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a  b  s  t  r  a  c  t

Lithium  titanium  oxide  (LTO)  with  a ramsdellite  structure  is  an  advantageous  anode  for  lithium  ion
secondary  batteries,  because  of  its  positive  potential,  which  is  beneficial  for safety  reasons.  In  addition,
compared  with  other  titanate  anodes,  it has  a superior  theoretical  capacity  of  321  mA  h  g−1,  which  is  close
to  the  capacity  of  a practical  carbonaceous  anode.  Our  study  showed  that  this  ramsdellite-type  LTO  had
a  high  discharge  capacity  that  is  stable  at 250 mA  h g−1 at a  current  density  of  1 mA  cm−2.  However,  this
high  capacity  is only  achieved  by  employing  as-synthesized  ramsdellite  LTO  powder.  When  the  same
powder  was  stored  and  the  same  evaluation  was  carried  out,  the  resulting  capacity  was 200  mA  h g−1,
ithium titanium oxide
node
nnealing

which  is  lower  than  the capacity  of as-synthesized  powder.  An  annealing  applied  to  the  ramsdellite  LTO
powder  appeared  to  restore  the  capacity  loss  after  storage.  Annealing  at 250 ◦C for  5 h  produced  the
best performance,  which  was  even  better  than  that  obtained  using  the as-synthesized  ramsdellite  LTO
powder.  Moreover,  we  investigated  the  surface  property  of  ramsdellite  LTO  and  found  that  the  presence
of  a carbon  derivative  is apparently  responsible  for blocking  the Li  ions  insertion/extraction,  and  thus

reducing  the  capacity.

. Introduction

Metal oxide materials are currently being researched as promis-
ng anodes for lithium ion batteries because of their relatively high
otential (vs Li/Li+), which is beneficial for safe large-scale batter-

es. These kinds of materials with a relatively high potential (around
.5 vs Li/Li+) are advantageous since they prevent the formation
f dead lithium dendrites on the negative electrode, meaning that
igher cycle numbers can be obtained. Of these materials, a series
f titanium oxides is being promoted as one candidate for the neg-
tive electrodes of lithium ion batteries [1].  In particular, it was
ound that the spinel structure of this titanium series (LTO spinel)
llows the lithium ion insertion/extraction to take place without
ignificant structural changes. This material with a stable crys-
al structure, where the presence of Li ions in the structure does
ot influence the crystal lattice, is promising for realizing bat-
eries with high cycle numbers. Moreover, compared with other

etal elements in the transition metal group that are used as
lectrode materials, titanium is both naturally abundant and envi-

onmentally safe. For these reasons, titanium derived oxide has
een studied intensively as an anode material.
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Titanium oxides are reported to be present in several kinds
of crystal structure as listed in Table 1. In general, they can be
classified into two  groups, namely structures with and without
lithium. Compounds containing lithium, such as lithium titanium
oxide (LTO) with spinel, ramsdellite, and hollandite structures, are
being studied intensively as anode materials for lithium ion batter-
ies. In this case, lithium ions have stable sites inside the structure.
Thus, the number of lithium ions extracted/inserted during the
charge/discharge process is fixed. On the other hand, lithium-free
titanate oxides such as anatase, rutile, and brookite have no exact
lithium ion sites inside the crystal, and thus the number of lithium
ions that are inserted/extracted depends on the available space and
the charge balance in the crystal. Theoretically, this kind of lithium
free compound has a larger capacity than one with lithium. How-
ever, its electrochemical characteristics as an anode material are
still unsatisfactory due to its low conductivity. So, many research
groups have attempted using carbon coating and nanosize technol-
ogy to exploit these compounds as anode materials for lithium ion
batteries [1].

Recently, LTO with a spinel structure had been commercialized,
and is expected to be used for a large-scale lithium ion battery,
particularly because it overcomes the safety problem and provides
high cycle numbers. However, the theoretical capacity of LTO with

a spinel structure is only 175 mA h g−1, which is about half the
value of the generally used graphite carbon (372 mA  h g−1), result-
ing a lower energy density. LTO with a ramsdellite structure, which
has a theoretical capacity of 321 mA h g−1, has become a focus of

dx.doi.org/10.1016/j.jpowsour.2011.08.019
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table 1
Structural and capacity data for titanium oxide material.

