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a b s t r a c t

Lithium vanadium fluorophosphate, LiVPO4F is prepared by two-step carbothermal reduction method
and characterized by X-ray diffraction, X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), density and surface area. Its cathodic behaviour is examined by galvanostatic
charge–discharge cycling up to 1260 cycles, cyclic voltammetry (CV) and impedance spectra using Li-
metal as the counter and reference electrode. When cycled between 3.0 and 4.5 V at 15 mA g−1 (0.12C), a
reversible and stable capacity of 130 (±3) mAh g−1 is observed in the range 20–200 cycles. Slow capacity
eywords:
ithium vanadium fluorophosphate
athode
ithium-ion batteries
arbothermal reduction

mpedance spectroscopy

fading occurs between 200 and 360 cycles. When cycled at the 0.92C rate (1C = 130 mA g−1), a reversible
and stable capacity of 122 (±3) mAh g−1 is obtained at 200–800 cycles. The capacity degrades slowly over
800–1260 cycles and the total loss is ∼14%. Coulombic efficiency increases to 96–98% after the first 10–15
cycles. The CV data show that the charge–discharge process, a two-phase reaction, occurs between 4.2
and 4.5 V, in agreement with literature data. Impedance spectra, up to 90 cycles are fitted to an equivalent

f imp
circuit and the variation o

. Introduction

In 2003, Barker et al. [1] reported a new and novel 4 V-
athode material, namely, lithium vanadium fluorophosphate,
iVPO4F, as an alternative to the commonly used LiCoO2 in first-
eneration lithium-ion batteries (LIBs). It has a theoretical capacity
f 156 mAh g−1 and operates using the redox couple V3+/4+ dur-
ng charge–discharge cycling via a two-phase reaction. Subsequent
tudies by Barker et al. [2–7], Li et al. [8], Zhou et al. [9] and Zhong
t al. [10] have shown the following interesting properties: (i) the
verage lithium-de-intercalation–intercalation voltage of LiVPO4F
s ∼4.2 V vs. Li, which is 0.2 and 0.7 V higher than that exhibited
y LiCoO2 [11] and LiFePO4 [12], respectively; (ii) the phase can be
ynthesized either by a one-step or a two-step solid-state reaction,
t temperatures as low as 550 ◦C [8], but the optimum appears to
e 650–750 ◦C [1–6,8,9]; (iii) the thermal stability of the charged-
athode is as good as LiFePO4, and much better than LiCoO2 [9];
iv) demonstration-type Li-ion cells, with mesocarbon micro beads
MCMB) graphite as the counter electrode, have shown very good
tability and rate-capability over a large number of cycles [6,7].
n this study, LiVPO4F is synthesized by a two-step method, char-

cterized, and subjected to long-term cycling (up to 1250 cycles)
t 0.12 and 0.92C rates at ambient temperature. Complementary
yclic voltammetry and impedance analysis data are reported.

∗ Corresponding author. Tel.: +65 6516 2531; fax: +65 6777 6126.
E-mail address: phychowd@nus.edu.sg (B.V.R. Chowdari).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.03.032
edance parameters is interpreted.
© 2010 Elsevier B.V. All rights reserved.

2. Experimental

The compound LiVPO4F was prepared by mixing stoichiometric
amounts of VPO4 (2.11 g) and LiF (0.387 g) (Merck, 99% purity) using
a high energy ball mill (Spex Ball mill (D8000), USA) for 12 h (speed:
1400 rpm, ball:powder ratio (in g): 10:2.5) and heating the mixture
at 700 ◦C for 1 h argon. VPO4 was prepared by a carbothermal reduc-
tion method similar to that used by Barker et al. [1] and involved
reacting V2O5 (5.42 g, Aldrich; purity, 98%), ammonium dihydro-
gen phosphate NH4H2PO4 (3.93 g, Merck; purity, 99%) and carbon
(0.43 g, Super P, surface area: 250 m2 g−1, 20 wt.% excess carbon).
The chemicals were mixed using a mechanical grinder, pelletized
and heated at 750 ◦C for 4 h in flowing argon in a tubular furnace
(Carbolite, UK).

