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a b s t r a c t

It is shown that the rate performance of anatase TiO2 can be significantly improved by addition of a small
amount (few percent) of carefully selected oxides such as silica or RuO2. Specifically, silica serves primarily
as a suppressant of particle growth during heating of anatase precursor—in our case titania nanotubes.
The addition of RuO2 is supposed to enhance the electronic conductivity. The beneficial impact of the
vailable online 25 July 2008

eywords:
iO2

uO2

iO2

combined use of silica and RuO2 in the preparation of anatase-based electrodes is also demonstrated on
a commercially available sample of anatase.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Unquestionably, energy storage is one of the greatest challenges
n the modern society. Exploitation of renewable energy sources
photovoltaic, wind energy, braking energy, etc.) is credible if new
ower sources with both a high energy density and, simultane-
usly, a high power density are developed. One of the most serious
andidates for such systems are lithium-ion batteries with their
nherently high volumetric and gravimetric energy density and,
ossibly, also with a high power density provided that the elec-
rodes are made of carefully designed nanostructured materials
1,2]. There are two ultimate aims of such nanostructurization:
a) a decrease of solid-state transport paths within the active par-
icles and (b) optimization of the ionic and electronic wiring of
he active particles [3,4]. Promising nanostructured materials for
egative electrodes seem to be different polymorphs of TiO2. It
as namely been shown in several works that these materials,
hen used in the nanosized form, can accommodate up to 1 mol of

ithium at moderate current densities between C/10 and 1C [5–7].
o achieve a good performance also at high current densities, the

lectronic and the ionic wiring have to be optimized as well. One
ay is to use porous materials with as high as possible surface area.

he electrolyte-filled pores serve as conducting paths for ions. The
ccess of electrons to the whole surface area is provided by dec-

∗ Corresponding author. Tel.: +386 14760362; fax: +386 14760422.
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rating it with a thin layer of a semiconductor (e.g., amorphous
arbon) or a metallic type of conductor (e.g., RuO2) [8]. While the
emperature needed for preparation of a semiconducting carbon
ayer is close to 700 ◦C [9], the temperature needed for preparation
f RuO2 is substantially lower. For example, RuO2 with metallic con-
uctivity can be prepared by a low temperature chemical vapour
eposition [10,11] or by decomposition of RuCl3 into RuO2 in oxy-
en at 480 ◦C [12]. While the low temperature technique is rather
omplicated and expensive, the formation of RuO2 from RuCl3 is
elatively simple and has been used for electronic wiring of meso-
orous anatase [6]. The observed capacity is comparable to the
ne observed with a TiO2-B polymorph [13], although the struc-
ure of the latter is more open and apparently better suited for
ast kinetics. Two other papers have confirmed the importance of
ptimized nanoarchitecturing in order to achieve good high rate
roperties of anatase [14,15]. The best electrochemical results have
een obtained in the case when 40 wt.% of carbon black was added
o 6 nm large anatase particles [14]. Unfortunately, the authors do
ot explain the role of added carbon black. Our opinion is that it
as a double role: it does not only provide the conductive paths

or electrons but also serves as a spacer between the anatase parti-
les thus allowing the electrolyte to wet all the active surface area
without such a spacer, the active particles would tend to agglom-

rate thus decreasing the effective surface area). This opinion is
ased on our recent preliminary study [16], in which we achieved
imilar results by carefully controlling the particle size as well as
he wiring of the anatase particles. Specifically, we used thin silica
SiO2) coatings to prevent TiO2 particle growth during heat treat-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Robert.Dominko@ki.si
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3. Results and discussion

Due to their morphology (Fig. 1), protonated titania nanotubes
are a good starting point for the synthesis of nano-sized active
materials for Li-ion batteries [17]. As prepared titania nanotubes
70 B. Erjavec et al. / Journal of P

ent. The heat treatment was necessary to prepare the RuO2 phase
hich was supposed to provide electronic conductivity inside the

lectrode composite and to convert protonated titanium oxide nan-
tubes into anatase phase. Both additives, however, might also have
erved as spacers providing access of electrolyte (Li ions) to the
natase phase.