Structure Chemical
formula

Capacity (mA  h g−1)

Theoretical Experimental

Anatase [4] TiO2 335 (1e) 168
Brookite [1] TiO2 335 (1e) 200
Rutile [4] TiO2 335 (1e) 44
Bronze [1] TiO2 335 (1e) 160
Spinel [1] Li4Ti5O12 175 (3e) 173
Ramsdellite [4,8] LiTi2O4 321 (2e) 235

Li2Ti3O7 298 (3e) 175
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was electrochemically characterized using the same procedures as
Holandite [1] Ti2O4 160 (1e) 150

nterest in an effort to find a stable anode that has a capac-
ty larger than spinel LTO. Specifically, a larger capacity can be
btained because it has higher conductivity than the spinel struc-
ure [2,3]. This material has been reported to have a practical
apacity as large as 235 mA  h g−1 [2–10], which is about 1.5 mol
f Li ion insertion/extraction during the charge–discharge pro-
ess.

We studied ramsdellite LTO and found that the electrochemical
haracteristics of this material degraded, even when the pow-
er was stored in a dry room where the dew point was  kept
onstant at −50 ◦C. To overcome this electrochemical degrada-
ion during storage, we employed heat treatment for the stored
TO ramsdellite powder and found that its electrochemical charac-
eristics were effectively improved. Furthermore, we investigated
nd discussed the degradation mechanism by characterizing such
hysical properties as their structural and surface characteris-
ics.

. Experimental

.1. Synthesis of LTO powder with ramsdellite structure

LTO with a ramsdellite structure was synthesized by using a two
olid-state reactions (SSR) method as described elsewhere [4–7].
he chemical reactions were as follows:

i2CO3 + TiO2 → Li2TiO3 + CO2(g) (SSR-1)

/2Li2TiO3 + 5/4TiO2 + 1/4Ti → LiTi2O4 (SSR-2)

The first reaction is a substitution reaction where the powder
orms of lithium carbonate (Kanto Chemical Co., Inc.) and TiO2
Anatase structure, Kanto Chemical Co., Inc.) were reacted in an
lumina crucible after the starting powders had been thoroughly
ixed in an agate mortar. The reaction continued for 10 h at a tem-

erature of 750 ◦C. After the resulting powder had been ground and
ixed in an agate mortar with a new reagent consisting of anatase

iO2 (Kanto Chemical Co., Inc.) and metallic titanium (Kojundo High
urity Chemical Laboratory Co., Ltd., 99%) powder, it was  further
eacted in a N2 gas flow furnace at 1150 ◦C for 10 h. The resulting
owder was then stored in a dry room with a constant dew point
f −50 ◦C.

.2. Characterization of ramsdellite LTO

The powder was investigated by using an X-ray diffractome-
er (Rigaku, RINT2000) with CuK� radiation under a constant
ower of 30 kV and 100 mA.  The structural phases of the syn-

hesized powder were identified using the International Center
or Diffraction Data (ICCD) database. The Rietveld refinement
as carried using the PDXL software version 1.7.0.0 (Rigaku,
orp.). A measurement to determine the chemical composition
urces 196 (2011) 10133– 10140

(Li/Ti) of the synthesized material was carried out by using
inductively coupled plasma combined with atomic emission spec-
troscopy (ICP/AES, Seiko Instruments, SPS1700HVRS). The amount
of oxygen was determined by the combustion-infrared absorp-
tion (combustion-IR absorption, LECO Corp., TC436) technique.
The powder morphology was observed using scanning electron
microscopy (SEM, JEOL JSM-890). Moreover, the surface proper-
ties of the oxide powder were examined through an elemental
analysis of the surface binding energy (BE) using X-ray photoelec-
tron spectroscopy (XPS, PHI XPS 5700), with an AlK� (1468.6 eV)
anode as a target. The measurements were carried out in an ultra-
high vacuum (UHV) chamber at a pressure below 10−7 Pa. The
measurement area was kept at a diameter of 800 �m while the
angle between the sample and the incident beam was  kept at
45 deg.

The electrochemical characterizations were carried out using a
coin test cell (type CR-2320). The electrode was prepared by mixing
the active material (LTO powder) with acetylene black (AB) carbon
as a conductive agent and PTFE as a binder with an active mate-
rial:AB:PTFE weight ratio of 75:20:5. The mixture was  first ground
in an agate mortar and then roll-pressed into a 0.5 mm thick sheet
to be assembled into a coin test cell as a working electrode. Lithium
metal was used as a counter electrode. A microporous polypropy-
lene film was inserted between them as a separator. The electrolyte
was 1 mol  L−1 of LiPF6 in an equal volume of ethylene carbonate (EC)
and dimethyl carbonate (DMC) solution (Tomiyama Pure Chemical
Industries, Ltd.).

