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Nanostructured titania materials were prepared from TiCl, via autoclaving in 10 M NaOH
at 250 °C and subsequent treatment in aqueous and/or acidic media. XRD and Raman
spectroscopy evidenced the presence of anatase as the main phase, but most materials
contained also some XRD-silent component. Cyclic voltammograms of lithium insertion
demonstrate two pairs of reversible pseudocapacitive peaks (S-peaks) in addition to the
ordinary peaks of diffusion-controlled Li insertion into the anatase lattice. The occurrence
of S-peaks is associated with the nanosheet- and/or nanotubular morphology of the materials.
This structure developed at hydrothermal conditions via exfoliation of the layered Nat/H*
titanate precursors. The S-peaks were suggested to be the signatures of quantum-size
confinement in titania nanosheets. The nanosheet-containing materials are reducible by
n-butyllithium to cubic LiTiO, (at conditions when the ordinary nanocrystalline anatase
gives only the orthorhombic LigsTiO,). Consequently, the electrochemical Li-storage capacity
is larger compared to that of crystalline anatase. The prepared materials also show better
insertion kinetics; hence, they are promising for applications in Li-ion batteries. Depending
on the applied voltage, they can be charged/discharged either as ordinary Li-insertion hosts
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or as supercapacitors.

Introduction

The insertion/extraction of Li to/from the TiO, lattice
is described by the equation

TiO, + x(Li* +e7) — Li,TiO, (1)

The most active form of TiO; for reaction 1 is anatase,
in which the insertion coefficient x is usually close to
0.5.174 Various theoretical>~7 and experimentall:3-58-14
aspects of reaction 1 have been addressed in the past.
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Investigations of X-ray diffraction,3%® electrical and
optical properties,'* photoelectron spectroscopy,® X-ray
absorption,” and "Li NMR>17719 ynanimously show
that anatase converts during reaction 1 into a two-phase
product, viz. lithium-poor tetragonal phase Ligo1TiO2
with the anatase structure (space group 14;/amd) and
orthorhombic lithium titanate, LigsTiO, (space group
Imma).

Investigations of single-crystal®® and polycrystalline®
electrodes have shown that the insertion capacity,
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coulombic efficiency, reversibility, and stability of ana-
tase depend on the electrode morphology. However,
previous reports have mostly dealt with statistically
packed nanocrystals without deliberately controlled
particle structure and mesoscopic ordering.13510-13 | j
insertion into organized, Pluronic-templated anatase
exhibited some abnormal features, which were tenta-
tively assigned to the presence of amorphous titania in
the highly organized skeleton.20

The preparation of nanostructured anatase in the
form of fibers, nanotubes, nanoribbons, and nanowires
was attempted by templating with anodic alumina,?1~26
polymers,?” and low-molecular-weight surfactants.28-3!
Of particular interest is a simple method based on
hydrothermal recrystallization in aqueous NaOH pio-
neered by Kasuga et al.32 There are also several reports
on single-crystalline nanowires?126:3% and nanotubes.3:34
Nevertheless, a perfect single-crystal-like structure,
which would be analogous to a carbon nanotube, does
not seem to be accessible with anatase. (Note that one
claim for the anatase analogue of carbon nanotube3* was
later canceled).

The mechanism of alkaline hydrothermal conversion
of titania into nanofibers (tubes, ribbons) was discussed
by several authors,3235=41 put the results have often
been contradictory. Most works have dealt with NaOH
medium, but there were also occasional studies in
KOH.%537 Important intermediates are layered alkali
titanates, of the general formula M;Ti,02n+1 (M = Na,
K, 3 = n = 6). They have a monoclinic lattice, with
parallel kinked layers of edge-sharing TiOg octahedra.
Such layers intercalate alkali metal cations M*, which
can be further ion-exchanged with H* or H3O" toward
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protonic hydrous titanates H,TinO2n4+1-mH20. The reac-
tion is topotactic; hence, the protonic titanates preserve
the original layered structure.*243 An alternative of this
material is orthorhombic HyTis—yx40x4O4°H20 (X ~ 0.7,
O = vacancy) with the lepidocrocite-type structure. It
is characterized by stacked flat sheets of edge-sharing
TiOg octahedra with intercalated H,O and H3O™ (hy-
droxonium ions are balanced with titanium ion
vacancies).*4~46 These layered crystals easily exfoliate
into individual nanosheets, exhibiting high two-dimen-
sional anisotropy: thickness of ca. 1 nm and lateral
dimension of 0.1—1 um.44-46