In the present contribution we show new results that addition-
lly prove the beneficial impact of the combined use of silica and
uO2. Furthermore, we extend our previous study, in which a model
aterial was used, to a commercially available sample. Finally, we

iscuss in more detail the effect silica on the electrochemistry of
he prepared composites.

. Experimental

The preparation of protonated titanium nanotubes is explained
lsewhere [16]. A part of the dried protonated titanum nanotubes
as heat treated at 480 ◦C, the rest of the sample was used for the
reparation of various TiO2-based composites used in this study.
he synthesis of SiO2-coated titanium oxide nanotubes (TiO2–SiO2)
as based on the use of TEOS (Aldrich, 98%) as the silicon source,
ith ammonia (Merck, 25%) as the catalyst and H2O for hydrol-

sis. This mixture was kept at 40 ◦C in an ultrasound bath for an
our. After that, the mixture was left at 80 ◦C overnight to obtain a
ry material. Finally, the material was thermally treated at 480 ◦C

n air atmosphere. Another part of the sample was modified by
uCl3·nH2O (ACROS, 35–40% Ru) as a source of RuO2 [6]. A mix-
ure of 0.2 g of titanium oxide nanotubes and 20 mL of a 0.25 M
olution of RuCl3·nH2O in absolute ethanol was treated in an ultra-
ound bath for 15 min. After that, the sample was vacuum filtered,
ried in air and thermally treated under the same conditions as
he composite described above. The obtained composites will be
enoted as TiO2/RuO2. Finally, a fraction of the initial sample was
repared with both additives, SiO2 (two different quantities) and
uO2 (denoted as TiO2/SiO2/RuO2). Firstly, we repeated the synthe-
is procedure with TEOS to obtain SiO2 after the heating. Prior to
hermal treatment, the dried material was immersed in an aque-
us bath containing absolute ethanol and RuCl3·nH2O. Then the
ame treatment was carried out as described above for the first
wo samples. In the same way we prepared four different compos-
tes (combinations of TiO2, SiO2 and RuO2) using larger commercial
natase particles TiO2-325 mesh (Aldrich, 248576) and low quan-
ity of TEOS.

The surface morphology of the prepared composites was
hecked by field emission scanning electron microscope (FE-SEM
UPRA 35VP, Carl Zeiss). The morphology and composition of indi-
idual nanoparticles in the investigated composite were examined
n a JEM-2010F 200 kV high-resolution (Cs = 0.5 mm) transmission
nd scanning electron microscope (TEM/STEM) equipped with an
nergy-dispersive X-ray (SiLi) detector. The X-ray powder diffrac-
ion patterns of the samples were collected on a PANalytical X’pert
RO MPD diffractometer using Cu K�1 radiation = 1.54056 Å in a
eflection geometry. The data were collected in the range between
0◦ and 90◦ in steps of 0.034◦.

The specific surface area, total pore volume and average pore
idth of materials examined in this study were determined

rom the adsorption and desorption isotherms of N2 at 77 K
sing a Micromeritics ASAP 2020 instrument (model V3.01 H).
his characterization was carried out after degassing of samples
o 4 �m Hg for 30 min at 363 K and 2 h at 573 K. The spe-

ific areas of the samples were calculated by applying the BET
ethod to the nitrogen adsorption data within the 0.06–0.30p/p0

ange. Pore size distributions were calculated from the desorption
ranch of the corresponding nitrogen isotherm, employing the BJH
ethod.