The entire preparation and coin test assembly process was  car-
ried out in a dry room (dew point = −50 ◦C). The electrochemical
evaluations were performed in a temperature-controlled chamber
with a constant temperature of 20 ◦C. The electrochemical evalua-
tion was  conducted at a constant current density of 1 mA  cm−2 in
the 3.5–1 V range, with a rest period of 10 min  between the charge
and discharge steps.

Ex-situ characterizations were employed to examine any
changes in such properties as structure and chemical compo-
sition after the electrochemical evaluation. This information is
particularly useful for understanding the stability of an active
material (ramsdellite LTO) during electrochemical evaluation.
After performing a series of electrochemical evaluations, the cells
were disassembled and the ramsdellite LTO pellet was carefully
extracted from the measurement cell. The pellet was  then carefully
washed several times using a dimethylcarbonate (DMC) solution
to remove the salt form that existed in the surface. After that, it
was vacuum dried, and stored in a dry room for 12 h, before being
subjected to structural and chemical composition characterizations
using XRD and ICP-AES, respectively.

2.3. Annealing

The annealing is consisted a heat treatment that was applied
to the ramsdellite LTO powder after it had been stored in a dry
atmosphere for 1 year in a furnace chamber in a constant flow of
nitrogen gas. The purpose of this heat treatment was to remove any
contaminants that may  have existed on the powder surface. Before
annealing was  started, the chamber was  evacuated and purged
with a N2 gas flow. Annealing was carried out at constant tem-
peratures of 150, 250, 350, and 450 ◦C to determine the optimum
temperature. Moreover, at a fixed temperature of 350 ◦C we var-
ied the treatment times of 1, 3, 5, and 10 h. The annealed sample
described before for the as-synthesized powder. First, a pellet was
prepared using the powder that had been treated at different tem-
peratures, and the next step was  to assemble the corresponding
pellet into a coin test.
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The charge–discharge curve for ramsdellite LTO shows that the
ig. 1. XRD pattern of lithium titanium oxide powders synthesized by two  solid-
tate  reactions.

. Results and discussion

.1. Structure and surface characteristics

Fig. 1 shows the XRD pattern of the synthesized LTO powder. LTO
owder obtained from the first reaction (SSR-1) through a substitu-
ion reaction was a one-dimensional layer with a chemical formula
f Li2TiO3. The standard pattern of Li2TiO3 (PDF#33-0831) is given
n the bottom part of the figure, and shows a good correlation with
he resulting powder, indicating that the first reaction subsequently
ccurred. We  also confirmed that the ratio of Li and Ti from the
CP/AES method gave a ratio Li/Ti value of 1.99, which is very close
o its theoretical value of 2.

LTO with a three-dimensional ramsdellite structure was

btained from the 2nd solid state reaction (SSR-2). The ramsdel-
ite structure is known to have an orthorhombic unit cell with a
pace group Pbnm (62) [4,5]. It is worth noting that several standard

Fig. 2. Refinement result for lithium titanium oxide w
urces 196 (2011) 10133– 10140 10135

patterns for the LTO ramsdellite structure with different chemi-
cal formulas have already been reported [8,9]. To determine the
chemical formula of a unit cell LTO crystallite with a ramsdellite
structure, we  evaluated its chemical composition using ICP/AES
and a combustion-IR technique. The Li to Ti ratio was  determined
as 2.04 from an ICP/AES measurement, while the amount of oxy-
gen (weight %) obtained from the combustion IR absorption was
36.4, that is equivalent to 3.7 amount of O in one unit cell. On this
basis, we  consider that the SSR-2 product has a chemical formula
of LiTi2O4 in one unit cell.

