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bstract

Lithium insertion and extraction in to/from the oxyfluorides TiOF2 and NbO2F is investigated by galvanostatic cycling, cyclic voltammetry
nd impedance spectroscopy in cells using Li-metal as a counter electrode at ambient temperature. The host compounds are prepared by low-
emperature reaction and characterized by powder X-ray diffraction (XRD), Rietveld refinement and Brunauer, Emmett and Teller (BET) surface
rea. Crystal structure destruction occurs during the first-discharge reaction with Li at voltages below 0.8–0.9 V for LixTiOF2 as shown by ex situ
RD and at ≤1.4 V for LixNbO2F to form amorphous composites, ‘LixTi/NbOy–LiF’. Galvanostatic discharge–charge cycling of ‘LixTiOy’ in the

ange 0.005–3.0 V at a current density of 65 mA g−1 gives a capacity of 400 (±5) mAh g−1 during 5–100 cycles with no noticeable capacity fading.
his value corresponds to 1.52 mol of recycleable Li/Ti. The coulombic efficiency (η) is >98%. Results on ‘LixNbOy’ show good reversibility of

−1 −1
he electrode and a η >98% is achieved only after 10 cycles (range 0.005–3.0 V and at 30 mA g ) and a capacity of 180 (±5) mAh g (0.97 mol
f Li/Nb) was stable up to 40 cycles. In both ‘LixTiOy’ and ‘LixNbOy’, the average discharge and charge voltages are 1.2–1.4 and 1.7–1.8 V,
espectively. The impedance spectral data measured during the first cycle and after selected numbers of cycles are fitted to an equivalent circuit
nd the roles played by the relevant parameters as a function of cycle number are discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries (LIBs) are favoured for present day
ortable power sources for electronic applications due to their
igh specific energy, good rechargeability and safety in opera-
ion. Commercial LIBs employ a mixed oxide, namely, LiCoO2,
s the positive (cathode) electrode and graphite as the nega-
ive (anode) electrode material. During operation, the Li-ions
ntercalate/de-intercalate into/out of the electrodes and con-
ribute to the capacity [1–3]. To reduce the cost, improve the
apacity and safety-in-operation, efforts are being made to find
lternative electrode materials for LIBs. Research on anode
aterials is concentrating on three types; as follows: (i) oxides

hat can intercalate- and de-intercalate Li-ions into the layered

2D) or network (3D) structure at low voltages versus Li-metal,
.g., Li4Ti5O12 that possesses a cubic spinel structure [4–6]. (ii)
in (Sn) metal or binary and ternary amorphous and crystalline

∗ Corresponding author. Tel.: +65 65162956; fax: +65 67776126.
E-mail address: phychowd@nus.edu.sg (B.V.R. Chowdari).
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n-oxides, which can form an alloy with Li (Li4.4Sn) at V < 0.5 V
ersus Li and the capacity arises from the reversible alloying–de-
lloying reaction [7–11]. (iii) Transition metal binary/ternary
xides that are reduced, at low voltages versus Li, to the respec-
ive nano-size metal (M) or metal-oxides containing M in a
ow-oxidation state. Under these conditions, the nano-size M
r MxOy can catalytically decompose the lithium oxide, Li2O to
i and contribute to the reversible capacity [12–17]; examples
re shown in Eqs. (1) and (2) and are essentially displacement
eactions:

oO + 2Li+ + 2e− ↔ Co(nano) + Li2O, (1)

mOy+n + 2yLi+ + 2ye− ↔ MmOn + yLi2O

(M = Mo, V). (2)

tudies have shown that in the case of both Sn- and M-oxides,

he first-discharge reaction with Li-metal involves crystal struc-
ure destruction followed by the formation of Sn or M or MmOn

n a matrix of Li2O and any other metal/non-metal ion (M′) that
cts as the matrix or ‘spectator’ element [15–17]. The starting

mailto:phychowd@nus.edu.sg
dx.doi.org/10.1016/j.jpowsour.2006.08.020
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rystal structure (even though it is destroyed during the first
ischarge) and the nature and content of the matrix element
ppear to play a significant role in determining the stability
nd long-term cycleability of the Sn-oxides with Li [18–20].
ur investigations on oxides of the type CaSnO3 [21], Ca2SnO4

22] have shown that a perovskite structure consisting of corner-
inked SnO6 octahedra and Ca ions are a favourable structure
nd matrix element, respectively, in governing Li recycleability.

cubic structure with isolated SnO6 octahedra and pyrophos-
hate (P2O7) groups as the matrix as in SnP2O7 was shown to
e beneficial for the Sn compounds [19].

The metal oxyfluorides TiOF2 [23] and NbO2F [23,24]
re iso-structural with the cubic ReO3 and WO3 phases. The
rystal structures are built up of corner-sharing Ti(or Nb)X6
X = O, F) octahedra, where the X ions are randomly dis-
ributed. The 12-fold O-coordinated site, which can accom-

odate other ions, is empty. Since Ti and Nb ions are chem-
cally reducible, Li-ions can be inserted into the vacant sites.
ndeed, chemical insertion of Li using n-butyl lithium (n-BuLi)
nto TiOF2 [25] and NbO2F [25,26] has been reported years
go. Bohnke et al. [27,28] examined the electrochemistry of Li
ntercalation/de-intercalation into NbO2F in the voltage range
.5–3.5 V. Presently, we have investigated the electrochemi-
al behaviour of TiOF2 and NbO2F with Li-metal under deep
ischarge–charge conditions (range 0.005–3.0 V). The results
howed that the Li–TiOF2 system exhibits a reversible capac-
ty of 400 mAh g−1 without any noticeable capacity fading up
o 100 cycles corresponding to ∼1.5 mol of recycleable Li per

ole of TiOF2. The Li–NbO2F system shows a lower reversible
apacity, viz., 180 mAh g−1 (∼1 mol of Li), but is stable up to 40
ycles.

