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a b s t r a c t

We demonstrate, for the first time, a considerable electrochemical activity of two members of lithium tran-
sition element titanates: Li2FeTiO4 and Li2MnTiO4. Both materials consist of 10–20 nm particles embedded
in a conductive carbon coating. We show that not the coating but the small particle size is decisive for
materials’ activity. Li2FeTiO4 shows a stable reversible capacity of up to 123 mA hg−1 at C/20 and 60 ◦C
which is 83% of the theoretical value for exchange of 1 electron (148 mA hg−1). Li2MnTiO4 could only be
eywords:
i ion batteries
athode
itanates
i2FeTiO4

prepared in a nanosized form that contained about 30% of impurities. The capacity of the whole mate-
rial (including impurities) is comparable to that of Li2FeTiO4 but the cycling stability is much poorer. In
contrast to the Fe and Mn analogues, the third member of the titanate family, Li2NiTiO4, shows a good elec-
trochemistry even when the particle size is much larger (about 100 nm). During initial cycles at C/10 and
60 ◦C, exchange of more than 1 electron per compound formula has been observed. The cycling stability

ever
i2NiTiO4

arbon coating
at high temperatures, how

. Introduction

Introduction of novel synthesis approaches that allow for con-
rolled materials nanostructurization have helped launch a range
f interesting new insertion materials for potential use in lithium
atteries. In particular, nanostructurization has led to efficient
tilization of olivine phosphates [1–3] and even exploitation of
ilicates [4,5] that are traditionally known as highly insulating
aterials. A precondition for utilization of such low-conductivity
aterials (<10−10 S cm−1 at RT) is that their typical dimension is

ot larger than several tens of nanometers. Thereby, all the materi-
ls surface area must be easily accessible for electrons and ions from
he respective reservoirs. In other words, no significant agglomera-
ion of phases should occur and, additionally, percolated conductive

aths for both ions and electrons have to be provided within the
hole composite electrode material. An effective way for prepara-

ion of such nanoarchitectures is the use of carbon precursors, such
s citric acid [6] which during thermal treatment transform into
onductive carbon coatings. On one hand, the presence of carbon
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suppresses both the particle growth and agglomeration during the
synthesis [7]; on the other hand, the carbon can serve as a perco-
lated electron conductor which, at the same time, is also permeable
for lithium ions [6].

In this work, we use the carbon precursor approach for prepara-
tion of novel active materials from the family of transition metal (M)
titanates, Li2MTiO4. The titanates could be quite interesting inser-
tion materials because the presence of Ti4+, which forms strong
bonds with oxygen, could favour stabilization of the M3+/M2+ tran-
sition [8]. Several members from the titanate family have already
been successfully synthesized (M = Mg, Mn, Fe, Co, Ni) and charac-
terized with respect to their structure, microstructure, conductivity,
chemical, dielectric and magnetic properties [8–11]. In all cases,
a disordered rock-salt-type structure was unambiguously deter-
mined. The electric conductivity has only been determined for
Li2MgTiO4—at temperatures above 400 ◦C [10]; extrapolating the
data to room temperature, one gets a very low conductivity of ca.
10−10 S cm−1. Neither the electronic nor the ionic conductivities
for the other titanates have been reported. If either conductiv-
ity type is low (on the order of 10−10 S cm−1 or lower), then the

titanates have to be prepared in a form of very small particles
(on the order of 100 nm or smaller) to show a reasonable electro-
chemical activity [12]. If solely the electronic conductivity is low,
preparation of conductive carbon coatings should be helpful as well
[12].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:miran.gaberscek@ki.si
dx.doi.org/10.1016/j.jpowsour.2008.11.015
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Until now, only the Li2NiTiO4 analogue has been electrochem-
cally tested [8]. The majority of particles had a typical dimension
etween 50 and 100 nm. The first-cycle reversible capacity was
ignificant (almost 100 mA hg−1 at C/2) but the cycleability was
ot reported. Here we show, for the first time, that by preparing
ven smaller particles (10–20 nm), it is possible to electrochemi-
ally exploit also other members of titanates, in particular Li2FeTiO4
nd Li2MnTiO4. We also discuss in some detail the main differences
etween all the three members of the titanate family.