X-ray diffraction (XRD) patterns were taken with a Philips Xpert
unit with Cu K� radiation. Lattice parameters were obtained from
the XRD data by using TOPAS-R (version 2.1) software and assuming
the reported crystal structure. X-ray photoelectron spectra (XPS)
of LiVPO4F were obtained by means of a VG Scientific ESCA MK
II spectrometer with monochromatic Mg-K� radiation (1253.6 eV).
The survey spectra were recorded in the range 0–1099 eV with a
constant–pass energy of 50 eV. The high-resolution spectra were
recorded with a smaller constant pass energy of 20 eV. Charge refer-
encing was carried out against adventitious carbon (C), assuming its

binding energy to be 284.6 eV. Analysis of the XPS spectra was done
using XPS Peak-fit software. A Shirley-type background was sub-
tracted from the recorded spectra and curve-fitting was conducted
with a Gaussian–Lorentzian (ratio, 60:40) curve. The derived bind-
ing energies (BE) have accuracy of (±0.2) eV. A scanning electron

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:phychowd@nus.edu.sg
dx.doi.org/10.1016/j.jpowsour.2010.03.032
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icroscope (SEM) (JEOL JSM-67500F) and a Micromeritics Tris-
ar 3000, USA and AccuPyc 1330 pycnometer (Micromeritics, USA)
ere are used to study the morphology, Brunauer, Emmett and

eller (BET) surface area and density, respectively, of the com-
ound.

Composite electrodes were fabricated with the active mate-
ial, super P carbon and binder (Kynar 2801) in a weight ratio of
0:15:15 by using N-methyl pyrrolidone (NMP) as solvent and an
tched aluminum foil (20 �m thickness) as the current-collector.
ithium metal foil (Kyokuto metal Co., Japan) was used as the
ounter and reference electrode. A solution of 1 M LiPF6 in ethylene
arbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v) (Merck)
nd Celgard 2502 membrane were used as the electrolyte and sep-
rator, respectively, to assemble coin-type cells (size, 2016) in an
r-filled glove-box (MBraun, Germany). The cells were aged for 12 h
efore measurement. The mass of the active material was varied
rom 2 to 7 mg and the electrode geometrical area was 2.0 cm2.
yclic voltammetry and charge–discharge cycling were carried out
t room temperature (RT) by using a computer-controlled Mac-pile
I system (Bio-logic, France) and a Bitrode multiple battery tester
Model SCN, Bitrode, USA), respectively. More details of cell fab-
ication have been described elsewhere [11–13]. For ex situ XRD
tudies of the electrodes, the cells were dismantled in the glove-
ox and the composite electrodes were recovered, washed with
ropylene carbonate (anhydrous) solvent, dried and mounted on
n oriented Si substrate that acted as the sample holder. Impedance
pectra of cells were measured with a Solartron impedance/gain-
hase analyzer (model SI 1255) coupled to a potentiostat (SI 1268)
t RT (25 ◦C). The frequency was varied from 0.35 MHz to 3 mHz
ith an ac signal amplitude of 5 mV. Nyquist plots (Z′ vs. −Z′′) were
erived and analyzed using Z-plot and Z-view software (Version
.2, Scribner associates Inc., USA).

. Results and discussion

.1. Structural aspects

The compound, LiVPO4F is a crystalline black powder, because
t contains some unreacted carbon that is intentionally added
uring the synthesis of the precursor, VPO4. The XRD pattern,
hown in Fig. 1, indicates that all the peaks can be indexed on
he basis of the triclinic structure (space group, P1) [1–6]. The cal-

ulated lattice parameters are: a = 5.175 Å, b = 5.304 Å, c = 7.503 Å,
= 66.95◦, ˇ = 66.88◦, � = 81.53◦ and cell volume, 174.06 Å3. These

ompare well with those reported by Barker et al. [14] (a = 5.169 Å,
= 5.306 Å, c = 7.503 Å, ˛ = 66.85◦, ˇ = 67.00◦, � = 81.58◦ and cell vol-
me, 174.21 Å3). Low-intensity lines due to an impurity phase,