. Experimental

.1. Preparation and characterization

TiOF2 and NbO2F in 5 g batches were prepared by the
ethod reported by Permer and Lundberg [26]. High purity

iobium/titanium metal powder (Merck) was treated with a 1:1
ixture of HF (aq.) (Merck, 48%) and HNO3 (aq.) (J.B. Baker,

8%) and stirred for 24 h in a Teflon beaker. Slow evaporation
60–70 ◦C, 2 days) of the resulting clear solution to dryness
sing a hot plate yielded the respective crystalline metal oxyfluo-
ide. Powder X-ray diffraction (XRD) patterns of the compounds
ere recorded by means of Siemens D5005 unit with Cu K�

adiation in the step-scanning mode in the 2θ range of 20–140◦
t intervals of 0.02◦, with a step time of 14 s. Rietveld anal-
sis was carried out using TOPAS R (Version 2.1) software.
he crystallographic model used for TiOF2 was that reported
y Vorres and Donohue [23], and for NbO2F that reported by
arlson et al. [24]. For each refinement, the background param-

ter, scale factor, cell parameters, zero-point correction, atom
ositions, site-occupancy factors, isotropic thermal parameters
nd sample displacement were refined. The Brunauer, Emmett
nd Teller (BET) surface area of the powder was measured with
Micromeritics Tristar 3000 (USA).
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.2. Electrochemical characterization

The electrodes were fabricated using Ti/Nb oxyflouride as
he active material, super P carbon black (ENSACO) and Kynar
801 as the binder in a weight ratio of 80:10:10. The mixture
as dissolved in N-methyl pyrrolidone (NMP, Merck) solvent

o form a uniform viscous slurry by stirring. The slurry was
oated on to a copper foil by the doctor-blade technique and
hen dried in an air oven at 80 ◦C for 24 h. The foil was pressed
etween twin rollers, cut into 16 mm diameter circular strips,
nd finally dried in a vacuum oven at 70 ◦C for 12 h. The active
aterial in the electrode was about 6–8 mg and the geometrical

rea of the electrode was 2.0 cm2. Coin-type test cells (size 2016)
ere assembled using the electrode with the active material, Li-
etal foil (16 mm diameter; 0.595 mm thick, Kyokuto Metal Co.
td., Japan) as the counter and reference electrodes, a 1 M solu-

ion of LiPF6 in ethylene carbonate (EC) and diethyl carbonate
DEC) (1:1, v/v; Merck) as the electrolyte and polypropylene
eparator (Celgard) in an argon-filled glove box (MBraun, Ger-
any). Details of the cell fabrication have been described earlier

29,30]. Charge–discharge cycling and cyclic voltammetry were
arried out at ambient temperature (25 ◦C) by using a multichan-
el battery tester (Model SCN, Bitrode, USA) and a Macpile II
ystem (Biologic, France). Ex situ XRD of the cycled elec-

rodes was carried out as follows: several cells were fabricated
ith TiOF2 electrodes and aged for 24 h. They were discharged

o the desired voltage at 30 mA g−1 and held for 3 h. One cell
as discharged to 0.005 V and then charged to 3.0 V. The cells
ere dismantled in the glove box, the electrode was recovered

long with the Cu-foil, washed with anhydrous DEC to remove
he LiPF6 salt from the electrode, dried and then mounted on the
RD holder (Al-metal) along with protective adhesive tape. A

omputer controlled Solartron impedance/gain-phase analyzer
Model SI 1255) coupled to a battery test unit (Model 1470)
as used for conducting impedance measurements on cells at

oom temperature. The frequency range was from 0.35 MHz to
mHz with an ac signal amplitude of 5 mV. Data were analyzed
sing Z plot and Z view software (Version 2.2, Scribner Asso-
iates Inc., USA) to obtain the Nyquist plots.

. Results and discussion

.1. Structural aspects

The TiOF2 and NbO2F oxyfluorides are white crystalline
olids and quite stable towards exposure to air and moisture.
s pointed out by Permer and Lundberg [26], the synthesis of
bO2F and TiOF2 by the present method under ‘mild’ condi-

ions not only yields a crystalline product without any further
eat treatment but is also ‘anhydrous’. On the other hand, when
b2O5 is used as the starting material instead of Nb powder,

he acid salt NbO2F·HF always forms and has to be heated at
igh temperature (>500 ◦C) to remove the HF and obtain the

ure oxyfluoride. The powder XRD patterns of the oxyfluorides
how them to be pure with diffraction lines characteristic of cubic
ymmetry. Rietveld refined powder X-ray diffraction profiles of
bO2F and TiOF2 are shown in Fig. 1. Both the oxyfluorides



1314 M.V. Reddy et al. / Journal of Power Sources 162 (2006) 1312–1321

Fig. 1. Rietveld refined X-ray diffraction profile (experimental, calculated and
difference) of NbO2F and TiOF2 with respective Bragg reflection markers.
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Fig. 2. (a) Galvanostatic charge–discharge curves of TiOF2 in voltage range
0.005–3.0 V vs. Li at 30 mA g−1. The cycle number is indicated. (b) Capacity
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xperimental data are shown as continuous line and the simulated pattern as
verlapped circles. The lower trace is the difference between calculated and
xperimental intensities. Cu K� radiation.

elong to the cubic Pm3m space group with an a lattice param-
ter of 3.9059(2) Å for NbO2F and 3.8019(4) Å for TiOF2. The
rystal sizes obtained from Rietveld refinement of the XRD pat-
erns are 139 (±5) nm for NbO2F and 88 (±5) nm for TiOF2.
he (x, y, z) and occupancy parameters used for the Rietveld

efinement for TiOF2 are: Ti(0, 0, 0), 1.0; O(0, 0, 0.5), 0.33;
(0, 0, 0.5), 0.67. The respective values for NbO2F are: Nb(0,
, 0), 1.0; O(0.5, 0, 0), 0.65; F(0.5, 0, 0), 0.35. The R Bragg
actor for the NbO2F refined pattern is 4.9 and that of TiOF2 is
.2, which are reasonably good values. The above a values are
n good agreement with those reported for TiOF2 (a = 3.798 Å)
25] and NbO2F (a = 3.902 Å) [25,26]. The measured BET sur-
ace areas of TiOF2 and NbO2F are small, namely, 0.27 and 0.40
±0.02) m2 g−1, respectively, despite the low temperature used
or the synthesis.