. Experimental

The synthesis of all materials was based on a patented citrate-
recursor method [13]. 0.002–0.02 mol of titanium(IV) oxide,
natase (Aldrich, 637254) was dispersed in 9.7–97 mL miliQ using
n ultrasound bath. After addition of 0.004–0.04 mol of lithium
ydroxide (99%, Aldrich, 442410) the mixture was maintained in
he ultrasound bath for another hour. (In the case of manganese
nalogue, lithium acetate dihydrate, bioUltra, 99%, Fluka, 62393
as used.) Separately, 0.002–0.02 mol of iron(III) citrate hydrate

98%, Aldrich F6129) was dissolved in 9.5–95 mL miliQ water at
0 ◦C. (In the case of manganese analogue, manganese(II) acetate
etrahydrate, purum p.a., Aldrich, 63537 was used. We also added
.02 mol of citric acid, 99%, Aldrich, C83155 and 0.06 mol of ethy-

ene glycol, anhydrous, 99.8%, Aldrich, 324558. In the case of nickel
nalogue, Nickel(II) acetate tetrahydrate, purum p.a., Aldrich, 72225
as used.)

After cooling to room temperature, both solutions were mixed
nd then partly dried at 60 ◦C to obtain a viscous liquid. Then, the
aterial was additionally kept in a drier overnight at 60 ◦C under

acuum to obtain a dry powder. After thorough grinding with a
ortar and pestle, the obtained xerogels were heat-treated in a

as-tight quartz tube with a constant flow of appropriate gas. The
btained xerogels were heat-treated in different atmospheres: the
e analogue was heated in a mixture of CO/CO2 (1:1) gases, the Mn
nalogue was heat-treated in a constant flow of argon gas and Ni
nalogue in the air. Only the latter sample did not contain in situ
arbon. The initial heating rate was 5 ◦C min−1 until reaching 700 ◦C.

For preparation of pure Li2FeTiO4, the procedure was modified in
wo ways: (1) instead of lithium hydroxide, lithium nitrate (99.9%,

erck, 1056530100) was used and (2) iron(III) citrate hydrate was
eplaced by iron(III) nitrate nonahydrate (purum p.a., 97%, Fluka
4952).

In one series, the pure Li2FeTiO4 was coated by a thin carbon
oating using the following procedure [7]. 1 g of the as-obtained
ure Li2FeTiO4 was mixed with 150 mg of citric acid (99%, Aldrich,
83155) and grinded with a mortar and pestle for 30 min inside
glove box. The obtained mixture was heat-treated at a constant
ow of CO/CO2 gas (1:1). The initial heating rate was 2.5 ◦C min−1

ntil reaching 700 ◦C.
Surfaces of samples were observed and analyzed with a field-

mission scanning electron microscope (Supra 35 VP, Carl Zeiss)
t an accelerating voltage of 1 kV. In the case of Li2FeTiO4 and
i2MnTiO4, the X-ray measurements were performed in a capillary
0.3 mm diameter) to prevent the oxidation of the materials. The

easurements were carried out on a PANalytical X’pert PRO MPD
owder diffractometer in a transmission mode using parallel beam
ptics (hybrid monochromator) with Cu K�1 radiation. The data
ere collected in the range 30◦ ≤ 2� ≤ 135◦ in steps of 0.033◦ and

he integration time of 72 s per step. Because Li2NiTiO4 is much

ore stable in air conditions, the X-ray powder diffraction pat-

ern of this material was collected under usual conditions (capillary
as not needed) on a Siemens D-5000 diffractometer in reflection

Bragg–Brentano) mode using Cu K�1 radiation, monochromatized
y a secondary graphite monochromator. The data were collected in
Sources 189 (2009) 81–88

the range between 15 and 70◦ in steps of 0.04◦ and the integration
time of 1 s per step.

For TEM investigations the materials were deposited on a
copper-grid-supported perforated transparent carbon foil. A field-
emission electron-source transmission electron microscope TEM
(JEOL 2010 F), equipped with an energy dispersive X-ray spec-
troscopy (EDS) system (LINK, ISIS EDS 300) was used.