The layered protonic titanates seem to be the key
structures in the synthesis of nanotextured materials
via the alkaline hydrothermal treatment of TiO,. They
are, presumably, produced by the Na™/H™ ion exchange
during subsequent acidic washing of the alkali auto-
claved titania, but some authors have assumed that the
protonic titanates grow also directly during the NaOH
treatment.3%36 The morphology has been characterized
as nanotube,32:35.36,38.39.41 fiher 47 nanowire,337 and na-
noribbon.*® The most typical structure is derived from
exfoliated titanate nanosheets which may be rolled into
a multiwalled nanotube with spiral cross section.3536:39
However, intermediate structures of flat or occasionally
curved sheets®39741 gre also abundant in the product.
(Since the titania nanotubes grow via rolling of the sheet
precursors, they do not possess the closed cagelike
structure like carbon nanotubes.)

The crystallographic description of these tubular/
sheet materials is based on monoclinic protonic titan-
ates*” such as H,Ti307,3%:36:41 put other authors consid-
ered also the anatase lattice38394048 to be the basic
structural motif of these sheets/tubes. This was sup-
ported by the TEM patterns showing fringes of 0.37 nm
(ag lattice parameter of anatase) and 0.75—0.78 nm.39:40
According to this model, the sheets grow along the (001)
plane,3240 but sheets with denser stacking correspond-
ing to the (101) planes can also be considered.*® The
anatase structure of sheets was also found in the
lepidocrocite-like material after mild calcination.** Gen-
erally, the primary product of alkaline hydrothermal
treatment of titania is the Na*/H* titanate, which is
free from any crystalline TiO, (anatase, rutile, etc.).36:41
However, thermal dehydratation of protonic titanates
leads to TiO; (presumably nonstoichiometric), while the
anatase and rutile phases grow depending on the
pretreatment conditions and the final calcination tem-
perature.3536:38,41,424447 Sometimes also TiOy(B)*24° and
“monoclinic” TiO,*" were identified as intermediate
phases during heat treatment. (Note that the “mono-
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clinic” TiO; reported in ref 47 seems to be identical to
TiOy(B)).

Li et al.*® have recently reported on the lithium
insertion into hydrothermally grown TiO, nanotubes.
The material showed good capacity and cycle life. Its
cyclic voltammogram exhibited some features of orga-
nized mesoporous anatase made by surfactant templat-
ing,*2° but this analogy was not commented on in ref
48. The present paper aims at addressing these issues
by a systematic study of lithium insertion into titania
nanostructures made by hydrothermal growth in NaOH
medium. There is a challenge that the rich structural
chemistry of hydrothermally grown titania nanostruc-
tures may be mirrored also in their electrochemical
properties.

Experimental Section

Materials. Thirty-four research samples were obtained
from SusTech GmbH & Co. KG, Darmstadt, Germany. Their
general synthetic protocol was as follows: 8 mL (72.9 mmol)
of TiCls was dissolved in 20 mL of water. Then, 10 N NaOH
was added to a total volume of 150 mL. The mixture was
autoclaved at 250 °C for 6 h. Subsequently, the material was
washed with hydrochloric acid and water and further auto-
claved in water or weak acidic solvents for up to several hours.
The individual samples are listed in the Supporting Informa-
tion along with their basic properties (BET surface areas and
phase composition). The concentration of anatase phase was
determined from powder X-ray diffraction according to a
method developed by Banfield et al.>° Rutile (Bayer R-U-F,
containing 3.7 wt % anatase) served as an inner reference in
the phase analysis. Nanocrystalline anatase Bayer PKP09040
(154 m?/g as-received; 89 m?/g after sintering into a thin-film
electrode)® was used as another reference material, and it
further served for comparative experiments with n-butyl-
lithium (vide infra). Still another reference material (C240,
89 m?/g after sintering into a thin-film electrode) was made
by the sol—gel method and autoclaved in water at 240 °C.
(Both Bayer PKP09040 and C240 are pure anatase nanocrys-
tals with ordinary grain morphology (see ref 3 for details)).

