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a b s t r a c t

The thermally-induced structural transformation of layered hydrogen trititanate (H2Ti3O7) to TiO2(B) has
been systematically studied by means of in situ X-ray diffraction (XRD) over a wide temperature range
from 170 to 450 ◦C. Our data indicate a structural transition realized via continuous loss of interlayer
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eywords:
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water, which results in a series of non-stoichiometric hydrogen titanate compounds (3TiO2·ıH2O). Elec-
trochemical analysis of hydrogen titanates for lithium-ion intercalation shows that reversible specific
capacity increases as calcination temperature increases, whereas cycling stability decreases during the
continuous dehydration process.

© 2010 Elsevier B.V. All rights reserved.
hermal transformation
ithium-ion batteries

. Introduction

A monoclinic layered hydrogen trititanate (H2Ti3O7), consisting
f negatively charged layered sheets of corner- and edge-shared
iO6 octahedra [1] and protons in the interlayer, has been synthe-
ized by proton exchange of alkalimetal titanates A2Ti3O7 [1–4]
A = Na, Li, K etc.) which could be prepared either by solid state
eaction or hydrothermal treatment. This titanate, initially discov-
red as an intermediate of fabricating TiO2(B) by hydrothermal
reatment, has developed strong potential for applications in vari-
us fields. As an n-type semiconductor, hydrogen trititanate often
hows excellent photocatalytic activity [1,5,6]. Riss [7] explored the
hotoelectronic properties of H2Ti3O7 nanotubes, indicating that
he chemical composition, structure and condition of the interface
lay decisive roles in photocatalytic activity. Hydrogen trititanate
ould also be used in fuel cells [8,9] to achieve high proton conduc-
ivity.

Recently, much attention has been given to this material as an
deal host for lithium-ion intercalation due to its layered struc-
ure [10]. Li et al. [9,11] prepared hydrogen trititanate H2Ti3O7
anowires and nanotubes; they reported that these materials

eliver electrochemical capacity as high as 330 mAh g−1 and excel-

ent rate performance. In addition, H2Ti3O7 may be converted into
iO2(B) via multistep transformation occurring between 120 and
00 ◦C through topotactic mechanisms with the intermediate for-

∗ Corresponding author. Tel.: +86 21 51630318; fax: +86 21 51630318.
E-mail address: yyxia@fudan.edu.cn (Y.-Y. Xia).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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mation of H2Ti6O13 and H2Ti12O25 [2]. The TiO2(B) with different
morphologies prepared by thermal transformation as described
above (e.g., nanowires [12–14] or nanotubes [15–18]) also exhibits
good electrochemical performance for lithium-ion intercalation.
However, the thermal transformation of H2Ti3O7 to TiO2(B) has
not been studied in detail, and the electrochemical profile of the
occurring intermediate compounds has not been addressed.

In the present work, we investigate the thermal transformation
of H2Ti3O7 by means of in situ and ex situ XRD and thermogravi-
metric analysis (TGA). The phase and chemical composition of
HxTiyOz with different ratios of H, Ti and O as a function of tempera-
ture were systematically studied. Furthermore, the electrochemical
performance for lithium-ion intercalation of as-synthesized and
heat-treated H2Ti3O7 were measured and compared.

2. Experimental

2.1. Synthesis of H2Ti3O7

The precursor Na2Ti3O7 was prepared according to a previously
reported procedure [19]. A mixture of stoichiometric quantities
of dried Na2CO3 and TiO2 (anatase) (1:3 molar ratio) was real-
ized by wet-ball-milling using a Pulverisette 6 (Fritsch Gmbh.In.,
Germany) with ethanol as a dispersing agent and a weight ratio of

agate ball-to-powder of 10:1 for 6 h. The slurry was then dried and
calcined at 800 ◦C for 20 h in air. The resultant Na2Ti3O7 powder
subsequently underwent acid exchange in 500 mL 0.1 M HCl under
magnetic agitation at room temperature for 5 days. The acid solu-
tion was renewed every 24 h in order to completely remove the

dx.doi.org/10.1016/j.jpowsour.2010.07.023
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Typical XRD patterns of (a) Na2Ti3O7 and (b) as-synthesized H2Ti3O7.

ˇ = 101.6◦. These results agree well with previous crystallographic
data for this compound [20].