We refined the pattern above by employing the Rietveld method
using a standard pattern of PDF#53-0261. The refinement result is
shown in Fig. 2, with an inserted table showing the lattice con-
stant values of our refined powder that are in a good agreement
to the corresponding reference values. Quantitatively, as indicator
to measure how close the observed XRD pattern, we  used the Rwp

and S values to indicate the accuracy and the standard differences
to the standard XRD pattern, respectively. Our  refinement resulted
the Rwp value of ∼12.88% and the S value of 1.23. These values are
in a good agreement with those of a typical refinement process,
where the Rwp value is around 10% and the S value is close to 1, and
verifying that the synthesized powder is having a ramsdellite LTO
with the chemical formula of LiTi2O4, to give a good accordance
with the ICP/AES results.

Fig. 3 shows the particle morphology of the as-synthesized sam-
ples. The particle size was  varied in the 1–10 �m range. From the
main XRD peak, we  estimated the crystallite size using the Scher-
rer equation, which gave an average value of less than 1 �m.  This
implies that one particle consisted of one to several crystallites.

3.2. Electrochemical performance of typical ramsdellite type LTO

The electrochemical evaluation of LTO with ramsdellite struc-
ture was  expressed in terms of a charge–discharge curve and cycle
performance, which are shown in Fig. 4(a and b), respectively. The
typical charge–discharge curve for the 1st, 3rd and 5th cycles gives
an almost stable capacity of 250 mA h g−1 as shown in Fig. 4(a).
discharge curve has two regions: a quarter cycle region with a
stopping voltage value exceeding 1.3 V and a flat region corre-
sponding to a stopping voltage of 1.3 V. In more detail, three kinds

ith ramsdellite structure by Rietveld method.
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Fig. 3. SEM images of synthesized LTO with ramsdellite structure.

f electrochemical reactions (2.1; 1.3; and 0.6 V) were involved as
escribed elsewhere [4–7]. The typical electrochemical reactions
or ramsdellite oxide were take place at approximately 1.3 V and
.1 V. Particularly, the reaction at 1.3 V for first cycles, which is

he standard reduction potential of Ti4+/Ti3+ = 1.33 V, was  observed
t lower potential (1.2 V), indicating a mixture valence of Ti ions
xisted in the initial condition. This is also confirmed from the XPS
ata given in Fig. 7(a), where the oxide was dominated with Ti
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ig. 5. (a) Discharge curves plotted with stopping voltage value for ex-situ evaluation. (b)
eft  side shows the corresponding chemical formula obtained from ICP/AES evaluation.
urces 196 (2011) 10133– 10140

3+. Moreover, a small plateau around 0.6 V that was only observed
in first cycle might indicate a formation of an interface layer that
reduced a barrier between electrolyte and electrode to accommo-
date the Li insertion/extraction which is beneficial for the Li ions
transport. This kind of small plateau was  existed in all samples and
thus explained a large capacity drop happened in the early cycles.

The cycle performance shown in Fig. 4(b) reveals that the capac-
ity of the 1st cycle was ∼310 mA  h g−1, and this decreased to an
almost stable 250 mA h g−1 after the 3rd cycle. The amount of elec-
tron transfer is a useful parameter to estimate the electrochemical
reaction during Li ions insertion/extraction. However, the electron
transfer is evaluated from the 3rd reaction, because of the forma-
tion of interface layer that was observed in first cycle. By assuming
an active material with a chemical formula of LiTi2O4 as the stan-
dard with a molecular weight of 166.68 g mol−1, we estimated that
the 3rd cycle occurred as the result of about 1.6 electrons transfer.
However, the capacity degradation that was observed for the next
cycle implies a reduction in the number of electrons taking part in
the reaction. The number of electrons included in the reaction was
estimated to be 1.6, and this implies that the ramsdellite LTO was
still partly occupied by Li ions.

It is well known that the capacity decay can originate from two
factors; the presence of blocking contaminants molecules and the
practical conductivity of the active material. The particle size, the
factors that significantly influence the conductivity. These factors
were not optimized in this study. However, the kind of capacity
decay that occurs in the first 5 cycles has been reported [4] to
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Table 2
The lattice constant of Li-rich ramsdellite LTO resulted from Rietveld refinement.

No
cell

Stage Stopping
voltage (V)

wt% LixTi2O4 Lattice constant (Å)

x = 0.14 x = 1 a b c

1 I 2.1 90 10 4.814 9.92 3.099
2  II 1.7 46 54 – – –
3  II 1.6 34 66 – – –
E. Setiawati et al. / Journal of Po

e closely influence by conductivity. The typical charge–discharge
urve and the stable cycle performance show that the synthesized
amsdellite LTO is in a good agreement with those that described
n previous reports [4–7], and suggested that ramsdellite LTO is
romising for use as the anode of lithium ion batteries.