Preparation of Electrodes. A powder sample was dis-
persed in an aqueous medium into a viscous paste according
to the previously developed methods.35152 The powder (0.3 g)
was mixed under stirring or gentle mortaring with 0.8 mL of
10% aqueous solution of acetylacetone. Subsequently, 0.8 mL
of 4% aqueous solution of hydroxypropylcellulose (Aldrich, MW
100 000) was added and finally 0.4 mL of 10% aqueous solution
of Triton-X100 (Fluka). Before use, the prepared slurry was
homogenized by stirring. If the slurry was too viscous, it was
further diluted by water. Titanium grid (5 x 15 mm, Good-
fellow) was used as the electrode support. Electrodes were
prepared by dipcoating; the coated area was ca. 5 x 5 mm.
The prepared electrodes were dried in air and finally calcined
in air at 450 °C for 30 min. The amount of active electrode
material was between 0.2 and 0.7 mg. Blank experiments
confirmed that a bare Ti grid had negligible electrochemical
charge capacity compared to that of the active material.
Alternatively, the slurry was also deposited on a sheet of
conducting glass (F-doped SnO,, TEC 8 from Libbey-Owens-
Ford, 8 Q/square) using a doctor-blading technique.®% The
sheet of conducting glass had the dimensions 3 x 5 x 0.3 cm3.
Scotch tape at both edges of the support (0.5 cm) defined the
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film thickness and left part of the support uncovered for
electrical contact. The film was finally calcined for 30 min in
air at 450 °C. After cooling to room temperature, the sheet
was cut into 10 electrodes, 1.5 x 1 cm? in size; the geometric
area of the TiO; film was 1 x 1 cm?2. Sometimes the TiO, layers
on conducting glass were mechanically unstable and delami-
nated easily from the support after electrochemical treatment.
The layers deposited on a Ti grid were satisfactorily stable.

Methods. Electrochemical measurements were carried out
in a one-compartment cell using an Autolab Pgstat-30 (Eco-
chemie) controlled by the GPES-4 software. The reference and
auxiliary electrodes were from Li metal; hence, potentials are
referred to the Li/Li* (1 M) reference electrode. LiN(CFsSOy),
(Fluorad HQ 115 from 3M) was dried at 130 °C/1 mPa.
Ethylene carbonate (EC) and 1,2-dimethoxyethane (DME)
were dried over the 4A molecular sieve (Union Carbide). The
electrolyte solution, 1 M LiN(CF3;SO;), + EC/DME (1/1 by
volume) contained 15—40 ppm H;O as determined by Karl—
Fischer titration (Metrohm 684 coulometer). All operations
were carried out under argon in a glovebox. Transmission
electron microscopy (TEM) images were obtained on a Tecnai
F30 microscope with a 300-keV field emission electron gun.
The BET surface areas of the prepared materials were
determined from nitrogen adsorption isotherms at 77 K (ASAP
2010, Micromeritics). Powder X-ray diffraction (XRD) was
studied on a Siemens D-5000 diffractometer using Cu Ka
radiation. Samples treated by n-butyllithium (10 min of
stirring in 1.6 M solution in hexane (Aldrich) with a molar
ratio Li/Ti ~ 2) were washed with hexane and dried under
Ar. The airtight sample container covered by Kapton foil was
used for recording XRD patterns.'®> Raman spectra were excited
by an Ar* laser at 2.54 eV (Innova 305, Coherent) and recorded
on a T-64000 spectrometer (Instruments, SA) interfaced to an
Olympus BH2 microscope (objective 50x). Microscopic mea-
surements allowed focusing on different sampled areas (dif-
ferent grains of the solid material) to test the homogeneity of
studied samples.

Results and Discussion

Figure 1 shows a typical morphology of the prepared
samples. The materials contain nanoribbons or elon-
gated nanosheets, which may be curved and partly or
fully rolled into tubes.32:3536:38-40 The rolling is visual-
ized on the high-resolution image, along with the fringes
parallel to the ribbon axis. This morphology is reminis-
cent of that reported by Su et al.*°

The phase analysis according to Banfield®® (see Ex-
perimental Section) usually indicated a low content of
crystalline TiO, in most materials tested. Phenomeno-
logically, this indicates the presence of some “X-ray
amorphous” (XRA) phase. The term XRA refers to
material, which does not exhibit distinct diffraction
peaks, but which may still possess low-range ordering.
Hence, it might well be the titania nanosheet, nanotube,
or simply a nanocrystal, which is too small to be
detectable by powder XRD. (Note that the pristine
exfoliated nanosheets of the lepidocrocite-like titania are
also virtually “X-ray amorphous”,*—4¢ but electron
diffraction indicates their two-dimensional face-centered
orthogonal arrangement.>*) The actual XRA concentra-
tions of all tested materials are quoted in the Supporting
Information.

According to XRD, all the tested materials contained
anatase as the main phase. The materials Lor-035-092A
(67 m2/g, XRA = 80%) and Lor-035-013B (18 m2/g, XRA
>95%) exhibited some features at 20 ~ 10° (Cu Ka),

(54) Sasaki, T.; Ebina, T.; Kitami, Y.; Watanabe, M. J. Phys. Chem.
B 2001, 105, 6116—6121.
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Figure 1. TEM picture demonstrating a typical morphology of the SusTech materials (sample Lor-035-013B, XRA>95%; see

Supporting Information for further details).