Fig. 2 gives the TGA curve of H2Ti3O7 from 25 to 500 ◦C to ini-
tially investigate the thermal transformation process of H2Ti3O7 to
G.-N. Zhu et al. / Journal of Pow

lkali from the compound. The product was finally washed with
eionized water and dried overnight at 120 ◦C.

.2. Thermal transformation of H2Ti3O7 by in situ XRD and TG
ests

The as-synthesized H2Ti3O7 was analyzed by in situ high-
emperature X-ray diffraction (HT-XRD) at 170, 200, 230, 260, 290,
20, 350, 380, 410 and 450 ◦C using a Bruker Advance 8 X-ray
iffractometor. Each XRD pattern was recorded at a scanning rate of
.7◦ min−1 from 2� = 10◦ to 30◦. Thermogravimetric analysis (TGA)
f H2Ti3O7 was conducted by increasing temperature from 25 to
00 ◦C at a heating rate of 1 ◦C min−1 with Ar flow of 50 mL min−1

ith a Perkin-Elmer TGA 7 thermal analyzer.

.3. Weight loss experiment by heat treatment of H2Ti3O7

The phase and chemical composition of the intermediate com-
ounds were studied by ex situ XRD tests and weight loss
xperiments. The as-synthesized H2Ti3O7 was first vacuum-dried
t 100 ◦C for 5 h to remove adsorbed water; exactly 5 g of this com-
ound was heat-treated at a rate of 1 ◦C min−1 to a set temperature
155, 170, 200, 230, 240, 250, 260, 270, 320, 350, 370, 380, 390, 400,
10 and 450 ◦C, respectively) and held at that temperature for 6 h,
ooled, and massed again. The mass of lost water �m was calcu-
ated by the mass difference of the sample before and after heat
reatment. The resulting compounds were also characterized by ex
itu XRD at a scanning rate of 5◦ min−1 from 2� = 10◦ to 90◦.

.4. Characterization of heat-treated samples of H2Ti3O7

The morphologies of three typical heat-treated samples were
haracterized by a Joel JSM6390 scanning electron microscope and
Joel JEM2010 transmission electron microscope, respectively.

.5. Electrochemical tests for as-synthesized and heat-treated
2Ti3O7

For electrochemical tests, composite working electrodes of
he as-synthesized and heat-treated samples were prepared by

ixing 90 wt% active material, 5 wt% carbon black, and 5 wt%
oly(tetrafluoroethylene) (PTFE) dispersed in isopropanol. The
lurry was cast on a steel current collector and dried at 80 ◦C
or 10 min to remove the solvent before pressing. Electrode disks
ere then punched with a diameter of 12 mm and 5 mg cm−2

ypical mass load of active material. The composite electrodes
ere dried at 120 ◦C for 12 h before assembling. Coin-type cells

CR2016) were assembled as positive electrode (working elec-
rode)/separator/negative electrode (lithium metal) layers using an
lectrolyte solution of 1 M LiPF6, ethylene carbonate (EC), dimethyl
arbonate (DMC), and methyl carbonate (1:1:1 by volume) in an
rgon-filled glove box. The electrochemical performance of the half
ells was evaluated with a battery test system (LAND CT2001A,

uhan Jinnuo Electronics Co., Ltd.).

. Results and discussion

.1. Characterization of Na2Ti3O7 and H2Ti3O7

Fig. 1 shows typical XRD patterns of Na2Ti3O7 and H2Ti3O7.
2Ti3O7 was obtained by acid treatment of Na2Ti3O7 and subse-

uent drying at 120 ◦C; inductively coupled plasma (ICP) analysis
evealed no residual Na. Both Na2Ti3O7 and H2Ti3O7 were deter-
ined to be phase-pure based on their XRD patterns. The X-ray

iffraction peaks for H2Ti3O7 can be indexed as monoclinic with the
ollowing cell parameters: a = 16.028 Å, b = 3.751 Å, c = 9.193 Å and
Fig. 2. TGA curve of the as-synthesized H2Ti3O7 in Ar flow from 25 ◦C to 500 ◦C at a
heating rate of 1 ◦C min−1.
Fig. 3. In situ XRD patterns of as-synthesized H2Ti3O7 at different temperatures
between 140 ◦C and 450 ◦C: (a) 140 ◦C, (b) 170 ◦C, (c) 200 ◦C, (d) 230 ◦C, (e) 260 ◦C, (f)
290 ◦C, (g) 320 ◦C, (h) 350 ◦C, (i) 380 ◦C, (j) 410 ◦C, and (k) 450 ◦C. Each XRD pattern
was recorded at a scanning rate of 1.7◦ min−1 from 2� = 10◦ to 30◦ .
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ig. 4. SEM images for three typical heat-treated samples obtained by calcination of
reated at (d) 170 ◦C, (e) 320 ◦C, and (f) 450 ◦C.