To determine the number of lithium ions that participated
n the charge–discharge process, we prepared five test cells and
valuate their electrochemical behavior under the same condi-
ion for 5 cycles. After that, they were discharged at five different
topping voltages as shown in Fig. 5(a). Ex-situ XRD measure-
ents were carried on those samples and the resulting patterns

re shown in Fig. 5(b). Additionally, the chemical compositions
orresponding to stopping voltages of 2.1 V and 0.8 V were eval-
ated by ICP/AES to estimate the total number of Li ions in the
amsdellite LTO that participated in the electrochemical reaction.
y assuming that the number of Ti ions in the ramsdellite LTO

s constant, we can directly convert the Li to Ti ratio obtained
rom ICP/AES to the number of Li ions in the ramsdellite LTO.
ccordingly, the valence number of the Ti ions was  calculated
ith a charge balance equation, to give a value that represents

he number of electrons that took part in the electrochemical
eaction.

Upon discharge to a lower voltage from 2.1 to 0.8 V, the number
f Li ions increases from 1.3 to 3 mol; where approximately 1.7 mol
i ions are inserted into the ramsdellite LTO. In other words, approx-
mately 1.7 mol  of Li ions take part in the electrochemical reaction.
hus the overall electrochemical reaction in the charge–discharge
rocess is estimated to be as follows:

i(1+x)Ti2O4 ↔ LiTi2O4 + xLi+ + xe−

here the maximum value of x is equal to 1.7.
It should be noted that the capacity can be calculated from

he molecular weight of the active material and the number of Li
ons that participate in the electrochemical reaction. The molec-
lar weight of the synthesized active material with a chemical
ormula LiTi2O4 is 166.68 g mol−1, so theoretically the calculated
apacity for 1.7 electrons is 273 mA  h g−1. However, we  obtained a
ischarge capacity for the 3rd cycle of 250 mA  h g−1, which is equal
o about 1.6 electrons. This result suggests that about 0.1 mol  of
he mobile Li ions did not participate in the reaction. We  consid-
red that these Li ions might be trapped inside the structure and so
nable to participate in the reactions. Noting the structural char-
cteristic of ramsdellite LTO with a (2 × 1) tunnel space [4,5], it can
e considered that keeping the Li ions partly inside the structure is
seful for protecting the structure from collapse, and thus obtaining

 high cycle number.
Khun et al. [4] mentioned that in Li2Ti3O7 ramsdellite, the Li

ons in the crystal are distributed into two tetrahedral sites: Li1
nd Li2. The Li1 sites are energetically more stable because they
o not share a face with the TiO6 octahedron. They estimated that
bout 60% of the Li ions in the ramsdellite crystal were distributed
n the Li1 site, while the rest occupied the less stable Li2 site.
lthough the same condition has not been reported for LiTi2O4,

t can be assumed since they have a similar crystal structure. In
his case, for one unit crystal of ramsdellite LTO with 2 mol  Li
ons, the stable sites should be occupied by 1.2 mol  Li ions, with
he remaining 0.8 mol  occupying the less stable one. According
o this estimation, when all of the Li ions occupying stable sites
n the ramsdellite LTO contributed to the reaction, the capacity

ould be 192 mA  h g−1. As our experiment showed a capacity of

50 mA  h g−1, the Li ions occupying both stable and less stable sites
ontributed to the reaction. A detailed structural analysis is needed
o explain which kind of Li ion participated in the electrochemical
eaction.
4 III 1.3 9 91 5.0387 9.634 2.9499
5 III 08.8  4 96 5.043 9.645 2.9516

The ex-situ XRD pattern (Fig. 5(b)) shows two kinds of structure
with ramsdellite LTO that has different numbers of Li ions in the
structure with two  main peaks corresponding to (1 1 0) and (1 3 0).
Akimoto et al. [2,3] reported that the number of Li ions inside a
ramsdellite LTO structure influence the lattice constant of one unit
crystal. Changes in the lattice constant can be easily observed by
carefully examining the main diffraction peaks. A higher 2� peak is
generally sensitive to the structural property, and thus the change
in the lattice constant can be predicted.