For electrochemical measurements, the samples were grinded
with 10 wt.% of added acetylene black and 10% of binder and then
pressed onto a circular Al foil with a diameter of 16 mm (2 cm2).
The active material mass was always between 5 and 6 mg. The
electrochemical characteristics were measured in vacuum-sealed
triplex foil (coffee bag foil) cells. The electrolyte used was a 0.8 M
solution of LiBOB (Chemetall) in EC:DEC (1:1 ratio by volume)
purchased from Aldrich. Solvents and salt were used as received.
The working electrode and the counter electrode consisting of
metallic lithium were separated with a glass wool separator. The
electrochemical measurements were performed using a VMP3
potentiostat/galvanostat at a constant temperature of 60 ◦C and at
room temperature with a current density corresponding to C/10 or
C/2. The capacities are always defined as discharge capacities and
calculated per mass of pure active material (subtracting the content
of native carbon and other additives) unless stated otherwise.

Conductivity measurements were carried out on isostatically
pressed samples at 750 MPa for 30 s. On the surface of pellets gold
contacts were sputtered. The samples were inserted into a gas-
tight quartz cell allowing for precise control of atmosphere and
temperature up to 1000 ◦C. Pure nitrogen atmosphere was used in
this particular case. The impedance spectra at different tempera-
tures were recorded with a Hewlet Packard 4284 A instrument, in
a frequency range of 1 MHz to 20 Hz.

3. Results and discussion

3.1. General features of prepared titanates

As mentioned in Introduction, our main goal was to prepare
and electrochemically test Li2FeTiO4 and Li2MnTiO4. However, we
soon realized that these two analogues showed extremely poor
reversible capacity (10–20 mA hg−1) if prepared in a similar way
as the earlier reported nickel analogue [8]. To improve the capacity
of Fe and Mn compounds, we decided to follow our strategy used
earlier on several other cathode materials [6,7,14] which involves
either preparation of carbon coatings around the active particles
and/or significant reduction of the particle dimension. Indeed, this
strategy has appeared successful also in titanates, as shown in con-
tinuation. To demonstrate the main concept, we here focus on 5
crucial samples (Table 1) with different compositions and different
morphologies.

The first material (Fig. 1a) is Li2NiTiO4 with characteristics very
similar to those reported by Prabaharan et al. [8]. This material is
denoted as LNT100 whereby the number “100” indicates the esti-
mated mean particle size in nanometres (see Table 1). The main
purpose of LNT100 is to serve as a reference material, to which
the other materials are compared. The next material (Fig. 1b) is
LFT150—a Fe analogue with a morphology roughly comparable to
the Ni analogue (estimated mean particle size is about 150 nm).
The third material (Fig. 1c) is the same Fe analogue but coated
afterwards with a carbon coating (CC) using a well-established pro-
cedure [8]; it is thus designated as LFT150 CC. The fourth material

(Fig. 1d) is again a carbon-coated Li2FeTiO4 but prepared accord-
ing to the full citrate-precursor method as described in Section 2.
The essential feature of this material, designated as LFT20 CC, is that
the mean particle size is much smaller, about 20 nm (obtained from
Scherrer’s formula; the actual size seen by optical methods varies
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Table 1
Selected morphological and electrochemical data for the 5 titanate samples studied in this work. “LNT”, “LFT” and “LMT” denote Li2NiTiO4, Li2FeTiO4 and Li2MnTiO4,
respectively. “CC” denotes the presence of carbon coating. The capacities in column 6 are defined as discharge capacities whereby only the mass of active compound is
considered (except in the last case). In all cases, the data are given for the 2nd cycle.