.2. Charge–discharge cycling of TiOF2 and NbO2F

Galvanostatic charge–discharge curves have been recorded
n the voltage windows 0.005–3.0, 0.5–3.0 and 1.0–3.0 V versus
i at current densities ranging from 15 to 65 mA g−1 up to 100
ycles at room temperature. The open-circuit voltage (OCV) of
he fabricated and aged (24 h) cells is about 2.8–3.0 V. The first
ischarge corresponds to the reaction of Li with TiOF2/NbO2F.
he voltage versus capacity profiles of TiOF2 up to 40 cycles are
hown in Fig. 2a; for clarity only selected cycles are presented.
uring the first discharge, the voltage continuously decreases
ntil a capacity of about 100 mAh g−1 is reached. Based on the

eight of the active material in the composite electrode and the
olar mass of TiOF2, this corresponds to about 0.38 mol of Li

onsumed in a single-phase reaction, and is due to the inser-
ion (intercalation) of Li in to the lattice (12-fold O-coordinated

o
c
a
(

s. cycle number for TiOF2. Voltage ranges and specific current are indicated.
illed and open symbols represent discharge and charge capacity, respectively.

ites) without destroying the crystal structure. It is noted that
his matches very well with x = 0.35 reported by Madhavi [29]
nd x = 0.43 by Murphy et al. [25] in LixTiOF2 obtained with
hemical intercalation using n-BuLi. In the discharge profile,
voltage plateau commences at about 0.85–0.9 V and contin-

es up to about 750 mAh g−1 (∼2.85 mol of Li/Ti). A plateau
n the voltage–capacity profile is generally an indication of two
ifferent phases in equilibrium [12,13,16–19]. Accordingly, the
lateau region in Fig. 2a (first cycle) can be assigned to the co-
xistence of LixTiOF2 and LiyTiOF2 with y > x. Ex situ XRD,
escribed below, reveals that the crystal structure is destroyed
n the process and LiyTiOF2 is indeed an amorphous phase.
fter the plateau, the voltage of the cell decreases continuously
ntil the lower cut-off voltage of 0.005 V with a capacity of
10 mAh g−1 (3.46 mol of Li/Ti) is reached. This additional
onsumption of 0.61 mol of Li occurs as a single-phase reac-
ion that involves the amorphous matrix to give LizTiOF2 or
LizTiO’ + LiF.

The first-charge curve is different from the first-discharge
urve (Fig. 2a), which indicates that Li extraction from the
morphous phase is occurring by a different mechanism. The
ell voltage continuously increases with a small plateau at about
.75 V. The total first-charge capacity is 478 mAh g−1 (1.82 mol
f Li/Ti). The irreversible capacity loss (ICL) during the first
ycle is 1.64 mol of Li. Such large values of ICL have also
een observed in several prospective LIB anode materials that
ave been studied, like pure and mixed oxides of tin, or those
f transition metal (M = Fe, Co, Mo). The ICL is due to the

ontributions arising from: (i) the intrinsic nature of the material
nd kinetic limitations of the reverse reactions of Eqs. (1) and
2) which depend on the current density [15,16]; (ii) irreversible
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Fig. 3. XRD patterns of TiOF2 composite electrode at various voltages during
first discharge and at 3.0 V at the end of first cycle. The top pattern is that of
etched Cu-foil. Miller indices of XRD peaks and voltages are shown. Symbols
(*, #) represent Cu-metal and Al-metal (sample holder) lines. The y-axis values
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at 1.4 V (180 mAh g ) followed by a continuous decrease in
voltage to 0.005 V, with small voltage plateaux at 0.75 and
0.5 V. The general nature of the first-discharge profile agrees
with that reported by Bohnke et al. [28], who attributed their
M.V. Reddy et al. / Journal of Po

onsumption of Li for the formation of the solid electrolyte
nterphase (SEI) [12–17]; (iii) electrolyte decomposition fol-
owed by the formation of a ‘polymeric film’ covering the metal
ano-sized particles, in the case of pure/mixed M-oxides under
eep discharge conditions [12–16,31]. A similar argument
pplies to the case of Li-reaction with TiOF2.

The second-discharge curve is qualitatively different from the
rst-discharge curve since Li-insertion is now occurring into an
morphous matrix, ‘LiyTiO’: the voltage decreases continuously
rom the OCV with a small plateau at about 1.2 V (Fig. 2a).
he second-discharge capacity is 440 mAh g−1 (1.67 mol of
i/Ti). During 2–10 cycles, the charge–discharge curves over-

ap, including the respective voltage plateaux. In the range
0–50 cycles, both the charge and discharge capacities stabi-
ize at 425 (±5) mAh g−1 (1.62 mol of Li/Ti) at a current rate
0 mA g−1 without any noticeable capacity fading (Fig. 2a and
). Experiments at a higher current rate of 65 mA g−1 yield
imilar curves and, as expected, slightly lower capacities. As
an be seen from Fig. 2b, a reversible and very stable capac-
ty of 400 (±5) mAh g−1 is observed in the range 5–100 cycles
0.005–3.0 V). This value corresponds to 1.52 mol of recyclable
i per mole of TiOF2. The current rate of 65 mA g−1 corresponds

o the C/6 rate assuming 1C = 400 mA g−1. It is also clear from
ig. 2a and b that the charge and discharge capacities are almost

dentical for a given cycle number (after 10 cycles) and indicate
hat the coulombic efficiency (η) at both current rates (30 and
5 mA g−1) is >98%.