iO2(B). Water weight loss begins at about 170 ◦C. Three regions
ith different water loss rates indicated by different slopes in TGA

urve were detected, suggesting the thermal phase transformation
ndergoes three different processes in the regions between 160 and
60 ◦C, 260 and 400 ◦C, and 400 and 450 ◦C (denoted as regions A,
and C, respectively). Almost no plateaus in the TGA curves were

bserved at either region, revealing that the process of water loss
rocess was continuous. When the temperature was increased to
50 ◦C, the total weight loss was about 6% – approximate to the
heoretical weight loss of H2Ti3O7 to TiO2(B) (6.8%) and no further
eight loss was detected.
.2. Thermal transformation analysis

The thermally-induced structural transformation of layered
ydrogen trititanate H2Ti3O7 to TiO2(B) was further investigated
y in situ XRD from 140 to 450 ◦C. Fig. 3 shows the selected XRD
O7 for 6 h at (a) 170 ◦C, (b) 320 ◦C, and (c) 450 ◦C; TEM images for the three samples

patterns from 2� = 10◦ to 30◦, in which the diffraction intensity is
relatively strong. When the temperature was increased from 140
to 230 ◦C, corresponding to Region A in Fig. 2, the peak assigned
as (2 0 1) gradually disappeared, and the (2 0 0) peaks at 2� = 11◦

shifted to larger angles, indicating a gradual reduction of the inter-
layer distance d2 0 0 to form a more condensed structure. When
the temperature was increased further, corresponding to Region
B in Fig. 2, the (2 0 0) and (2 0 1) peaks disappeared completely,
whereas three new peaks at 2� = 14◦, 15◦, and 28.6◦ were observed.
Throughout the whole water loss process, the (1 1 0) peak at 2� = 24◦

shifted to larger angles continuously. The above findings strongly
indicate the resulting compounds in Regions A–C of Fig. 2 exhibit

more condensed structures with increasing temperature.

A series of heat-treated samples was obtained by annealing
the as-synthesized H2Ti3O7 for 6 h under different temperatures
from 170 to 450 ◦C. Fig. 4(a–c) shows SEM images of three typi-
cal heat-treated samples for different temperatures. From Fig. 4(a),
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he 170 ◦C – treated sample has a needle-like structure with a
iameter of ca. 400 nm and a length of ca. 2 �m. With the calci-
ation temperature increases to 320 and 450 ◦C (Fig. 4(b) and (c)),
he needle-like shape collapses gradually and is partially replaced
y large particle morphology of an average size of ca. 1 �m with
gglomerates of small crystallites on the surface, indicating that a
igher temperature can promote the contraction of materials. The
orresponding TEM images for the three heat-treated samples are
hown in Fig. 4(d–f). They all show a clear layered structure, sug-
esting such structure could be maintained throughout the process
f thermal transformation. Additionally, the phase compositions
f different heat-treated samples were studied by the ex situ XRD
atterns and illustrated in Fig. 5. The results show good agreement
ith the in situ XRD patterns (Fig. 3) under corresponding tempera-

ure, suggesting that these intermediates exist thermodynamically
table.

Based on these results, we hypothesize that the precursor
2Ti3O7 undergoes a continuous thermal transformation accom-
anied by formation of different intermediates, which we attribute
o the loss of interlayer water. In fact, such spontaneous rear-
angement from one form to the other can easily occur and is
xpected to be driven by changes in the local water partial pres-
ure [21]. This conclusion is supported by the findings of Wadsley
nd Anderson, [22,23] who introduced “block-structure theory”
nd “intergrowth policy” whereby sodium titanates are presented
s a series of homologues consisting of numerous blocks whose
toichiometry (Na/Ti/O) can be adjusted by altering block size or

ntergrowth of several existing separate block structures. Several
ypical compounds with different blocks marked by black rectangu-
ar areas are illustrated in Fig. 6, which support these findings. Due
o the structural similarity between sodium titanates and hydro-
en titanates, [1–3] the mechanism of thermal transformation may

ig. 6. The structures of (a) Na2Ti3O7, (b) Na6Ti12O27, (c) Na2Ti6O13, (d) Na2Ti7O15 and (e) N
Fig. 5. Ex situ XRD patterns of heat-treated samples under different temperatures:
(a) 170 ◦C, (b) 230 ◦C, (c) 260 ◦C, (d) 320 ◦C, (e) 350 ◦C, (f) 380 ◦C, and (g) 450 ◦C.

be explained by the supposition that H2Ti3O7 experiences a simi-
lar structural transformation path from (a) to (e) (Fig. 6); During
this transformation path, a series of intermediates are formed,
each of which can be denoted in standard layered notation as
HxTiyOz.