Fig. 2. SEM photographs of LiVPO4F. (a) B
Fig. 1. Powder X-ray diffraction pattern of LiVPO4F. Miller indices are shown. The
asterisk denotes impurity, Li3V2(PO4)3. Symbols represent experimental data and
continuous line represents fitted pattern. Difference pattern is also shown. Vertical
bars represent expected 2� values. Cu K� radiation.

namely, Li3V2(PO4)3 [15,16] are also noted in the XRD pattern
of Fig. 1. From the relative intensities, it is estimated that the
impurity is ≤5 wt. %. The measured density of LiVPO4F is 3.390
(±0.005) g cm−3 and compares well with the calculated value
(assuming the formula units per unit cell, Z = 2) from the crys-
tal data, namely 3.278 g cm−3. Scanning electron micrographs
photographs show agglomeration of sub-micron particles with a
plate-like morphology (Fig. 2a and b). The measured BET surface
area of LiVPO4F is 7.7 (±0.2) m2 g−1, which is typical of well-
crystalline oxide materials.

3.2. X-ray photoelectron spectroscopy (XPS)

The core level XPS spectra of LiVPO4F are shown in the Fig. 3.
The binding energy (BE) values of V 2p are 517.1 (±0.2) and 523.4
(±0.2) eV, which correspond to energy level V 2p3/2 and V2p1/2,
respectively (Fig. 3a). The splitting of energy levels of V 2p3/2 and
V 2p1/2 is due to spin orbit coupling, and the energy difference
between them is 5.34 eV. The BE value of V 2p3/2 of LiVPO4F com-
pares well with the values reported by Li et al. [8] in LiVPO4F
(517.06 eV) and of V 2p in V2O3 (517.3 (±0.2) eV) [17] and in
Li3V2(PO4)3 (517.7 eV) [18], (517.2 eV) [19] and thereby confirm
that the oxidation state of V-ion in LiVPO4F is 3+. The spectrum
of P 2p is shown in Fig. 3b and the BE value of 133.7 (±0.2) eV is
characteristic of the tetrahedral PO4 bond. Similar BE values of P 2p
are encountered in LiFePO (133.5 eV) [20] and in Li PO (133.6 eV)
4 3 4
[20] and in AlPO4 (133.4 eV) [21]. The O 1s spectrum has a BE value
of 531.2 (±0.2) eV, shown in Fig. 3c, which is due to oxygen predom-
inantly bonded to V or P ions. An additional low-intensity peak with
a BE of 533.3 (±0.2) eV may be due to adsorbed water or surface OH-

ar scale 1 �m; (b) bar scale 100 nm.
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Fig. 3. Core level XPS spectra of LiVPO4F. (a) V 2p, (b) P 2p, (c) O 1s, (d

roups, similar to the BEs reported for O 1s in LiFePO4 (531.6 and
33.2 eV) [20]. The XPS spectrum of F 1s has a BE value of 685.2
±0.2) eV, which can be attributed to the V–F bond (Fig. 3d) and
his may be compared with the BE of F 1s in LiF, namely, 686.5 eV
22]. It is concluded that the XPS data indeed show the expected
alency states of the metal and non-metal ions in LiVPO4F.