Intensity, a.u.
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2 Theta, deg (CuKa)

Figure 2. X-ray diffraction pattern of selected SusTech
materials: [A] sample Lor-035-088C (XRA = 17%), [B] sample
Lor-035-099A (XRA = 48%), and [C] sample Lor-035-092D
(XRA = 56%). The plot [B] evidences the presence of anatase,
rutile (upward-directing arrows), and brookite (downward-
directing arrows).

which is a diagnostic diffraction for the layered protonic
titanates. Most other materials exhibited only weak- or
negligible peaks in this region. In several cases also
rutile and brookite impurities were found. This is
demonstrated in Figure 2 on the diffractogram of sample
Lor-035-099A (53 m?/g, XRA = 48%), which can be
indexed as a mixture of anatase, rutile, and brookite.

Further insight into the phase composition of the
SusTech materials can be obtained from micro-Raman
spectroscopy. This technique allows selecting a sampled
area of several micrometers in size, and by scanning of
the sample surface, we can distinguish different Raman-
active phases in a sample. Figure 3 displays illustrative
examples of mixed-phase (plots A, B, D) and pure-phase
(plot C) materials. The latter plot evidences a pure
anatase phase in Lor-035-098c (XRA <1%), in accord
with X-ray diffraction. Most other SusTech materials
exhibited pure anatase also by the Raman tests (see
Supporting Information). However, plots B and D
demonstrate that, with the mentioned spatial resolu-
tion, we can, sometimes, find sampled micro-areas

P

Raman intensity, a.u.

200 400 600 800
Raman shift, cm-1

Figure 3. Micro-Raman spectra of selected SusTech materi-
als: [A] Lor-035-112B2 (XRA = 32%), [B] Lor-035-099A (XRA
= 48%), [C] Lor-035-098c (XRA <1%) spectrum assignable to
pure anatase, and [D] Lor-035-112B2 different sample area
(cf. plot [A]). Downward-directing arrows, brookite; upward-
directing arrows, rutile.

corresponding to brookite®® and rutile, respectively.
Spectrum A is an example of an anatase + brookite
mixture seen in one position on the sample Lor-035-
112B2 (XRA = 32%), but we can also focus to another
area in the same material, exhibiting mostly the rutile
phase. Several samples from the tested set of materials
contained all three main phases of TiO,, that is, anatase,
rutile, and brookite, while we can find a “Raman-pure”
phase in the sampled area of several micrometers in
size.

Figure 4 shows an example of a cyclic voltammogram
at the conditions of Li* insertion into the material Lor-
035-071A (135 m?/g, XRA = 71%; pure anatase seen by
XRD and Raman). This voltammogram exhibits an
unusual shape, if we compare it to the voltammograms

(55) Tompsett, G. A.; Bowmaker, G. A.; Cooney, R. P.; Metson, J.
B.; Rodgers, K. A.; Seakins, J. M. J. Raman Spectrosc. 1995, 26, 57—
62.
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Figure 4. Cyclic voltammograms of the material Lor-035-
071A (135 m?/g, XRA = 71%; pure anatase seen by XRD and
Raman). Electrolyte solution: 1 M LiN(CF3;SO,), + EC/DME
(1:1, viv); scan rate 0.1 mV/s. Inset: anodic peak current vs
the scan rate.

-0.15

of “ordinary” anatase, both in the form of single crystal®?®
or nonorganized nanocrystallinel=413 electrodes. The
voltammogram is dominated by two pairs of peaks
denoted S1 and S2. The formal potentials of S1 and S2
peaks are 1.52 and 1.59 V vs Li/Li*, respectively. The
remaining pair of peaks (formal potential 1.88 V;
denoted A) is commonly observed in anatase elec-
trodes.1489.13 The same effect was previously reported
only in the mesoporous anatase films made by su-
pramolecular templating with Pluronic.?° In this case,
the extra peaks (S-peaks) were tentatively assigned to
the presence of “amorphous titania”.?%

Inserted in Figure 4 is a plot of the peak current vs
scan rate. The peak current (Ip ) of A-peaks scales with
the square root of the scan rate, v, as is expected for
diffusion-controlled irreversible kinetics,12

|1, 4l = 0.4958nFAc(DonFv/RT)Y 2)

where n is the number of electrons, A is the electrode
area, ¢ is the maximum concentration of Li* (or Ti®")
in the accumulation layer (c = 0.024 mol/cm?3 for x =
0.5; cf. eq 1), D is the chemical diffusion coefficient of
Li*, and the other symbols have their usual meaning.