Galvanostatic cycling with TiOF2 was also carried out at
0 mA g−1 up to 40 cycles in the voltage range 0.5–3.0 V to
ssess the effect of increasing the lower cut-off voltage. The
ischarge capacity of 280 (±5) mAh g−1 on the 10th cycle is
ound to degrade by ∼10%, after 40 cycles. The η is about 96%
Fig. 2b). Thus, it is necessary to subject amorphous ‘LizTiO’ to
eep cycling (0.005–3.0 V versus Li) to realize high reversible
apacities.

To establish that crystal structure destruction has occurred
uring the first-discharge reaction, ex situ XRD patterns of the
iOF2 electrode in the virgin state, after discharging to various
oltages and after the completion of the first discharge–charge
ycle (0.005–3.0 V) were recorded. These are shown in Fig. 3.
he intensities of the (1 0 0), (1 1 0), (2 0 0), (2 1 0) and (2 2 0)

ines in the XRD pattern at 1.2 V are significantly decreased
ompared with those for the virgin electrode. On the other hand,
he original high-intensity (1 0 0) line is barely noticeable in the
attern at 0.75 V, but it is completely absent, along with the disap-
earance of other lines, in the patterns taken at 0.25 and 0.005 V
Fig. 3). Only lines due to the Cu-foil (current-collector) and the
l-metal (sample holder) are observed. Hence, crystal struc-

ure destruction and amorphisation of the TiOF2 lattice starts at
.75 V, which coincides with the voltage plateau seen in the gal-
anostatic voltage–capacity profile (Fig. 2a). The amorphisation
ppears to be complete at 0.25 V. The XRD pattern taken at the
nd of the first cycle (charged to 3.0 V) is almost identical to that

aken at 0.005 V. This indicates that Li-extraction is occurring
rom an amorphous ‘Li–Ti–O’ or ‘Li–Ti–O–F’ matrix.

The first-discharge curve of NbO2F from the OCV (2.9 V)
o 0.005 V at 30 mA g−1 is shown in Fig. 4a. There is a

F
0
v
F

re normalized for all patterns except for the virgin electrode, Cu and Al-metals,
o allow comparison after intercalation/de-intercalation.

mall voltage plateau at 1.75 V (corresponding to a capacity
f 75 mAh g−1) with a shoulder at 1.9 V (25 mAh g−1). These
lateaux correspond to Li-insertion into NbO2F and the coex-
stence of pure and intercalated phases, viz., LixNbO2F with
ifferent values of x. Thereafter, a broad voltage plateau occurs

−1
ig. 4. (a) Galvanostatic charge–discharge curves of NbO2F in voltage range
.005–3.0 V vs. Li at 30 mA g−1. The cycle number is indicated. (b) Capacity
s. cycle number for NbO2F. Voltage ranges and specific current are indicated.
illed and open symbols represent discharge and charge capacity, respectively.
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bserved voltage plateaux at 1.9 and 1.75 V, to the co-existence
f phases with x = 0.15 (�-phase) and 0.40 (�-phase), respec-
ively. The broad voltage plateau at 1.4 V versus Li possibly
ignifies that further lithiation leads to destruction of the crystal
tructure, similar to the case of TiOF2. Indeed, amorphisation
f crystalline NbO2F on deep discharge with Li, either chemi-
ally using n-BuLi [25,26] or electrochemically [28], has already
een reported. The total first-discharge capacity observed is
60 mAh g−1 (3.55 mol of Li/Nb).

The first-charge (extraction of Li) profile is qualitatively dif-
erent from that for the first discharge, and shows a smooth
ncrease in voltage with a small plateau at 1.8–2.0 V (Fig. 4a).
hereafter, the voltage increases rapidly up to the upper cut-
ff of 3.0 V. The total first-charge capacity is 296 mAh g−1

1.58 mol of Li/Nb). Thus, NbO2F shows an ICL of 1.97 mol
f Li during the first cycle, which is 0.33 mol larger than that
ound with TiOF2. The second-discharge profile shows barely
oticeable voltage plateaux at about 1.4 and 0.8–0.9 V and this
ndicates that Li-insertion is occurring in an amorphous matrix,
Li–Nb–O–F’. The total Li-insertion capacity decreases signif-
cantly during second discharge, to 260 mAh g−1. The second-
harge profile follows an identical trend to that of the first-charge
urve but shows some electrode polarization. Good reversibility
f the electrode and a η > 98% is achieved only after 10 cycles.
s can be seen from Fig. 4a and b, the 10th cycle capacity of 180

±5) mAh g−1 (0.97 ± 0.03 mol of Li) is stable up to 40 cycles
0.005–3.0 V; 30 mA g−1).