. Electrochemical properties

.1. Cyclic voltammetry

Cyclic voltammograms (CVs) of LiVPO4F as a cathode, with Li-
etal as the counter and reference electrode, in the potential range

.0–4.5 V at room temperature and a slow scan rate of 0.058 mV s−1

p to 30 cycles are shown in Fig. 4a and b. For clarity, only selected
ycles are shown. During the first cycle, three low-intensity anodic
eaks (Li-extraction) at 3.60, 3.68 and 4.10 V are noted, followed
y a medium intensity peak at 4.25 V and a high intensity, but
road, peak at ∼4.45 V. The corresponding main cathodic peak
Li-insertion) is seen at 4.13 V. This is followed by low-intensity
athodic peaks in the potential range 4.05–3.5 V. In the second and
ubsequent cycles, the medium and high intensity anodic peaks
hift to a lower potential (∼4.38 V), but the corresponding cathodic
eak shifts only by ∼0.05 V, to a higher potential. The low-intensity
eaks, both anodic and cathodic, in the range 4.1–3.5 V are not
hifted. The shift in the peak potentials is an indication of the ‘for-
ation’ of the electrode in the first few cycles, whereby the active
aterial undergoes minor structural rearrangement and makes

ood electrical contact with the conducting carbon particles in
he composite electrode, the current-collector and the liquid elec-
rolyte. The shifts in the main peak voltages are completed by 5–12

ycles (Fig. 4a). The main anodic and cathodic peak currents show
slight increase up to 25 cycles and thereafter remain constant, as

s clear from the CV for the 30th cycle (Fig. 4a and b). The hysteresis
�V) of the main anodic and cathodic peak potentials at the 30th
ycle is small (0.21 V), which indicates very good reversibility of
. Symbols represent experimental data. Continuous line is fitted data.

LiVPO4F. The CV of LiVPO4F recorded after 1260 galvanostatic cycles
shows a slight shift in the main anodic and cathodic peak potentials
with �V = 0.37 V, indicative of a slight increase in polarization of
the electrode. On the other hand, the low-intensity cathodic/anodic
peaks in the range 4.05–3.5 V are not shifted (Fig. 4c).

The low-intensity minor anodic peaks at ∼3.6–4.10 V and the
corresponding cathodic peaks at ∼3.56–3.98 V in the CV are almost
identical to the peaks observed in the differential capacity vs. volt-
age curves of Li3V2(PO4)3 [15]. This is convincing proof that the
impurity phase in the XRD pattern is indeed Li3V2(PO4)3 (Fig. 1a).
The observed CV data on LiVPO4F are in good agreement with the
differential capacity vs. voltage curves (analogous to CV) reported
by Barker et al. [4–6] and Li et al. [8] at 4.30 and 4.36 V for Li-
extraction, and 4.14 and 4.02 V for Li-insertion, and are assigned
to the V3+/4+ redox couple.

4.2. Galvanostatic cycling

Galvanostatic cycling of LiVPO4F as a cathode was carried out
at 25 ◦C up to 300 cycles at a current density of 15 mA g−1 and up
to 1250 cycles at 120 mA g−1 in the voltage range 3.0–4.5 V vs. Li.
The voltage vs. capacity profiles of selected cycles at 15 mA g−1 are
presented in Fig. 5. During the first charge (Li de-intercalation) pro-
cess, the voltage increases to ∼4.0 V from the open-circuit voltage
(OCV ∼3.0 V) with a small plateau at ∼4.1 V till about 10 mAh g−1 of
capacity is reached, followed by a wide plateau region at 4.28 V, till
a charge capacity of about 130 (±3) mAh g−1. The total first charge
capacity is 140 (±3) mAh g−1 vs. the theoretical value, 156 mAh g−1

(Fig. 5a). The first discharge profile shows a voltage plateau at∼4.2 V
with minor steps in the low-voltage region, and the total capacity
is 123 (±3) mAh g−1. Thus, the irreversible capacity loss during the

first cycle is 17 (±3) mAh g−1 which corresponds to a coulombic
efficiency of 88%. During subsequent charge and discharge cycles,
the plateau voltage values remain almost the same. The discharge
capacity shows an increasing trend up to about 10–15 cycles and
thereafter becomes almost the same as the charge capacity, which
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ig. 4. Cyclic voltammograms of LiVPO4F in potential range 3.0–4.5 V vs. Li. Scan
c) After 1260 galvanostatic cycles at 0.92C rate. Numbers indicate potentials in vo

aterial (5.81 mg vs. 1.82 mg).