On the other hand, the peak currents of S1/S2 peaks
(Ip;s) scale with the first power of the scan rate, which
is characteristic for capacitive charging:

1,5l = A dQ/dt = AC dE/dt = ACv 3

Q is the voltammetric charge and dE/dt the scan rate,
v. However, the characteristic shape of the voltammo-
gram with small peak-to-peak splitting (ca. 50—100 mV
at v = 0.1 mV/s) points at some surface-confined
faradaic process.

The capacitive and/or surface-confined faradaic pro-
cess is developed explicitly on materials which are rich
in XRA phase. Figure 5 shows an example material,
which has almost no A-peaks, but a broad feature in
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Figure 5. Cyclic voltammograms of the material Lor-035-
013B (calcined for 7 h at 400 °C, XRA > 95%). Electrolyte
solution: 1 M LiN(CF3S0,),; + EC/DME (1:1, v:v); scan rate
0.1 mV/s. Inset: cathodic peak current vs the scan rate.

70 — 9 o L
o
60 — o, -
o d
x e
o 50 © - -
a4 O '4
S o
o 0
$ 40- s B L
o 0
5 Q. " ©
© '
% 30 — "l O —
S o .
s o .
S 20 o L
o ., o
10 — P —
i o
S
0o -
Illll]lllIIIIIl]llllllllllllllllllllllllIIIIIIIII
0 20 40 60 80

XRA phase, wt%
Figure 6. Integral voltammetric charge of the S-peaks (S1 +
S2; referred to the total charge) from the anodic branch of cyclic
voltammograms (scan rate 0.2 mV/s) is plotted as a function
of the concentration of “X-ray amorphous” (XRA) phase in the
material. The dashed line is a linear fit of experimental points.

the area of S1/S2 peaks. This is reminiscent of the
behavior of “amorphous” titania made by anodic oxida-
tive hydrolysis of TiCl3.2°

Twenty-six different materials from the tested set of
samples exhibited well-developed S-peaks. Their formal
potentials (1.52 and 1.59 V) were reproducible with a
deviation smaller than +0.01 V for all the “S-active”
samples. The area (charge) of S-peaks was variable, but
it correlated with the content of XRA phase in the
particular material. Figure 6 displays the proportion of
integral voltammetric charge of the S1/S2 peaks (re-
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Figure 7. Integral voltammetric charge from the anodic
branch of cyclic voltammograms (as in Figures 4, 5) is plotted
as a function of scan rate. The charge was normalized against
the charge capacity of the same electrode at the slowest scan
(0.1 mV/s). Open points, material Lor-035-119A (85 m?/g XRA
= 19%); squares, material Lor-035-119B (43 m?/g, XRA = 38%);
triangles, material Lor-035-071a (135 m#/g, XRA = 71%). Full
points + dashed line, reference nonorganized nanocrystalline
anatase C240 (89 m?g, XRA = 0).

ferred to the total charge capacity) as a function of the
concentration of XRA phase. This correlation matches
the heuristic conclusion of ref 20 that the S-peaks are
signatures of “amorphous titania” in the sample. The
explicit advantages of hydrothermally grown TiO, nano-
structures over the Pluronic-templated materials?® con-
sist of (i) broad selection of materials with varying
proportion of XRA phase and (ii) their availability as
powders in macroscopic quantity. This allows investiga-
tion of this peculiar effect in detail.

Figure 7 plots the total voltammetric charge of the
material Lor-035-071a (anatase, XRA = 71%; 135 m?/
g) against the scan rate. For comparison, the same curve
is plotted for two other similar SusTech samples and
compared to that of nonorganized nanocrystalline ana-
tase (C240, 89 m?/g) made by sol—gel.® As the absolute
charge capacities of each testing electrode fluctuated
(between ca. 150 and 400 mC), the data in Figure 7 were
normalized with respect to the actual charge of the same
electrode at the slowest scan (0.1 mV/s) which was set
as unity. Figure 7 demonstrates that the SusTech
materials delivered the reference charge already at ca.
1-5 mV/s, while there seems to be even some un-
expected increase above one at medium scan rates
(0.2—1 mV/s). The same peculiarity in Q—v plots was
observed also for the Pluronic-templated materials,?°
and this study has confirmed that such a behavior is
another characteristic feature of materials exhibiting
S-peaks. Ordinary nonorganized nanocrystalline ana-
tase shows the “normal” monotonic increase of voltam-
metric charge with decreasing scan rate (cf. also refs 3
and 20).