Sample Estimated particle size
range [nm]

Estimated mean
particle size [nm]

Presence of native carbon Theoretical capacity (1
electron reaction) [mA hg−1]

Highest capacity observed
in this work [mA hg−1]

LNT100 50–150 100 No 145.3 179
LFT150 50–200 (individual

particles up to 400 nm)
150 No 147.6 12

LFT150 CC 50–200 (individual 150 No (but coated afterwards) 147.6 14

L
L

f
b
a
(
L

m
I
A

F
p
f

particles up to 400 nm)
FT20 CC 10–25 20 Yes
MT20 CC 10–25 20 Yes

rom ca. 10 to 25 nm). The growth of size is presumably suppressed
y the constant presence of carbon precursor during heating in
n inert or slightly reductive atmosphere [8]. The fifth material
Fig. 1e) is a manganese analogue of the fourth material, that is,
MT20 CC—again prepared by the full citrate-precursor method.
Like in previous studies, the existence of carbon coatings on the
aterials was checked using TEM, an example is shown in Fig. 1f.

n all cases the estimated coating thickness was about 1–4 nm.
dditionally, the total amount of native carbon was determined

ig. 1. Typical SEM photographs of as prepared samples: (a) LNT100, (b) LFT150, (c) LFT15
resence of carbon coating. LNT, LFT and LMT designate Li2NiTiO4, Li2FeTiO4 and Li2MnT
or presence of carbon coating.
147.6 123
148.3 132 (impurities included)

188 (impurities excluded)

using thermogravimetry. The values found were 15 and 11 wt.% for
the LFT20 CC and LMT20 CC material, respectively. In the case of
LFT150 CC with much bigger average particle size, the content of
thin carbon coating was expectedly smaller—about 3 wt.%.

The structure of all three analogues, regardless of the synthe-

sis method, was found to be the cubic rock-salt structure (space
group Fm-3m)—the same as found in all previous reports dealing
with the Li2MTiO4 (M = Mg, Mn, Fe, Co, Ni) family of compounds
[8–11]. Fig. 2 shows examples of diffraction patterns for LNT100,

0 CC, (d) LFT20 CC and (e) LMT20 CC. (f) TEM photograph of LFT20 CC showing the
iO4, respectively. The numbers designate the average particle size and “CC” stands
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Fig. 2. XRD patterns of as-prepared (a) Li2NiTiO4 (LNT100), (b) Li2FeTiO4 (LFT20 CC)
and (c) Li2MnTiO4 (LFT20 CC) materials. The asterisks denote the peaks due to MnO
impurity in the Li2MnTiO4 material. The new active materials (nanosized Fe and Mn
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Unfortunately, we were not able to determine the electronic con-
nalogue) were recorded in capillary (to prevent sample oxidation) while the well-
nown Ni analogue with much bigger particles was measured using a standard Al
arrier (hence the different scales and the different conditions).

FT20 CC and LMT20 CC. While the former two samples are quite
ure, the manganese analogue shows a considerable presence of the
nO impurity (marked with asterisks). A chemical analysis indi-

ated that in this sample the total amount of impurities was about
0 wt.%.

The general electrochemical activity of Li2NiTiO4 was demon-
trated and discussed in some detail by Prabaharan et al. [8]. Here
e extend those findings to the Fe and Mn analogue. The most

eproducible cyclic voltammograms were obtained with samples
FT20 CC and LMT20 CC. The general activity of these two samples
as first probed in a wide potential window (Fig. 3a and b, scan

ate = 0.1 mV s−1). In the case of LFT20 CC (Fig. 3a), an oxidation and
reduction peak are observed at potentials between 2.5 and 2.9 V

nd between 2.1 and 2.5 V, respectively. For LMT20 CC (Fig. 3b),
he cyclic voltammogram is much more complex. Reliable assigna-
ion of the various peaks is a matter of extensive future research

ut the transition Mn2+/Mn3+ is certainly expected in this region.
t higher voltages, the transition Mn3+/Mn4+ is also possible—at

east this would explain certain galvanostatic results (see Fig. 7).
n both materials the processes below ca. 1.95 V were attributed to
Sources 189 (2009) 81–88

irreversible surface reactions so this region was cut off in further
experiments. The upper potential limit was kept as high as possible
to allow for the potential exchange of more than 1 electron (tran-
sition from M3+ to M4+). Windows that were still found acceptable
in terms of stability were as follows: between 1.95 and 3.9 V for
LFT20 CC (Fig. 3c) and 1.95 and 4.8 V for LMT20 CC (Fig. 3d). These
windows were then used in all further studies, except when stated
otherwise. In the case of the reference LNT100 material, which was
found less sensitive to the choice of potential window, we decided
to use the same window as in the case of the manganese analogue
(for easier comparison).