ndicates an increase in the coulombic efficiency to 96–98%. The
apacity vs. cycle number plot in Fig. 5d shows a stable capacity of
30 (±3) mAh g−1 over 40–150 cycles. A slow capacity degradation

s observed in the range 150–360 cycles, at the rate of 0.02 mAh g−1

er cycle. Also the �V, the difference between the average charge
nd discharge voltage, slightly increases from 0.11 V at the 100th
ycle to 0.23 V at the end of 360th cycle, indicating an increase in the
lectrode polarization (Fig. 5b and c). The differential capacity vs.
oltage plot, derived from the voltage-capacity profile of the 360th
ycle (Fig. 5b), is shown in Fig. 5c and bears a very good resemblance
o the CV curves of Fig. 4b and c.

Galvanostatic cycling data in the form of voltage vs. capacity pro-
les of LiVPO4F at 120 mA g−1 (0.92C, assuming 1C = 130 mA g−1) in
he voltage range 3.0–4.5 V are given in Fig. 6a. The plateau voltage
alues are the same as those encountered when cycled at 15 mA g−1

0.12C rate). As can be expected, the first charge and discharge
apacities are 109 and 106 (±3) mAh g−1, respectively, which are
maller than the values measured at the 0.12C rate. With increase in
ycle number, there is an increase in the reversible capacity due to
he ‘formation’ (formatting) of the electrode, which stabilizes at 122
±3) mAh g−1 at the end of 200 cycles. This capacity remains more

r less stable up to 800 cycles, after which it slowly degrades to 105
±3) mAh g−1 at the end of the 1250th cycle (Fig. 6b), and corre-
ponds to a capacity-fade of 14% in the range 800–1250 cycles. The
apacity fading observed at the 0.12C rate after 150 cycles, and at
.92C rate after 800 cycles, could be due to slight polarization of the
8 �V s−1. (a) 1–13 cycles; only selected cycles (1, 2, 4, 13) shown. (b) 30th cycle.
Axis values are higher in comparison with (a) and (b) due to larger active mass of

electrode because of the two-phase reaction, and to drying-up of
the electrolyte as a result of long-term cycling. The observed capac-
ity values are in good agreement with those reported by Barker et
al. [1–7] and others [8–10].

The ex situ XRD patterns of LiVPO4F cycled electrodes in the dis-
charged state (at 3.0 V) after 40 cycles, and in the charged state
(at 4.5 V) after 90 cycles are shown in Fig. 7, along with that of
the bare electrode LiVPO4F. The patterns overlap well, except for
slight changes in the relative intensities of selected peaks and no
new peaks are seen. This indicates that the parent structure, as
well as the Li-vacant structure, is completely analogous due to the
fact that Li-cycling proceeds through a two-phase reaction, namely,
LiV3+PO4F ↔�V4+PO4F + Li+ + e−, where e− is the electron and � is
the vacancy. Of course, slight changes in the crystal lattice param-
eters and angles occur in �V4+PO4F, as compared with the parent
phase (LiV3+PO4F) due to the smaller ionic radius of the V4+ ion and
relaxation of the crystal lattice as a result of the vacancy at the Li-
site. Similar structural similarities between the parent and product
phases during the charge–discharge process have also been estab-
lished in cathode materials such as, LiFePO4 [23] and Li3V2P3O12
[15], and the anode material Li4Ti5O12 [24].
4.3. Impedance spectroscopy studies