Cycling with the lower cut-off voltages of 0.5 or 1.0 V gives
ower capacities and also leads to some capacity fading. Thus,
n the range 0.5–3.0 V and at current rate of 15 mA g−1, the
hird cycle capacity of 146 (±5) mAh g−1 degrades to 115
±5) mAh g−1 after 40 cycles. In the voltage range 1.0–3.0 V and
t 30 mA g−1, the third cycle capacity of 138 mAh g−1 decreases
o 76 (±5) mAh g−1 after 40 cycles (Fig. 4b). From Figs. 2a
nd 4a, it is noted that in both TiOF2 and NbO2F the average
ischarge voltage is 1.2–1.4 V and the average charge voltage
s 1.7–1.8 V after the respective 10th cycle. These voltage val-

es compare well with those found for other transition metal
xides such as CoO and NiO [3,12], Ca2Co2O5 [31], CaMoO4
32], CaWO4 [33] and in TiF3 (1.0–1.2 V, discharge; 1.8–2.0 V,
harge) [34].

e
e
e
e

ig. 5. Cyclic voltammograms of oxyfluorides. (a) TiOF2 and (b) NbO2F. Scan rate,
ounter electrodes. Voltage range is indicated.
ources 162 (2006) 1312–1321

.3. Cyclic voltammetry

Cyclic voltammograms (CV) recorded on cells with TiOF2
s cathode at room temperature in the range 0.005–3.0 V at a
can rate of 58 �V s−1 up to 15 cycles are shown in Fig. 5a.
he counter and reference electrodes were Li-metal. Only select
ycles are shown for clarity. The first sweep was taken towards
egative potentials (reaction with Li) and started from the OCV,
.e., 2.9 V. As can be seen, a smooth sloping curve up to 0.8–0.9 V
s indicative of single-phase insertion of Li and reduction of
i4+ ions in TiOF2 to form LixTiOF2. This is followed by a

arge increase of |i| (current) and a well-defined peak centred at
.35 V, with a clear shoulder at 0.70–0.75 V. The latter coincides
ith the onset of a large voltage plateau region observed in the
alvanostatic voltage–capacity profile (Fig. 2a) and indicates the
eginning of a two-phase region. Thereafter, the |i| decreases up
o the lower cut-off potential, 0.005 V. The subsequent charge
urve is smooth up to 1.5 V and exhibits a peak at 1.85 V, which
oincides with the voltage plateau in the galvanostatic charging
urve (Fig. 2a). The second cathodic sweep differs from the
rst, i.e., a broad cathodic peak at 1.8 V, a well-defined peak
t 1.2 V and a minor peak at 0.5 V are seen. The as-mentioned
eak is not seen in subsequent cathodic sweeps (6th and 15th
ycle shown in Fig. 4a). The anodic peak at 1.8 V persists and
ood overlap of the voltammograms is evident from the sixth
ycle onwards, which demonstrates the good reversibility of the
i–TiOF2 system.

The CVs of NbO2F versus Li up to 15 cycles are presented in
ig. 5b. The first cycle cathodic peak occurs at ∼2.15 V followed
y another at ∼1.7 V, which represent the two-phase regions of
bO2F and LixNbO2F, with varying values of x (≤0.3). The dis-

inct large intensity peak, which commences at 1.4 V and ends
t 1.1 V, and the small intensity peaks at 0.75 and 0.40 V in the
egative-going sweep are indicative of a two-phase equilibrium
etween the crystalline and/or amorphous phases with values of
≥ 2 in LixNbO2F. These features have also been observed in

he galvanostatic profile shown in Fig. 4a. The first-charge scan
xhibits only a broad peak centred at 1.7–1.8 V and is due to

xtraction of Li from the amorphous phase at this voltage. As
xpected, the second negative-going scan is qualitatively differ-
nt from the first and has a broad peak at 1.35–1.40 V. From

58 �V s−1. Cycle number is indicated. Li-metal was used as the reference and
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he sixth cycle onwards, the voltammograms overlap well; each
as only a single broad peak during the forward and backward
cans and therefore confirms the reversibility of the Li–NbO2F
ystem. The general nature of the above CVs agrees with those
eported by Bohnke et al. [28] on NbO2F recorded at a higher
can rate of 1 mVs−1.

From the CV data, it is clear that the main difference between
he two oxyfluorides is that Li+ intercalation into ‘TiOF2’ pro-
eeds via a two-step mechanism (at 1.8 and 1.2 V) after the
rst cycle. These ions may be intercalated into two different
ites, each site with a broad energy domain. De-intercalation is
lso a two-step mechanism. In ‘NbO2F’, Li+ intercalation–de-
ntercalation is only a one-step process with a broad distribution
f energy, or it may be two sites with overlapping energies, in
he potential range, 1.4–1.8 V. This is characteristic of an amor-
hous material. In the case of crystalline cathode materials such
s LiCoO2 or Li(Ni0.8Co0.2)O2, it is noted that fairly sharp and
ell-defined CV peaks are encountered for the intercalation and
e-intercalation of Li [2,3,30,35] and in these compounds crystal
tructure destruction does not eventuate.

.4. Charge–discharge reaction mechanism

The galvanostatic discharge–charge and CV data for TiOF2
nd NbO2F and the ex situ XRD studies on ‘LixTiOF2’ described
bove show that crystal structure destruction takes place dur-
ng the first discharge once the voltage is reduced to 0.8–0.9 V
or TiOF2 and 1.3–1.4 V for NbO2F. During cycling, 1.52 mol
f Li/Ti in ‘LixTiOF2’ and 1.0 mol of Li/Nb in ‘LixNbO2F’
re recycleable between 0.005 and 3.0 V. The discharge–charge
echanism can be inferred from the related studies carried out

n the Mo containing compounds, MnMoO4 [17], NaxMoO3
15,16] and CaMoO4 [32] and on binary metal fluorides/oxides
eported by Li et al. [34]. In the case of Mo compounds, it
as proposed that, upon deep discharge to 0.005 V versus Li,

tructure destruction occurs followed by the formation of an
nert matrix, Li–A–O (A = Na, Ca or Mn), and an ‘electrochem-
cally active’ amorphous oxide bronze, ‘LixMoOy’, in which

o adopts a zero or low-valency (1+ or 2+). During the charge
peration (oxidation), Li+ ions (and electrons) are released to
ive a phase, ‘LinMoOz’. Subsequent discharge–charge reac-
ions involve the formation and decomposition of ‘LixMoOy’
nd contribute to the reversible capacity [15–17,32].