The two  structures seen in Fig. 5(a) correspond well with the
typical discharge curves shown in Fig. 5(b). To simplify the explana-
tion, five coin cells with different stopping voltages are divided into
three stages (I for 2.1 V, II for 1.7 and 1.6 V and III for 1.3 and 0.5 V).
Accordingly, the discharge curve can be divided into two  regions,
one with a semicircular curve that covers stages I and II, and one
with a flat area that covers stage III. Stages I and III had a single
phase of ramsdellite LTO with low and high Li ion concentrations,
respectively; while the ramsdellite LTO in stage II consisted of two
phases, with both high and low Li concentrations. The two phases
contributed to a discharge reaction that resulted in a half-cycle,
and the flat discharge curve suggested that they were conducted
under different reaction, and thus the charge–discharge reaction in
the ramsdellite LTO is considered to be a two-phase reaction. Each
reactions contributed to about half of the overall capacity. There-
fore, theoretically, in each phase approximately 1 mol  of Li ions
contributed to the electrochemical reaction, so that in total 2 mol
Li ions take part in the discharge reaction.

The Li rich regions with stopping voltages of 0.5 and 1.3 V in
Fig. 5(b) show that they have an identical main peak for (1 1 0)
existed at 2� = ∼19.8 deg. In addition, those two stopping-voltage
values have a minor peak of (1 3 0) at a higher 2� value around
33 deg. It is generally known that a higher 2� value is more sensi-
tive to the properties of the structure. Specifically, the condition of
the lattice space could be predicted by observing any shift of the
minor peak that appeared at a high degree of 2� value. The (1 3 0)
peak shown in Fig. 5(b) for the Li medium to rich region that corre-
sponds to a 2� value of ∼33 deg for a stopping voltage from 1.6 to
0.8 V is shifted to a lower 2� value. The shift of minor (1 3 0) peak to
a lower 2� value implies an expansion of lattice constant occurred,
suggesting that the lattice constant was expanded by discharging
to a lower stopping voltage. At the same time, we applied Rietveld
analysis to estimate their lattice constant values (Table 2) to give a
larger lattice constant value for lower stopping voltage that indicate
a lattice expansion occurred with the Li insertion. The refinement
was carried out by assuming that two  kinds of ramsdellite, high and
low Li concentrations were existed. Similar evaluation to estimate
the lattice constant of samples with low Li concentrations using
Rietveld analysis were omitted because the broadening of main 2�
peak.

Based on the above discussion, upon discharge, Li ions were
inserted easily into the structure, and began by filling up the less

occupied sites. At some points, where the sites were almost fully
occupied (stopping voltage below 1.3 V), the insertion of any addi-
tional Li ions led to the expansion of the lattice constant. It is worth
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oting that the discharged LTO at the stopping voltage of 0.5 V con-
ained more Li ions compare to the as synthesized one. So that any
attice expansion happened at this point is reasonably thought orig-
nated by a further insertion of Li ions from its initial as synthesized
mount.

.3. Surface degradation during storage

We evaluated the electrochemical properties of a sample pre-
ared from ramsdellite LTO powder after being stored in a dry
tmosphere, and we found that there was a capacity retardation.
he capacity of the stored sample was ∼200 mA  h g−1 lower than
hat for the as-synthesized sample (∼250 mA  h g−1), as seen in
ig. 6. The lower capacity obtained after the ramsdellite LTO pow-
er had been stored indicated that fewer Li ions contributed to the
eaction. Since they originated from the same production lot, this
apacity reduction must be the result of a change in their intrinsic
roperties, such as their surface properties, that occurred during
torage.

Titanium oxide is particularly well known for its typical non-
toichiometric behavior [11–13].  This behavior can be studied by

valuating the surface properties of oxide to find whether there
as any change or shift in the elemental binding energy (BE).

he elemental binding energy information represents the valence
umber of the elements in the compound, and thus is useful for
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predicting the existence of any adsorbed molecules. In this study,
we compared the binding energy of Ti2p for the as-synthesized
and stored oxide as shown in Fig. 7(a) in a gray solid line and
black solid line, respectively. The Ti2p binding energy is in a good
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Fig. 9. Typical discharge curves for ramsdellite LTO after annealing.