3.2. Influence of materials morphology on the electrochemistry of
titanates

Fig. 4a compares the second charge–discharge curves for LNT100
and LFT150. Both materials have the same structure, are of sim-
ilar purity (about 2–4% of impurities), only the particle size is
somewhat different. The performance at the same external condi-
tions (C/10, 60 ◦C, 2nd cycle), however, is very different. While the
reversible capacity of LNT100 is about 153 mA hg−1 (correspond-
ing to exchange of 1.05 Li per 1 mol of Li2NiTiO4), the reversible
capacity of LFT150 is merely 12 mA hg−1 (about 0.08 Li per 1 mol
of Li2FeTiO4). This extreme difference in behaviour cannot be
explained neither by the somewhat bigger particles in LFT150 nor
by the somewhat narrower potential window for this material. In
order to improve the very poor behaviour of Li2FeTiO4, we first
coated it by a 1–2 nm thick carbon film thus obtaining the material
LFT150 CC. As seen from Fig. 4b, however, the reversibly capacity of
LFT150 CC is only slightly higher than that of LFT150 (14 mA hg−1

vs. 12 mA hg−1, respectively). In the next attempt, we used the full
citrate-precursor sol–gel method to obtain sample LFT20 CC, that
is, carbon-coated Li2FeTiO4 with particle size of merely 10–25 nm.
Now the reversibly capacity increased to 83 mA hg−1 (about 0.56 Li
per 1 mol of Li2FeTiO4). An obvious conclusion from Fig. 4b would
be that reduction of the particle size is much more important for
improvement of the capacity of Li2FeTiO4 than the conductive car-
bon coating. We have shown in our previous investigation on a
LiFePO4 material that such a behaviour is expected for active mate-
rials in which the electronic conductivity is higher than the ionic
[12]. While for determination of the ionic conductivity one in prin-
ciple needs a relatively big single crystal [15] (not available in this
study), the measurement of electronic conductivity can be per-
formed on a compact pellet of pure active material. We measured
impedance spectra of isostatically pressed LFT150 and LNT100 pel-
lets as functions of temperature. Extraction of conductivity data
from the impedance data was carried out in the same way as previ-
ously described for other materials [7,16]. The obtained Arrhenius
plots for both materials are shown in Fig. 5. At room temperature,
the conductivity of LNT is about 10−8 S cm−1, that is, about a decade
higher than in the case of LiFePO4 [7]. Quite surprisingly, the elec-
tronic conductivity of LFT150 is much higher, at RT the value is
about 10−1 S cm−1. These data lead clearly to the following con-
clusion: if the electrochemical behaviour of various titanates were
determined by the electronic conductivity, LFT150 should perform
much better than LNT100—just the opposite as shown in Fig. 4a. In
other words, it is the ionic conductivity that determines the chemi-
cal diffusion rate inside these materials. That is why the conductive
coating is not helpful. For the same reason, the particles not only
have to be small but also have to be well separated from each other
(to allow for full ionic contacting).
ductivity for the manganese analogue because, as mentioned above,
this sample contained about 30% of impurities. We speculate, how-
ever, based on the relatively good electronic conductivity of LNT
(Fig. 5) and on the electrochemical similarity between LNT and LMT
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ig. 3. Cyclic voltammograms of the prepared Li2FeTiO4 (a, c) and Li2MnTiO4 (b, d) sa
tarting with the one labelled “1st”.

see below) that these two analogues also exhibit a higher elec-
ronic conductivity than the ionic. Similarly, the fact that the Fe and
n analogues require much smaller particle size for a reasonable
lectrochemical activity than the Ni analogue could be explained by
lower ionic conductivity of the former two compounds. Further

xperiments are needed to confirm these hypotheses.

ig. 4. (a) The second charge–discharge curves for LNT100 and LFT150. (b) The sec-
nd charge–discharge curves for LFT150, LFT150 CC, and LFT20 CC. In all cases the
ate was C/10 and the temperature 60 ◦C.
. The scan rate was 0.1 mV/s. Each figure shows 5 consecutive cyclic voltammograms