Evidence for a complex amorphous composite consisting
f a ‘LixMoOy, x > y’ in intimate contact with Li2O was pre-
ented using Li NMR and X-ray absorption spectral data during
ithium-cycling of the Li–Na0.25MoO3 system by Leroux et
l. [15]. For the TiF3/Li system, it was shown that a LiF/Ti
amorphous mixture’ formed during discharge and Li-extraction
esulted in the formation of nano-crystalline TiF3 [34]. In the
resent case, a similar mechanism may be operating in the amor-
hous composite, ‘LixTi/NbOy’ with the LiF (formed during the
rst discharge) acting as an inert matrix and involving lower

alency states of Ti(≤3+) and Nb(≤4+) during cycling. Forma-
ion of Ti or Nb metal particles can be ruled out during the first
ischarge or subsequent cycling since only 3.46 and 3.55 mol of
i are consumed per mole of TiOF2 and NbO2F, respectively,

a
p
d
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uring the first discharge. Detailed microscopic in situ studies
uring cycling are required to establish the actual mechanism.

.5. Electrochemical impedance spectroscopy

Impedance spectral studies (EIS) on electrode materials at
arious voltages during cycling provide information on sur-
ace film formation, factors governing the cycling stability such
s charge-transfer resistance, bulk resistance and Li-ion kinet-
cs. Extensive studies on various negative-electrode materials
ike graphite [35], SnO [36], Li4Ti5O12 [6], Ca2Fe2O5 and
a2Co2O5 [31] and CaWO4 [33] have been reported. Studies
ave also been made on several oxide cathodes, e.g., LiCoO2,
iNiO2 [37–43]. In the present study, EIS measurements at

oom temperature have been conducted on cells with TiOF2 or
bO2F positive electrodes in order to understand the reasons

or the observed differences in their cycleability. Spectra were
ecorded at select voltages between 0.005 and 3.0 V at a current
f 30 mA g−1 during the first cycle. After the desired number of
ycles, the cells were discharged to 0.005 V or charged to 3.0 V,
elaxed for 3 h at the given voltage, and impedance spectra were
easured. The Nyquist plots (Z′ versus −Z′′) for TiOF2 and
bO2F are shown in Figs. 6 and 7, respectively. The impedance

pectra obtained during the first cycle for a given electrode at
ifferent states-of-discharge are given in Figs. 6a and 7a. Spec-
ra obtained during the first cycle on electrodes at two different
tates-of-charge (1.0 and 3.0 V) are displayed in Figs. 6b and 7b.
he spectra for fully discharged electrodes (0.005 V) after differ-
nt discharge are given in Figs. 6c and 7c, while those obtained
n fully charged electrodes (3.0 V) after different numbers of
harge cycles are presented in Figs. 6d and 7d.

The impedance spectra were analyzed by fitting to an equiv-
lent electrical circuit composed of: Ri (resistance); a constant
hase element, CPEi (due to the depressed semicircle observed
n the spectra); a Warburg impedance (Ws); the intercalation
apacitance (Cint). The circuit is shown in Fig. 8 and various
ubscripts are defined in the accompanying legend. This cir-
uit conforms with the recent interpretation of the impedance
pectra of cathode and anode materials reported in the literature
37,40,43,44]. The symbols in Figs. 6 and 7 are the experimen-
al data, whereas the continuous lines are the fit to the circuit of
ig. 8. The data were also fitted using the slightly modified cir-
uit employed by Nobili et al. [40,43]. The derived impedance
arameters deviated trivially from those obtained using the cir-
uit in Fig. 8. The resistance (impedance) due to the surface
lm, including the SEI formed on the electrode, is represented
y Rsf. The parameter Rct refers to the charge-transfer resistance
o Li-ions at the interface between the electrode and electrolyte.
he contribution Rb arises from the electronic resistivity of the
ctive material and the ionic conductivity in the pores of the com-
osite electrode (active material + conducting carbon + binder)
lled with the electrolyte [44].

The ideal Warburg response, a straight line inclined at an

ngle of α = 45◦ to the real axis (Z′) in the complex impedance
lane (Nyquist plot, Z′ versus −Z′′), is characteristic of Li-ion
iffusion through the homogeneous single phase of the test elec-
rode. Similarly, the ideal intercalation capacitance response is a
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ig. 6. Impedance spectra of TiOF2 vs. Li: (a) at various voltages during first dis
5 and 32 and (d) at 3.0 V at end of cycles 7, 12, 18, 25 and 32. Voltages, freque
ata. Continuous lines represent fitting to equivalent circuit shown in Fig. 8 to e

traight line perpendicular to the Z′-axis with α′ = 90◦. Lower α
nd α′ values are encountered in real systems depending on the
ature of the active material, the existence of two-phase regions,
nhomogeneities in the composite electrode, the impressed volt-
ge and the number of cycles [41,45,46]. In this study, the α

(
e
(
a

ig. 7. Impedance spectra of NbO2F vs. Li: (a) at various voltages during first disc
ycles 6, 25 and 40 and (d) at 3.0 V at end of cycles 6, 12, 20, 25 and 40. Voltages,
xperimental data. Continuous lines represent fitting to equivalent circuit shown in F
e, (b) at 1.0 and 3.0 V during first-charge cycle, (c) at 0.005 V at end of cycles 7,
α and α′ values at selected regions are shown. Symbols represent experimental

t impedance parameters. Geometric area of electrodes is 2 cm2.

alues range from 35◦ to 45◦ and α′ values from 60◦ to 64◦

Figs. 6 and 7). Since the changes occurring in the oxyfluoride
lectrode during cycling are greater than those at the counter
Li-metal) electrode, the variations in the impedance spectra
nd relevant parameters as a function of voltage can be safely

harge, (b) at 1.0 and 3.0 V during first-charge cycle, (c) at 0.005 V at end of
frequencies, α and α′ values at selected regions are shown. Symbols represent
ig. 8 to extract impedance parameters. Geometric area of electrodes is 2 cm2.
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Fig. 8. Equivalent circuit used for fitting impedance spectra consisting Ri and
Ri||CPEi combinations. Re, R(sf+ct) and Rb are impedances (resistances) due to
electrolyte and cell components, surface film (sf) plus charge transfer (ct) and
bulk (b), respectively. CPEi is the respective constant-phase element to account
for depressed semicircle in experimental spectra (dl refers to double layer).
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Fig. 4b). Possibly, capacity fading may set in after 40 cycles,
s is the finite length Warburg (short-circuit terminus) element and Cint is the
ntercalation capacitance.

ttributed to the test electrode of the two-electrode cell. The
ominal surface area of the electrode is 2 cm2 and the impedance
arameters can be normalized whereever necessary.