Weight loss experiments were carried out to identify
the relationship between temperature and chemical compo-

sition of HxTiyOz intermediates, which could be reformu-
lated in two-component notation as 3TiO2·ıH2O (0 ≤ ı ≤ 1) and
“ı” was determined from the mass of dehydration �m by
ı = 859/300 × �m. Based on the experimental and calculated

a2Ti12O25 with block sizes of (2 × 2), (3 × 4), (3 × 2), (7 × 2), and (4 × 2), respectively.
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coulombic efficiency is attributed to continuous formation of more
condensed structures as indicated in Figs. 3 and 5. Compared to
its less-hydrated intermediates, the larger interlayer spacing (and
hence, less condensed structure) of H2Ti3O7 promotes relaxation
ig. 7. Composition (ı in 3TiO2·ıH2O) as a function of temperature during thermal
ransformation of the as-synthesized H2Ti3O7 to TiO2(B). Several hydrogen titanates
orresponding to reported sodium titanates [20] in Fig. 5 are labeled as “�”.

esults, Fig. 7 shows the correlation between chemical compo-
ition and temperature. In particular, several non-stoichiometric
ompounds with structures similar to reported alkalimetal
itanates [22] (Fig. 6) are labeled: H2Ti3O7 (3TiO2·1H2O),
6Ti12O27 (3TiO2·0.75H2O), H2Ti6O13 (3TiO2·0.5H2O), H2Ti7O15

3TiO2·0.43H2O) and H2Ti12O25 (3TiO2·0.25H2O). Consecutive
elease of 52%, 26%, and 24% of the total water content can be
nferred to correspond to the three thermogravimetric regions of
60–260 ◦C, 260–400 ◦C, and 400–450 ◦C, which agrees well with
GA results in Fig. 2. Moreover, this roughly-estimated proportion
f ∼2:1:1 in the sequence of released water corresponds to two
ntermediates of H2Ti6O13 and H2Ti12O25 at about 258 and 382 ◦C,
nd the final product of TiO2(B) at 450 ◦C, also consistent with
he transformation path previously reported [2]. On the one hand,
he three zones display good linearity, indicating that dehydration
akes place at constant rates for each respective region. On the other
and, two “transition” areas of 230–270 ◦C and 350–410 ◦C con-
ecting neighboring zones are characterized by larger fluctuations,
uggesting the occurrence of dramatic changes in dehydration rate.
t is likely that the distinct dehydration rate is attributed to the
ifferent energies required to form new crystal lattices by differ-
nt mechanisms (either altering the block size or intergrowth of
xisting blocks) [22].

The results in Fig. 7 also elucidate the data from in and ex situ
RD (Figs. 3 and 5). For example, peak shifts and intensity changes
eginning at 230 and 350 ◦C in XRD patterns indicate signifi-
ant structural transformation at these temperatures. In addition,
hese temperatures correspond with excellent agreement to the
transition” regions depicted in Fig. 7. Finally, these data corre-
pond as well to previously reported transformations from the
riginal “open” structure of H2Ti3O7 to “cage” and “tunnel” struc-
ures at 258 and 382 ◦C, respectively [2]. The changes revealed by
RD could therefore be attributed to the formation of new struc-

ures.

.3. Electrochemical performances of different intermediates
3TiO2·ıH2O)

Titanates are ideal hosts for lithium-ion intercalation due to
heir layered structures. This may be attributed to the interspaces
n the layered titanates, which provide short diffusion distances
o facilitate Li ion insertion/extraction [10]. The electrochemical

roperties of a series of 3TiO2·ıH2O (0 ≤ ı ≤ 1) were evaluated as
lectrode materials for lithium-ion intercalation.