3.3. Influence of temperature on the electrochemical behaviour

Due to the very low performance of many initial titanate sam-
ples we mainly carried out the electrochemical experiments at
60 ◦C. After obtaining better samples, however, we also checked the
activity at RT for all samples. Some unusual effects were observed,
as seen on the examples shown in Fig. 6, which compares the
results for all three compounds at C/2. Only the Fe analogue (sam-
ple LFT20 CC; Fig. 6b and e) shows the expected temperature effect:
the performance at 60 ◦C is significantly better during all cycles. In
the case of the other two samples, one common trend is a rapid
degradation of capacity during cycling at 60 ◦C. So, even if in ini-

tial cycles the performance at 60 ◦C is expectedly better, it rapidly
becomes comparable to or even lower than the performance at RT
(see Fig. 6d and f). In further tests (not shown) we found that this
degradation was especially pronounced at higher rates (C/2 and

Fig. 5. Arrhenius plots for isostatically pressed LNT100 and LFT150 pellets. The pellet
thickness was 1 mm. The very high conductivity of LFT150 is attributed to oxygen
understoichiometry that probably occurs in nitrogen atmosphere (that is, at low
oxygen partial pressure). Such an atmosphere, however, is also typical for coffee bag
cells in which our experiments are carried out, so the results may be considered
realistic.
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F ays C/2 (in the Mn analogue the impurities were considered part of active material). The
g els is explained in caption of Fig. 1 and in Table 1.
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Fig. 7. Collection of the highest reversible capacities achieved so far for all three
titanate materials. In all cases the temperature was 60 ◦C. The cycling rate was C/10,
ig. 6. Comparison of the titanate performance at 60 ◦C and at RT. The rate was alw
alvanostatic curves on the left correspond to the second cycles. The meaning of lab

C) while at lower rates (C/10 and C/20) the degradation was less
evere. At present, it is unclear why the Fe analogue is much more
table at higher temperatures than the other two analogues.

.4. Which is the potential of titanates for use of cathodes for Li
atteries?

Fig. 7 shows the best results obtained so far for all three ana-
ogues. The specific materials tested were LNT100, LFT20 CC and
MT20 CC, the rate was C/10 and the temperature 60 ◦C. In the
ase of the manganese analogue two curves are shown: the solid
ircles correspond to the calculation where impurities are consid-
red as part of the active material and the open circles show the
alculation in which the impurities (30%) are considered inactive
nd are thus subtracted. Note that in this case, as well as in the
ase of LNT100 (squares), the initial two or three points exceed the
eversible capacity corresponding to the exchange of 1 mol Li per
compound formula (they are above the dashed horizontal lines).
similar utilization of more than 1 electron per mol was already
bserved in Li2MnSiO4 [17]. There we explained this important
ffect by the possibility of utilization of the Mn3+/Mn4+ transi-
ion. A similar explanation could be adopted in the present context.
owever, looking at the shape of the charge–discharge curves for
NT100 and LMT20 CC (see Figs. 4 and 6), we see quite a com-

except for open triangles (C/20). In the Mn analogue, the impurities (30 wt.%) were
either considered as part of active material (solid circles) or subtracted (open circles).
The upper and lower dotted horizontal lines show the theoretical capacity for the
Mn and Ni analogue, respectively (assuming the exchange of 1 electron per formula).
The capacities are defined as discharge capacities whereby only the mass of active
compound is considered.
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lex behaviour with several changes in the slopes of curves. Thus,
efore any conclusive statements can be made, extensive research
f general and local structural changes occurring during charge and
ischarge has to be carried out.