A fresh cell of TiOF2 versus Li with an OCV of ∼3.0 V
hows a single depressed semicircle in the high-frequency region
>0.14 kHz) that, after curve fitting, gives an impedance of
41 (±3) �. This is attributed to a combination of the surface
lm and the charge-transfer resistance (R(sf+ct)). The associ-
ted CPE(sf+dl) is 30 (±5) �F. The semicircle is followed by
arburg-type behaviour in the low-frequency region (α = 45◦,

.5–0.22 Hz). During the first discharge, the R(sf+ct) falls to
100 � at voltages of 1.0, 0.5 and 0.005 V. At 0.005 V, how-
ver, the spectrum shows a slightly sloping behaviour in the
ow-frequency region (<1 Hz). The act of development into a
emicircle shows the onset of bulk impedance, Rb. During the
rst-charge cycle, at 1.0 and 3.0 V, a single depressed semicircle
ollowed by the Warburg region (α = 40◦ and 45◦, respectively)
<0.6 Hz) is observed (Fig. 6b), which indicates a contribution
nly from R(sf+ct). The fitted values of R(sf+ct) are 40 and 56
±3) � at 1.0 and 3.0 V, respectively. These are smaller than
hose encountered at the respective voltages during the first-
ischarge cycle. The calculated CPE(sf+dl) value at 1.0 V is fairly
arge, viz., 108 (±5) �F, but drops to 34 (±5) �F at 3.0 V.

Spectra were collected in the fully discharged state at 0.005 V
uring cycles 7, 25 and 32 (Fig. 6c). As expected, the spectra are
ualitatively different from those at the end of the first discharge,
ince the electrode process is now occurring in the amorphous
omposite, ‘LixTiOy’. The second depressed semicircle is now
ell-developed in the frequency range 4 Hz to 4 mHz and clearly
elineates Rb from R(sf+ct). The fitted values of Rb are in the
ange 75–110 (±3) �, whereas the R(sf+ct) values fall in the range
2–86 (±3) �. The CPE(sf+dl) values are in the range 50–105
±5) �F. The corresponding values of CPEb range from 16 to
5 (±5) mF. These effective values of capacitance are in accord
ith expectation [44].
Spectra in the fully charged state (at 3.0 V) at the end of cycles

, 12, 18, 25 and 32 are shown in Fig. 6d. Similar to the spec-
rum at the end of the first cycle (Fig. 6b), only one depressed
emicircle is seen, followed by a Warburg region (α = 40–45◦)

nd an intercalation capacitance region (α′ = 60–64◦). This indi-
ates that the bulk resistance (Rb) is negligibly small in the
harged state. Further, the spectra overlap well and the extracted

i

a

ources 162 (2006) 1312–1321 1319

(sf+ct) (56 (±3) �) and CPE(sf+dl) (70 (±5) �F) remain con-
tant irrespective of the cycle number. In addition, the R(sf+ct)
alues are almost the same as those found in the fully dis-
harged state after the 25th cycle. Thus, very good lithium-
ecycleability of ‘Li–TiOF2’ system is ensured due to the stable
(sf+ct) values, near zero Rb in the charged state, and Rb < 110 �

n the fully discharged state. This shows that the amorphous
omposite, ‘LixTiOy’ in the charged state is an excellent elec-
ronic conductor, due to the depleted lithium in it and the
elatively larger amount of ‘TiOy’, y < 2. Large changes in Rb
alues have also been encountered in cathode materials like
i1−xCoO2 [39] and Li1−x(Ni0.8Co0.2)O2 [40], depending on the
epth-of-charge (increasing x), and are attributed to reversible
emiconductor–metal transformations during cycling.

The impedance spectra of NbO2F versus Li resemble those
f TiOF2, but the values of the impedance parameters are differ-
nt. The fresh cell with an OCV of about 3.0 V shows a single
epressed semicircle with a fitted value of R(sf+ct) = 184 (±3) �.
he frequency at the maximum of Z′′ is 110 Hz (Fig. 7a). The
arburg region (α = 45◦) occurs at low frequency, <0.2 Hz. Dur-

ng the first discharge at 1.0 and 0.5 V, the resistances are 109
nd 97 (±3) �, respectively. The value of R(sf+ct) increases to
41 (±3) � at 0.005 V, the deep discharge limit. The spectrum
t 0.005 V also shows a plateau before the onset of a Warburg-
ype region (α = 30◦) below 5 mHz, i.e., similar to that shown by
iOF2 that indicates the onset of Rb, the bulk impedance. Dur-

ng the first charge, at 1.0 and 3.0 V, only one semicircle is seen
ollowed by a Warburg region (α = 40◦; Fig. 7b). The respec-
ive R(sf+ct) values at 1.0 and 3.0 V are 43 and 99 (±3) �. The
PE(sf+dl) values are found to vary in the range 26–57 (±5) �F
uring the first cycle.