Electrochemical impedance spectroscopy (EIS) is a useful tech-
nique for studying the electrode kinetics of LIB cathode materials
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00–360 cycles; numbers indicate cycle number. (c) Differential capacity (dQ/dV) v
oltage range 3.0–4.5 V, current rate 15 mA g−1 (0.12C). Filled symbols: charge capa

n which Li-cycling occurs in single-phase [25–27] and two-phase
eactions [28–34]. Nevertheless, EIS studies on LiVPO4F have not
een reported in the literature. In the present investigation, the

mpedance spectra are measured with Li-metal as the counter

lectrode at various voltages (3.0–4.5 V) at the 0.12C rate dur-
ng the first cycle, and also in the discharged or charged state
fter a given number of cycles in the range of 30–90 cycles.
he Nyquist plots (Z′ vs. −Z′′) are shown in Fig. 8 where Z′ and

ig. 6. (a) Galvanostatic cycling profiles of LiVPO4F in voltage range 3.0–4.5 V at current of
ycle number. Only selected cycles (1, 2, 15, 100, 680, 1250) shown for clarity. (b) Capac
pen symbols: discharge capacity.
rate 15 mA g (0.12C); only selected cycles shown for clarity: (a) 1–62 cycles; (b)
age (V) plot for 360th cycle, extracted from (b). (d) Capacity vs. cycle number plot.
pen symbols: discharge capacity.

Z′′ represent the real and imaginary part of the impedance. The
spectra were fitted to an equivalent circuit consisting of resis-
tances (both electrolyte and charge-transfer), a constant phase
element (CPE) in lieu of the capacitance (Ci), a Warburg impedance

and an intercalation capacitance [26–34]. The ˛ values were cal-
culated using the equation, ZCPE = 1/[ˇ(jω)˛] where ZCPE is the
impedance of CPEi, ω is the angular frequency, j =

√−1 and ˇ
and ˛ are constants. The value of ˛ indicates the degree of dis-

120 mA g−1 (0.92C, assuming 1C = 130 mA g−1) up to 1250 cycles. Numbers indicate
ity vs. cycle number plot derived from data of (a). Filled symbols: charge capacity;
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ortion of the impedance spectra from ideal behaviour; when
= 1, ˇ is identical to Ci and CPEi becomes an ideal capaci-

or.
A fresh cell (OCV∼3 V) shows a single semicircle in the frequency

ange 0.18 MHz to 17 Hz, followed by a Warburg region (Fig. 8a). The

tted values of surface-film resistance (Rsf) and surface-film capac-

tance (CPEsf) are 37 (±3) � and 24 (±3) �F, respectively (Table 1).
uring both the charge- and -discharge cycles a single semicircle

s observed and therefore the spectra are fitted using a combina-

ig. 8. Nyquist plots (Z′ vs. −Z′′) of cell, LiVPO4F vs. Li during (a) first charge cycle and (b)
umbers: (c) in charged state (4.5 V) and (d) discharged state (3.0 V). Symbols represent
ircuit. Geometrical area of electrode is 2 cm2.
ources 195 (2010) 5768–5774 5773

tion of surface-film and charge-transfer resistance (R(sf+ct)) and the
corresponding CPE(sf+dl), where dl refers to double layer capaci-
tance. The Rct arises due to the resistance at the interface between
the electrode and electrolyte. The R(sf+ct) values during the first
charge cycle increase from 40 to 164 (±3) � in the voltage range
3.6–4.5 V whereas the corresponding CPE(sf+dl) values remain con-
stant at 26 (±5) �F (Table 1). The fourfold increase in R(sf+ct) when
the voltage is increased from 3.6 to 4.5 V is understandable since
the Li-deintercalated phase (�VPO4F) will have a higher resistance
than the pristine phase. The ˛-values range from 0.79 to 0.82.
During the first discharge cycle, in the voltage range 4.0–3.0 V,
R(sf+ct) varies from 158 to 86 (±3) � and CPE(sf+dl) values range from
34 to 46 (±5) �F. Thus, the resistance values during the charge
cycle show an increasing trend from 3.0 to 4.5 V and a decreas-
ing trend during the discharge cycle to 3.0 V. The R(sf+ct) at 3.0 V
at the end of first cycle is 86 (±3)�, a twofold increase when com-
pared with the original starting-value. The ˛-values are in the range
0.72–0.76, i.e., smaller than those encountered during the charge
cycle.