Kavan et al.
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Figure 8. (Dashed line): Cyclic voltammogram of material
Lor-035-094b (XRA = 91%). (Full line): The same material
after heat treatment for 40 h at 500 °C. The absolute currents
are not comparable since the plots represent two different
electrodes. Electrolyte solution: 1 M LiN(CFs;SO,), + EC/DME
(2:1, v:v); scan rate 0.2 mV/s.

The voltammetric charge in ordinary anatase corre-
sponds to the A-peaks only, and the process is controlled
by a diffusion of Li* in the solid (eq 2). On the other
hand, the materials with S-peaks show a pronounced
charge, which is assigned to a surface-confined charge
transport. This process mimics the fast capacitive
charging (eq 3). The analogy goes further, as the
capacitive charging is also more sensitive to self-
discharge, as for any supercapacitor. This may explain
the appearance of a maximum in the Q—v plot shown
in Figure 7. The charging in S-peaks should not be
confused with the ordinary double-layer charging, which
is inherently free from any peaks (cf. also ref 20). We
suggest that the charge of S-peaks can be considered
as a faradaic pseudocapacitance, specific for certain
materials containing the XRA phase (vide infra).

The absolute faradaic capacity of our materials cannot
be measured very precisely, owing to the small mass of
active electrode material (see Experimental Section).
Nevertheless, there was a clear trend for increasing the
Li-charge capacity with increasing S-peak area (XRA
content). For slow voltammetric charging (v ~ 0.1 mV/
s) the materials without S-peaks (XRA — 0) exhibited
a reversible charge capacity of about 600 C/g, which is
a typical value for anatase electrodes (with A-peaks
only).1=* The “S-active” materials exhibited significantly
larger capacities, up to ca. 800 C/g. A similar enhance-
ment of the capacity of hydrothermally grown TiO;
nanotubes was reported by Li et al.*® Obviously, the
S-peaks increase the Li-storage capacity, due to a more
favorable stoichiometry, accessible in the pseudocapaci-
tive process (vide infra).

The S-peaks in Pluronic-templated materials were
found to be completely quenched by long-term (40 h)
heat treatment at 450 °C.2° Our nanostructures showed
similar tendency, although their thermal stability was
higher. This is illustrated by the behavior of one
example material in Figure 8. The heat treatment of
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this material at 500 °C for 40 h does not cause a
complete disappearance of S-peaks, but only decreases
their intensity. The analogy of our materials with
Pluronic-templated ones?® manifests itself also by larger
A-peaks splitting in annealed materials. We recall an
empirical correlation showing that the splitting of
A-peaks is linearly proportional to the particle size of
anatase.* This confirms the hypothesis that the anatase
crystals grow upon heat treatment from the XRA phase.

The nature of S-peaks is still not yet fully understood.
They occur specifically in Lit-containing electrolyte
solutions; that is, they are not produced by larger
cations, such as K*.20 Phenomenologically, their inci-
dence correlates with the presence of “amorphous”
titania, both in Pluronic-templated materials?® and in
the hydrothermally grown nanostructures, presented
here (cf. Figure 6). On the other hand, the perfect
reproducibility of the position of S-peaks (among a wide
selection of materials, including the Pluronic-templated
ones?%) points at a process involving well-defined struc-
tural conditions. This is difficult to reconcile with the
presence of a poorly defined “amorphous” titania. S-
peaks rather indicate a distinguished nanophase whose
structure is regular and defined, albeit not X-ray
detectable. (Note that the “truly amorphous” titania
does not show the S-peaks, but just a broad envelope of
features at similar potentials.20)

On the basis of the data collected in this work, we
propose that the S-peaks are caused by the interaction
of Li* ions with titania nanosheets. The nanosheets are
formed via exfoliation of layered protonic titanates, and
during calcination, they are converted to a nonstoichio-
metric TiO,, preserving the sheet morphology. The
nanosheets may even show the anatase-like ordering,
oriented along the c-axis.3%40 Analogously, the calcina-
tion of lepidocrocite-like titania leads to anatase-like
sheets oriented along the c-axis.>® The parent protonic
titanates, such as H,TizO7 and H>TisO9, are semicon-
ductors, whose band gap energy is larger by ca. 0.1 eV
compared to that of anatase.>” (Note, however, a refer-
ence for the opposite statement, t00.41) Also the lepi-
docrocite-like titania shows slightly larger band gap
energy (3.24 eV), which increases however significantly
upon exfoliation into individual nanosheets.6:5¢ Recent
theoretical calculations further confirmed that such a
two-dimensional titania shows larger band gap energy
than anatase.®®

The increase of band gap energy, AEq in ultrasmall
crystallites®® or ultrathin layers®®5° of TiO,, has been
attributed to the quantum-size effect:

hz

2
AE = (L 1), b
Bug\Ly® L7 8ul,

4)

where h is the Planck constant, 4 designates the reduced
effective masses of the excitons, and L corresponds to

(56) Fukuda, K.; Sasaki, T.; Watanabe, T.; Nakai, I.; Inaba, K
Omote, K. Cryst. Growth Des. 2003, 3, 281—283.