ccordance with typical spectra, consisted of two sharp peaks of
64 and 458.4 eV. Both of those spectra were normalized to the
eference value of Ti2p3/2 at 458.5 eV [14,15], so that the difference
an be clearly seen. This compensation was used to eliminate the
harge-up phenomenon that occurred when the sample was  irradi-
ted with X-rays during measurement, which shifted the measured
inding energy from its true value. In many cases, the C1s reference
alue is used to correct the binding energy, because carbon is gener-
lly present as a very thin contaminant layer on the sample surface.
owever, in this case we avoid using C1s as a reference because our
easured C1s peaks differed from the typical C1s peak originating

rom carbon contamination.
It is generally known that peak broadening in the lower BE

458.4 eV) informs the oxidation number of Ti ions [16,17].  Accord-
ng to Huflund et al. [17], the oxidation number of Ti ions in the
s-synthesized oxide, which Ti2p3/2 peak broadened at BE = 456 eV,
re in a mixed of 4+ and 3+ oxidation state. On the other hand, a
harp BE observed for stored oxide indicate that the Ti4+ domi-
antly existed. This result is consistent showing that upon storage,
he powder is oxidized, so that the Ti ions reach their stable state at
+ oxidation number. On the other hand, it was reported that tita-
ium oxide surface is more likely to adsorb molecules and atoms
hether it is organic or inorganic [16]. These molecules occur in
he surface via two routes, namely, through physical and chemi-
al adsorption. With physical adsorption, no new chemical bond is
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formed, so the molecules can be easily introduced to or removed
from the surface.

3.4. Annealing for stored ramsdellite LTO powder

Using the elemental binding energy described above as a basis,
we employed annealing for ramsdellite LTO powder that had been
stored for approximately 1 year in a dry room. Fig. 8(a and b)
shows the crystal structure of powder after annealed at various
temperatures and for various time periods. Fig. 8(a), which shows
the structure of powder annealed at a temperature below 350 ◦C,
confirms the existence of a single phase of LTO with a ramsdellite
structure. However, when the treatment temperatures exceeded
350 ◦C, a structural transformation was  observed. Moreover, we
varied the treatment time at the maximum temperature of 350 ◦C.
At this temperature, we  confirmed that, whatever the treatment
time, all the powder was in a single ramsdellite structure and there
was no phase transformation.

Although the ramsdellite structure was  formed at a relatively
high temperature of more than 1100 ◦C, a structural transformation
still occurred with relatively low temperature (above 350 ◦C) treat-
ment. Akimoto et al. [8,9] has reported that ramsdellite type LTO
is very reactive in air. A noticeable change in their lattice parame-
ters and therefore the Li ion content was observed in a unit crystal.
Moreover, they indicated that the ramsdellite type is a meta-stable
phase, which transformed to TiO2 with a pseudo brookite structure
upon additional heating to 367 ◦C. However, there was no detailed
explanation regarding the driving force that causes phase transfor-
mation. These data correspond well with our result showing that a
structural transformation occurred in the 350–450 ◦C temperature
range.

The phase transformation phenomenon after annealing can be
explained by assuming that some kinds of contaminant molecules
might be adsorbed into the particles during storage. When those
contaminant molecules receive any additional energy in the form
of heat, they may  induce a reaction that drives a phase transfor-
mation. At an appropriate temperature, a sufficient energy is given
to break and decompose the molecules bond. So that, the optimum
annealing temperature revealed the decomposition temperature of
the contaminant adsorbent. The decomposition temperature of the
contaminant adsorbent makes it possible to assume that it is a kind
of organic molecule, however such a conclusion is premature. At a
certain temperature (350 ◦C), which must be their decomposition
on the adsorption site. The deeper the site of the adsorbed con-
taminant is in a particle, the longer the annealing treatment time
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hat is required. Further experiments regarding the treatment time
nd the effectiveness of contaminant removal must be performed
o confirm this.

Again, the XPS study was applied to evaluate the surface con-
ition to find any information about the contaminant molecules

