;CryosPOLF at

different open circuit potentials

showed lower R, value than LiVPO,F, indicating that
the Cr-doping may cause some defects in the LiVPO,F
system, and increase the electronic conductivity and
improve the Li* kinetic behavior.

The Li ion extraction/insertion processes as well
as V**/V* and V*/V°* redox reactions may lead to
great changes to crystal structure and cause the phase
instability of LiVPO,F system. Since the radius of V**
is 0.074 nm, and the radius of Cr* is 0.064 nm, the
existence of Cr ions would counteract the volume
shrinking/swelling during the Li* reversible extraction/
insertion, and then increase the stability of LiVPO,F
phase in the long-term charge/discharge cycles. There-
fore, the cyclic performances of the LiVPO,F system
are apparently improved through the doping of a small

amount Cr.
3 Conclusion

The Undoped and Cr-doped LiVPO,F cathode
materials have been synthesized by high temperature
solid-state reactions. X-ray diffraction results show
that the samples are pure single triclinic phases. The
Cr-doped LiVPO,F cathode materials have higher dis-
charge capacity and better charge/discharge cyclic
stability. The loss in the discharge capacity for the
LiV,_Cr,POF sample (x=0.01, 0.03, 0.05 and 0.07) at
0.2 C rate and room temperature is in the range of
0.9~24.1%, much lower than 28.6% of the undoped
sample. The optimal doping content of Cr is that x=
0.03 to achieve high discharge capacity and good

cyclic stability. In the Cr-doped system, the electrode
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reaction reversibility was enhanced and the charge
transfer resistance was decreased due to the Cr-dop-
ing. The Cr-doping effects can be attributed to the fact
that the Cr ions with smaller size would counteract the
volume shrinking/swelling during the Li* reversible ex-
traction/insertion, and then increase the phase stabili-
ty, resulting in the improvement of the cyclic ability.
The Cr-doping may promote the application of

LiVPO,F to commercial Li ion batteries.
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