The spectra in the fully discharged state (at 0.005 V) for cycles
, 25 and 40 are shown in Fig. 7c. Two semicircles followed by a
arburg region are clearly observed (α = 40–45◦) except for the

ixth cycle. These were fitted to R(sf+ct) and Rb circuit elements.
clear trend can be seen in the variation of R(sf+ct) with increase

n cycle number, from cycles 6 to 25 to 40, in that the value
ncreases from 33 to 70 to 102 (±3) � whereas the Rb decreases
rom 183 to 103 to 90 (±5) �. The respective CPE(sf+dl) and
PEb values are in the range 156–43 �F and 37–15 mF.

The spectra in the charged state (3.0 V) during cycles 6–40
esemble that of the first cycle, with one single semicircle fol-
owed by a Warburg region (α = 35◦) at low frequencies. This
ndicates that the Rb contribution is almost nil, similar to the case
f the Li–TiOF2 system (Figs. 6d and 7d). In the present case,
owever, the fitted values of R(sf+ct) increase with cycle number:
2 → 70 → 71 → 157 → 172 (±3) � for cycles 6, 12, 20, 25 and
0, respectively. The corresponding values of CPE(sf+dl) do not
how any systematic variation and lie in the range 32–42 (±5) �F
uring cycles 6–40. The increase of R(sf+ct) with cycle number
6–40 cycles) should, in principle, be reflected as capacity fading
n the Li–NbO2F system, even though the galvanostatic cycling
ata show stable and reversible capacities (up to 40 cycles;
f the increasing trend of R(sf+ct) continues.
The resistance due to electrolyte and cell components (Re)

nd Cint obtained by fitting the spectra ranges from 4 to 8
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±2) � and 0.15 to 2.7 (±0.1) F during the cycling of both the
xyfluorides. Bohnke et al. [28] reported impedance spectra and
nalysis during the first discharge (Li-insertion) up to x = 1.65
n LixNbO2F and the present study is in general agreement with
esults of these authors, except that the values of R(sf+ct) are much
maller. It is noted that the impedance spectra and parameters
f the Li–TiOF2 and Li–NbO2F systems are similar with minor
ariations and are consistent with the observed galvanostatic
ycling data.

. Summary and conclusions

Lithium insertion and extraction into/from the oxyfluorides
iOF2 and NbO2F, which possess the cubic structure, have
een investigated by electrochemical methods. Crystal struc-
ure destruction occurs during the first-discharge reaction with
i at voltages below 0.8–0.9 V for LixTiOF2 as shown by ex
itu XRD, and for V ≤ 1.4 V for LixNbO2F. When first dis-
harged to 0.005 V versus Li, the x values are 3.46 and 3.55 mol
f Li per formula unit, respectively. The amorphous phases of
ixTiOF2/NbO2F at this stage may consist of ‘Lix-Ti/Nb-Oy’
xide bronze (and LiF) with the transition metal ions in a low
alence state. Lithium can be extracted from this bronze by
harging to 3.0 V.

Galvanostatic charge–discharge cycling of ‘LixTiOy’ in the
ange 0.005–3.0 V at a current density of 30 mA g−1 yields a
apacity of 425 (±5) mAh g−1 that is stable during 5–50 cycles,
hereas at 65 mA g−1 (C/6 rate) a capacity of 400 (±5) mAh g−1

uring 5–100 cycles is obtained with no noticeable capacity fad-
ng. This value corresponds to 1.52 (±0.02) mol of recycleable
i/Ti. The coulombic efficiency (η) is >98% at both current den-
ities. When cycled in the range 0.5–3.0 V at 60 mA g−1, a lower
apacity (280 mAh g−1 at the 10th cycle) is obtained, which
egrades by ∼10% after 40 cycles. Results on ‘LixNbOy’ show
ood reversibility of the electrode and a η > 98% is achieved
fter only 10 cycles (range 0.005–3.0 V at 30 mA g−1; C/6 rate).
he capacity of 180 (±5) mAh g−1 (0.97 ± 0.03 mol of Li/Nb)

s stable up to 40 cycles. When cycled in the range 0.5–3.0 V at
5 mA g−1 or 1.0–3.0 V at 30 mA g−1, lower capacities followed
y slight capacity fading are observed up to 40 cycles. In both
he ‘LixTiOy’ and ‘LixNbOy’ systems, the average discharge and
harge voltages are 1.2–1.4 and 1.7–1.8 V, respectively. These
alues are comparable with those encountered in other prospec-
ive oxide anodes like CoO, NiO, Ca2Co2O5, CaMoO4 and in
iF3. Ex situ XRD of the LixTiOF2 electrode during the first
ycle confirms destruction of the crystal structure. The observed
V data have been interpreted.

Impedance spectra have been measured on both oxyfluorides
t various voltages during the first cycle, in both the fully dis-
harged state (to 0.005 V) and the charged state (to 3.0 V) after
selected number of cycles. The data have been fitted to an

quivalent circuit to extract the relevant parameters R(sf+ct) and
b, as well as the associated CPEs. After six cycles, a contribu-
ion from the bulk resistance (Rb) is seen clearly in the spectra at
.005 V in both compounds, whereas the Rb is almost zero in the
ully charged state (3.0 V). After six cycles, the combined sur-
ace film and charge-transfer resistance (R(sf+ct)) at 3.0 V remains

[

[

ources 162 (2006) 1312–1321

onstant at 56 (±3) � in the range 7–40 cycles for ‘LixTiOy’,
ut it increases with cycle number in ‘LixNbOy’ (42–172
±3) �).

A reversible and stable capacity of 400 mAh g−1 up to 100
ycles is shown by ‘LixTiOy’, which is higher than the theoretical
apacity of graphite (372 mAh g−1). Such behaviour, combined
ith the fact that Ti oxides are cheap, abundant and environ-
entally compatible, makes this oxyfluoride an attractive anode
aterial for lithium-ion batteries.
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