n a surface level. Fig. 7(b) shows the BE for C1s of three different
xide; as-synthesized, stored and annealed one; without normal-
zing their intensity. The BE of C1s are existing in two peaks for
ll samples, representing lower and higher BE values with peaks
t 285.6 and 291.3 eV, respectively. The former peak is a native
arbon that generally observable in many kinds of sample, while
he latter peak is observed only in particular case. Since there is
lmost no significant difference between those samples in the lat-
er peak, we can neglect this peak. One clear difference observable
or those samples is that the former peak has a lower intensity for
he as-synthesized powder (gray line) compared with the spectra
or the stored powder (black line) and annealed powder (black, dot
ine). It is still difficult to clarify what kind of carbon derivative was
bserved in the XPS spectra, particularly because there is a BE shift
hat observed in for each peaks. However, the literature on the XPS
atabase shows that those kinds of carbon are close to the satu-
ated hydrocarbon peak that contained aromatic carboxylic and its
erivatives [11,13]. More intense saturated hydrocarbon peak on
he stored powder suggested that upon storage, the active surface
ites of the ramsdellite LTO tends to adsorb carboxylic carbon and
hus those kinds of molecules might existed in the surface. At this
oint, we found an indication of an irregular carbon-derived com-
ound (Fig. 7(a)) in the surface states of the powder stored in a
ry environment that might responsible to result electrochemical
egradation.

We studied the effect of treatment temperature on improving
he electrochemical properties of ramsdellite LTO. The discharge
urves for ramsdellite LTO after annealing are shown in Fig. 9. The
ame typical discharge profiles were obtained for all samples that
ere treated at temperatures below 450 ◦C. Moreover, the dis-

harge capacities of annealed powder increased as the annealing
emperature increased. We can clearly see that the 250 ◦C annealed
owder exhibits the optimum discharge capacity of 265 mA  h g−1,
hich is larger than that of the as-synthesized powder. The low

apacity for the sample treated at temperatures below 250 ◦C
ppears to suggest that in this temperature range the organic con-
aminant adsorbent is still partly present in the powder. In other
ords, the decomposition temperature for those contaminants is

round 250 ◦C.
On the other hand, the discharge curve for a sample post

nnealed at a high temperature of 450 ◦C has different characteris-
ics from those of other samples. Specifically, the voltage dropped
bout 0.2 V and a slope was observed instead of the flat curves that
ere seen for other samples. Also, there was a short flat curve at

round 0.65 V. Moreover, we confirmed that even when the dis-
harge capacity for 450 ◦C annealed sample was high, it decreased
fter several cycles. We  think that changes observed in the dis-
harge curves is due to the structure transformation (Fig. 8(a)).

The charge–discharge curves of the annealed sample after treat-
ent and their cycle performance are shown in Fig. 10(a and b),

espectively. The as-synthesized sample and the sample stored
n a dry atmosphere (degraded) plotted together to provide a
omparison. We  can see clearly that after annealing, the capacity
f the degraded sample was restored, and moreover exhibited a
igher capacity than the as-synthesized sample. The capacity of

his treated sample was stable at 265 mA  h g−1, which is more than
5% of the theoretical capacity. At this point, we can estimate that
.6 electrons participated in the reaction. Even though the number
f participating electrons has been increased, no significant drop

[
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[
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was observed in their capacity during cycling as seen in Fig. 10(b).
The cycle performance is still being examined experimentally. To
date, a stable cycle has been achieved for more than 10 cycles. More
detailed characterizations are under way to explain the mechanism
that leads to the improved capacity after annealing. Our concern is
to evaluate surface properties, such as the binding energy before
and after treatment.

4. Conclusions

LTO with a ramsdellite structure was synthesized using two
solid-state reactions (SSR) method and an electrochemical eval-
uation showed that only 1.5 mol  of the Li ions participated
in the charge–discharge process. As a result, the total capac-
ity of this synthesized ramsdellite LTO was  250 mA  h g−1, which
is only 80% of the theoretical capacity. Furthermore, we found
that the electrochemical properties of the ramsdellite LTO had
degraded to about 200 mA h g−1 after being stored even in a
dry room with a constant dew temperature of −50 ◦C, although
all the preparation and coin-cell assembly procedures were
carried out in the same way as for the as-synthesized sam-
ple.

Annealing was  employed with the above powder (ramsdellite
LTO stored in a dry atmosphere). We  found that suitable anneal-
ing is effective in restoring the electrochemical properties of the
as-synthesized sample. Specifically, the optimum electrochemi-
cal properties were achieved (discharge capacity of 265 mA  h g−1)
with treatment at 250 ◦C for 5 h. According to the XPS evalu-
ation, we found that the surface properties directly influence
the electrochemical properties. In addition, the XPS evaluation
suggested that a derivative of carbonate molecules physically
adsorbed on the surface during storage might be responsible for
degrading the electrochemical characteristics. A further detailed
examination is required to determine the identity of the adsorbed
molecule.
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