Fig. 8 reflects the typical discharge–charge curves for an elec-
rode composed of H2Ti3O7 (150 ◦C, a), 3TiO2·0.3778H2O (320 ◦C,
Fig. 8. Typical charge/discharge curves of (a) H2Ti3O7 (150 ◦C), (b) 3TiO2·0.3778H2O
(320 ◦C), and (c) TiO2(B) (450 ◦C) between 1.0 V and 3.0 V at a rate of 0.1 Ag−1.

b), and TiO2(B) (450 ◦C, c). The profiles of the three selected
samples clearly exhibit a sloped feature, indicating that the
electrochemical reaction and lithium intercalation remains a
single-phase process without the formation of a biphasic interface
[24].

As Fig. 9 shows, with water content ı decreases, the initial
discharge capacity increases from 191 mAh g−1 (H2Ti3O7, ı = 1) to
291 mAh g−1 (TiO2(B), ı = 0). The initial discharge capacity is thus
demonstrated to be directly related to the content of the electro-
chemically active component of TiO2 in 3TiO2·ıH2O.

A comparison of initial coulombic efficiency between different
samples is given in Fig. 9, where it is shown that as ı in 3TiO2·ıH2O
decreases, coulombic efficiency increases from 89% for H2Ti3O7,
to 92% for TiO2(B). It has been demonstrated that the shift among
layers as well as changes in interlayer distance upon lithium-
ion intercalation may make this electrochemical irreversibility
inevitable in materials of layered structure [10]. The improved
Fig. 9. Initial discharge capacity and coulombic efficiency vs. temperature. The cell
was charged/discharged at a rate of 0.1 Ag−1 between 1.0 V and 3.0 V.
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Fig. 10. (a) Cycling performance of three typical heat-treated samples: H Ti O ,
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TiO2·0.3778H2O and TiO2(B); (b) the capacity retention (charge capacity of 50th
s. 1st cycle) as a function of temperature. All the electrodes were cycled at a rate
f 0.1 Ag−1 between 1.0 V and 3.0 V.

nd shift among layers, making it more suitable for trapping of
i+ ions [12]. Furthermore, water incorporated within the crystal
tructure could react irreversibly with metallic lithium to form Li2O
ithin the interlayer or on the crystal surface [10]. Taking this pos-

ibility into consideration, during the thermal transformation of
2Ti3O7, intermediates containing less crystal water would show
etter initial reversibility, which is consistent with our findings.

The cycling stability of three selected samples, H2Ti3O7 (150 ◦C),
TiO2 0.3778H2O (320 ◦C), and TiO2(B) (450 ◦C), is shown in
ig. 10(a). They all display rapid capacity fading (>5%) during the ini-
ial 10 cycles and less pronounced fading in subsequent cycles. Note
hat the intermediate with a smaller value of ı exhibits poor cycling
tability (Fig. 10(b)), which is primarily due to structural change
uring heat treatment. The larger interlayer spacing in H2Ti3O7,
espite its disadvantage of giving rise to greater structural variation
pon initial lithium-ion intercalation, provides a broad 1D diffu-

ion pathway along which Li ions undergo more facile transport,
etter accommodating structural strain during subsequent cycles
12]. In contrast, the sample with a more condensed structure dis-
lays superior discharge capacity and initial coulombic efficiency,
ut inferior cycling stability.

[
[
[
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4. Conclusions

We have shown that as-synthesized H2Ti3O7 rearranges into
TiO2(B) by heating via a continuous process of water loss accompa-
nied by formation of numerous intermediates. This process can be
divided into three distinct areas with different dehydration rates,
which correspond to a typical transformation from an “open” struc-
ture to a “cage” and finally a “tunnel” structure. Both the weight
loss and ex situ XRD experiments indicate that the thermal trans-
formation gives rise to a series of non-stoichiometric hydrogen
titanate compounds denoted as 3TiO2·ıH2O(0 ≤ ı ≤ 1), and these
compounds could exist thermodynamically. Electrochemical tests
reveal that with a decrease of water content ı in 3TiO2·ıH2O, the
initial discharge capacity increases from 193 of H2Ti3O7 (ı = 1)
to 291 mAh g−1 of TiO2(B) (ı = 0), and the initial coulombic effi-
ciency is enhanced from 89% to 93%, whereas the cycling stability
reflected by the capacity retention (charge capacity of 50th vs. 1st
cycle) decreases from 93% of H2Ti3O7 to 87% of TiO2(B). This ini-
tial enhancement in capacity and subsequent reduction in cycling
stability is closely related to the formation of more condensed
structures during the continuous process of water loss.
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