(57) Kim, Y. I.; Atherton, S. J.; Brigham, E. S.; Mallouk, T. E. J.
Phys. Chem. 1993, 97, 11802—11810.

(58) Sasaki, T.; Watanabe, M. J. Phys. Chem. B 1997, 101, 10159—
10161.

(59) Sato, H.; Ono, K.; Sasaki, T.; Yamagishi, A. J. Phys. Chem. B
2003, 107, 9824—9828.

(60) Kavan, L.; Stoto, T.; Gratzel, M.; Fitzmaurice, D.; Shklover,
V. J. Phys. Chem. 1993, 97, 9493—-9498.
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Scheme 1. Cross-sectional View on the Titania
Nanosheet Composed from Edge-Sharing TiOg
Octahedra?2

Lo

OeOeOeOe e
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2 The oxygen atoms at the topmost corner positions are marked
by full arrows and oxygen atoms at the edge-sharing positions are
marked by dashed arrows. The small full points stand for Ti atoms.

the crystal dimension. The subscripts x and y denote
coordinates parallel to the layer, and z is perpendicular
to the layer. Since L, < Ly, Ly, the first term in eq 4
can be neglected for a nanosheet. The blue shift of AEg
in ca. 1—2-nm-sized anatase crystals is accompanied by
a negative shift of the flatband potential by ca. 0.2 V.80
We may note that the cathodic S-peaks are negatively
shifted by nearly the same potential difference com-
pared to the cathodic A-peak (Figure 4). Consequently,
the nanosheets are idle at the potential of Li* insertion
into anatase, and they start to accommodate Li™ only
below their flatband potential. We may even rationalize
why the S-peaks occur in two pairs, if we accept the
notion that the nanosheets have (101) or (001) orienta-
tions*® and that the different faces of anatase can have
different flatband potentials.8 In fact, we have shown
that the flatband potentials of (101) and (001) faces
differ by 0.06 V and the ability of accommodating Li*
is also different.® (Note that the separation of S-peak is
0.07 V, which is close to the mentioned separation for
the two anatase faces.) The nature of Lit/nanosheet
interaction is unknown, but we may note that a
nanosheet composed from edge-sharing TiOg octa-
hedras542-4454.58,61 contains two types of oxygen atoms:
those which are shared by the neighboring octahedra
and those which belong to a single octahedron on the
topmost position on the surface (Scheme 1). These
topmost oxygens are ca. 0.15 nm above the surface layer
composed of Ti atoms and shared oxygens.*>

It is tempting to suggest that these two oxygen sites
are responsible for the double-peak structure of S-peaks.
Recently, Wagemaker et al.’® have demonstrated two
distinct positions in a network of TiOg octahedra, where
Li may be accommodated. This provides another ratio-
nal for the doublet structure of the S-peaks.

The pseudocapacitive behavior of S-peaks is readily
explained in terms of the interaction taking place on
the nanosheet surface. The nanosheet is composed of
just two planes of edge-sharing TiOg octahedra (cf.
Scheme 1), which are either kinked (monoclinic struc-
tures) or perfectly flat (lepidocrocite-like struc-
tures).35:42-454957,58,61 Hence, the compensation of elec-
tronic charge, injected into the conduction band, does
not require any solid-state transport of Li* cations. This
hypothesis may apply both for the flat nanosheets as
well as for the curved ones, and, eventually, for the
nanotubes with spiral-like rolling. These structures are

(61) Sasaki, T.; Watanabe, M.; Michiue, Z.; Komatsu, Z.; lzumi, F.;
Takenouchi, S. Chem. Mater. 1995, 7, 1001—1007.
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Figure 9. X-ray diffraction pattern of materials after reaction with n-butyllithium: [A] sample Lor-035-094b (150 m?/g, XRA =
91%, anatase only seen by XRD and Raman); [B] nanocrystalline anatase Bayer PKP09040 (154 m?/g, XRA = 0, anatase only
seen by XRD and Raman). The signal of Kapton foil is marked by x. The diffraction lines of orthorhombic LiosTiO, are marked
by upward-directing arrows and the lines of cubic LiTiO, are marked by downward-directing arrows.