As can be seen in Fig. 8c and d, both in the charged state and
in the discharged state only a single semicircle is noted, similar
to the first-cycle spectra. In the range 30–50 cycles, the spectra
almost overlap, which indicates that the impedance parameters
remain more or less constant. Thus, R(sf+ct) values range from 60
to 71 (±3) � in the charged state (4.5 V), and from 97 to 110 (±3) �
in the discharged state (3.0 V). At the end of 60, 70 and 90 cycles,
however, these values show an increasing trend with an increase in
the cycle number, as are the ˛ values (Table 1). The CPE(sf+dl) values,
number, both in the charged state and in the discharged state. The
observed trends in the impedance parameters indicate an increase
in the polarization of the LiVPO4F electrode that is also evident in
CV and galvanostatic cycling data.

first discharge cycle; selected frequencies are shown. Nyquist plots at various cycle
experimental data and continuous lines represent fitted spectra using equivalent
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Table 1
Impedance parameters of system, LiVPO4F-Li during first charge–discharge cycle at various voltages, and as a function of cycle number in fully charged state and discharged
state.

Parameter

First charge cycle
Cell voltage, V vs. Li 3.0 (OCV) 3.6 4.0 4.2 4.4 4.5
R(sf+ct) (±3) � 38 40 112 110 148 164
CPE(sf+dl) (±3) �F 24 27 26 29 30 31
˛ (±0.02) 0.82 0.82 0.80 0.79 0.82 0.81

First discharge cycle
Cell voltage, V vs. Li 3.0 3.4 3.8 4.0
R(sf+ct) (±3) � 86 131 136 158
CPE(sf+dl) (±3) �F 46 38 34 34
˛ (±0.02) 0.72 0.74 0.76 0.74

Cycle number: discharged state
Cell voltage, 3.0 V vs. Li

30 40 50 60 70 90

R(sf+ct) (±3) � 97 100 110 164 169 202
CPE(sf+dl) (±3) �F 72 73 67 77 58 60
˛ (±0.02) 0.83 0.83 0.87 0.81 0.89 0.88

Cycle number: charged state 30 40 50 60 70 90
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Cell voltage, 4.5 V vs. Li
R(sf+ct) (±3) � 60 67
CPE(sf+dl) (±3) �F 77 71
˛ (±0.02) 0.83 0.84

. Conclusions

The compound, LiVPO4F with a triclinic structure has been
repared by a two-step carbothermal reduction method and
hen characterized by X-ray diffraction, X-ray photoelectron spec-
roscopy, SEM, surface area and density techniques. A minor
mpurity phase, Li3V2P3O12, is noted in the synthesized mate-
ial. Electrochemical studies have been carried out by cyclic
oltammetry (CV) and galvanostatic cycling, at room temperature.
harge–discharge cycling of LiVPO4F in the voltage range 3.0–4.5 V
t a current rate of 15 mA g−1 (0.12 C) shows a reversible capac-
ty of 130 (±3) mAh g−1 in the range of 20–200 cycles and then a
low capacity fading between 200 and 360 cycles. When cycled
t the 0.92C rate (1C = 130 mA g−1), a reversible capacity of 122
±3) mAh g−1 is observed and is stable between 200 and 800 cycles.
he capacity degrades slowly over 800–1260 cycles, with a capac-
ty loss of 14%. The coulombic efficiency increases to 96–98% after
he first 10–15 cycles. CV data show a clear indication of the V3+/4+

edox couple at ∼4.35–4.15 V that involves a two-phase reaction.
mpedance spectra are measured during the first cycle and as a
unction of cycle number (up to 90 cycles) in the fully charged state
nd the discharged state. The spectra have been fitted to an equiva-
ent circuit and the variation of impedance parameters interpreted.
he observed cycling behaviour and CV data corroborate the stud-
es up to 200 cycles reported in the literature, and indicate that
iVPO4F can function to at least 800 cycles at the 0.92C rate with
ood reversible capacity. It is therefore a viable 4 V-cathode for LiBs.
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