As regards the Fe analogue, the curve shape is much simpler
nd effectively exhibits only one redox reaction within the con-
itions used (see Figs. 4 and 6). It is reasonable to ascribe this
eaction to the Fe2+/Fe3+ pair. At C/10 its utilization is moderate,
bout 61% (90 mA hg−1) in the first cycle. Interestingly, the capac-
ty is gradually increasing during the further cycling to reach about
2% (106 mA hg−1) after 8 cycles (Fig. 7, solid triangles). Such an
ncrease in capacity with cycling is very reproducible, as seen in
nother cell measured at C/20 (there a capacity of 123 mA hg−1 was
eached after 11 cycles which is 83% of the theoretical value). Such
n initial capacity increase has previously been observed in LiFePO4
livines when embedded into a native carbon coating [14,18] but
ot in native carbon-free LiFePO4 [18,19]. By analogy, we attribute
he increasing capacity in Fig. 7 (triangles) to the quite large amount
f native carbon black (15 wt.%) in the LFT20 CC sample. A possible
echanism explaining the effect of carbon on cycling behaviour has

ecently been proposed by Kerlau et al. [20]. Regardless of that, we
ay conclude that an important advantage of the Fe analogue could

e its stability during cycling—both at low and high temperatures.
nother obvious advantage of LFT20 CC is the smallest voltage hys-

eresis during charge–discharge. In the respect, the worst material
s LNT100. It seems that this hysteresis is an inherent materials
roperty and not a kinetic issue because decreasing the rate from
/10 (Fig. 4a) to C/2 (Fig. 6a) does not decrease significantly the
ysteresis (the same can be found for the Mn analogue). Likewise,

he effect of temperature on hysteresis is marginal (see Figs. 6a and
). So, essential changes in inherent materials properties (through
oping, mixing, etc.) are probably needed to improve this drawback.

Finally, it is instructive to compare our results with those pre-
iously published by Prabaharan et al. [8]. We measured LNT100

ig. 8. Measurement of the present Li2NiTiO4 (LNT100) sample at the same condi-
ions as published previously by Prabaharan et al. [8]; rate: C/2; temperature: 25 ◦C;
oltage window: 2.5–4.8 V vs. lithium. (a) First charge–discharge cycle; (b) cycling
erformance in the first 40 cycles (not shown by Prabaharan et al. [8]).
Sources 189 (2009) 81–88 87

at the same conditions, that is, using 20 wt.% of carbon black and
measuring in the potential range of 2.5–4.8 V, at a rate of C/2 and
at RT. The first-cycle results are very similar to those obtained by
Prabaharan et al. [8] (Fig. 8a). The slightly lower reversible capac-
ity in our material (90 mA hg−1 vs. 96 mA hg−1) can be ascribed to
the slightly bigger particles (average size about 100 nm as opposed
to 75 nm in Prabaharan’s et al. sample). The cycling behaviour was
not reported by Prabaharan et al. [8]. We find it interesting that
although in Fig. 8b the potential window is narrowed, the absolute
values of capacity loss during cycling remains almost the same as
observed in the wider potential window (see Fig. 4a, the graph for
RT). In other words, narrowing the potential window at the lower
margin from 1.95 to 2.5 V vs. Li only reduces the reversible capacity
while the irreversible losses are not decreased.

4. Conclusions

In contrast to Li2NiTiO4 which works well at a particle size of ca.
100 nm, Li2FeTiO4 and Li2MnTiO4 only deliver a significant capac-
ity if the particle size is much smaller—in our case from 10 to
25 nm. The reason is not a poor electronic conductivity—its value
for Li2FeTiO4 (10−1 S cm−1 at RT) is even much higher than that
for Li2NiTiO4 (10−8 S cm−1 at RT). This means that the main role
of carbon coating in the present research is suppression of particle
growth during heat treatment and, eventually, prevention of par-
ticle agglomeration. That the Fe and Mn analogues require much
smaller particle size in order to become electrochemically active
could be explained by assuming a lower ionic conductivity of these
compounds if compared to the ionic conductivity of the Ni ana-
logue.

At high temperatures, the Ni and Mn analogue can deliver very
high reversible capacities in the first cycles (more than 1 elec-
tron per compound formula). However, both compounds tend to
rapidly degrade at high temperatures. Both features resemble the
behaviour of Li2MnSiO4, a compositionally related but structurally
different compound. Conversely, the Fe analogue shows very good
cycling stability but only allows an exchange of about 0.83 electrons
per formula (at 7.4 mA g−1). Based on the trends and explanations
found in this paper, one could predict that a higher capacity would
be delivered if the mean particle size of the titanate compounds is
further decreased.
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