open; hence, their surface is accessible for electrochemi-
cal reactions. This raises the question whether similar
nanosheets occur also in the Pluronic-templated materi-
als (exhibiting S-peaks),?° despite explicit differences in
the synthetic protocol of these materials.2062-65 The
Pluronic-templated TiO, contains, reportedly, anatase
nanocrystals embedded in “amorphous” titania, whose
structure was not specified.2062765 The assembly is
mesoporous with either a 2-D hexagonal (pém) or a 3-D
cubic (Im3m) arrangement.5® However, Stucky et al.5®
have recently reported an additional structure desig-
nated as lamellar titania, which may grow in Pluronic-
templated materials at larger concentrations of Pluronic
polymer. It appears therefore that the S-peaks observed
in ref 20 with the Pluronic-templated materials arise
from a lamellar form of titania and not an amorphous
one as originally suggested by us.?2° The present study
clearly shows that the appearance of the characteristic
feature of the S-double peaks in the cyclic voltammo-
gram can be used as a diagnostic tool for the presence
of such sheetlike titania nanostructures.

The specific nature of our materials is also demon-
strated by their chemical reaction with n-butyllithium.
This reagent is known to mimic the electrochemical Li
insertion, corresponding to a potential of ca. 1 V vs Li/
Li™ electrode.'® Figure 9 shows that the ordinary nano-
crystalline anatase (Bayer PKP09040) is converted to
an orthorhombic lithium titanate LipsTiO2, in agree-

(62) Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka, B. F.; Stucky,
G. D. Chem. Mater. 1999, 11, 2813—2826.

(63) Crepaldi, E. L.; Soler-lllia, G. J. A. A.; Grosso, D.; Cagnol, F.;
Ribot, F.; Sanchez, C. 3. Am. Chem. Soc. 2003, 125, 9770—9786.

(64) Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka, B. F.; Stucky,
G. D. Nature 1998, 396, 152—155.

(65) Alberius, P. C. A; Frindell, K. L.; Hayward, R. C.; Kramer, E.
J.; Stucky, G. D.; Chmelka, B. F. Chem. Mater. 2002, 14, 3284—3294.

ment with previously published data.315 (A quantita-
tive conversion into this sole product was traced even
for the ratio Li/Ti = 0.7.15) At the same conditions, our
materials with high XRA content produce upon chemical
lithiation another phase, which can be indexed as cubic
lithium titanate LiTiO..

We have usually observed mixtures of both phases
(orthorhombic and cubic) after the treatment with
n-butyllithium. However, the materials exhibiting large
S-peaks (large XRA content) showed also larger propor-
tion of the cubic titanate. An explicit example is the
material Lor-035-094b (150 m?/g, XRA = 91%, anatase
only seen by XRD and Raman), which gave almost pure
cubic lithium titanate LiTiO, after the reaction with
n-butyllithium (Figure 9). Apparently, the nanosheets
are easily accessible to chemical reduction, yielding a
Li-rich product under the conditions, when bulk anatase
gives only the orthorhombic lithium titanate LipsTiO..
Note that this conclusion agrees with the electrochemi-
cally determined Li-storage capacities, exceeding 600
C/g (x = 0.5), vide ultra.

In summary, TiO; exhibiting S-peaks is a promising
charge storage material. It accommodates Li* by three
different mechanisms: (1) Li insertion into the anatase
lattice (with subsequent reversible conversion to ortho-
rhombic titanate), (2) double-layer charging, and (3) the
surface-confined charge storage specific for certain
“amorphous” titania, which was identified here as
interaction with titania nanosheets. While the mecha-
nisms (1, 2) are ubiquitous in all Li-insertion hosts, the
mechanism (3) is a specific property of special TiO;
materials only. The double-layer charging (effect 2) is
omnipresent at all potentials below the flatband poten-
tial. On the other hand, the effects (1) and (3) occur at
well-distinguished potentials. This offers another spe-
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cific application of our materials: Depending on the
applied potential window, the material behaves either
as a Li-insertion host (between ca. 1.7 and 2.1 V) or as
a pure supercapacitor (between ca. 1.3 and 1.7 V).
Figures 4 and 6 evidence that the ratio of charge of
supercapacitor/Li insertion can vary in a broad range
from O to ca. 2.3. These two different charging regimes
may find application in special energy storage devices.
Larger Li-storage capacity, up to ca. 800 C/g, and faster
kinetics of Li charging are other explicit advantages of
these materials.
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