F
n

ources 189 (2009) 869–874

Electrodes were prepared from the obtained composites, car-
on black (AE 03972, Ketjen black) and polyvinylidenedifluoride
PVDF, Aldrich) binder in a weight ratio of 80:10:10. The slurry
as prepared by thoroughly mixing an N-methyl-2-pyrrolidone

NMP, Merck) solution of PVDF, carbon black and the compos-
te material. The mixed slurry was coated on a copper foil and
ried in vacuum at 90 ◦C for 20 h. Coin-type electrodes (∅ = 8 mm)
ere cut out and used in cell assembly. The typical loading
as 2 mg cm−2 of the composite (TiO2/SiO2/RuO2) and the thick-
ess of the electrode (without Cu substrate) was approximately
0 �m. Galvanostatic discharge/charge measurements were car-
ied out using two-electrode coffee-bag cells with lithium metal
s a counter electrode. The electrolyte used was a 1 M solution of
iPF6 in EC:DEC (1:1 ratio by volume, all received from Aldrich). The
orking and the counter (lithium) electrodes were held apart with
olypropylene/polyethylene separator (Celgard 2300 Microporous
embrane). The electrochemical characterisation was performed

sing a VPM3 Potentiostat/Galvanostat at room temperature at
ifferent current densities in the range from 335 mA g−1 (2C) to
0.4 A g−1 (480C). Here we use the conventional notation to allow
omparison with previously published data [14]. All capacities are
alculated based on the total mass of composite in the electrode
not just on the active mass of TiO2).
ig. 1. (a) SEM and (b) TEM micrographs of as prepared protonated titanium oxide
anotubes.
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ig. 2. TEM micrographs of: (a and b) TiO2/SiO2/RuO2 composite, (c and d) TiO2/RuO
t different magnifications.

how poor electrochemical properties at high current densities [18]
hich, however, can be substantially improved by appropriate heat

reatment during which the water is removed. The problem is that
uch a heat treatment not only removes the water but also leads
o active particle growth and agglomeration. Recently, we have
howed that particle growth can be suppressed, at least in the case
f titanium oxide, by preparing very thin, and probably even dis-
ontinuous silica coating around titania nanoparticles. That simple
dea led to interesting morphologies as displayed in Fig. 2. Fig. 2a
nd b present two TEM micrographs of a TiO2/SiO2/RuO2 compos-
te containing a low amount of silica. Comparing those figures with
ig. 1 it seems that the initial morphology of titanium nanotubes
as not changed. However, at higher magnifications one can see
hat the nanotubes have actually re-crystallized into nano-sized
rystals. A further analysis shows that the RuO2 crystals appear as
eparate crystals (encircled particles in Fig. 2a). Their presence was
onfirmed using TEM-EDX and EELS spectroscopy analyses. Aver-

ge TEM-EDX spectra obtained on the part of the sample where
he presence of RuO2 was not observed (RuO2 particles crystallize
n typical shape that is different to the TiO2 crystals) are given in
ig. 3a. Any detection of the titanium phase was always accom-
anied by detection of silica; this suggests that silica must be

s
X
p
a
a

posite and (e and f) TiO2 composite. The left and the right micrographs were taken

istributed between or around the TiO2 particles. If the TEM-EDX
pectra were taken on the typical RuO2 particles (encircled particles
n Fig. 2a), then the major detected phase was RuO2 (Fig. 3b). Finally,
he TEM-EDX spectra taken on a larger area of the sample reveal
he presence of all three phases (Fig. 3c). The two most evident fea-
ures that follow from the TEM-EDX and TEM investigation of the
iO2/SiO2/RuO2 composites can be formulated as follows: (a) the
iO2 phase is distributed over the TiO2 particles and (b) the RuO2
hase is not percolating (this is important for understanding its
ctual role as an electronically conductive additive, see discussion
elow).

The morphologies of the samples prepared without the addi-
ion of silica precursor (Fig. 2c–f) are completely different than
hose observed when silica precursor had been used for prepara-
ion of the composite (Fig. 2a and b). The impact of silica precursor
s clearly observed in TEM micrographs, which show significantly
maller TiO2 (anatase) particles when silica is present. This demon-

trates that silica indeed acts as a suppressant of particle growth. All
-ray diffraction patterns taken on the different TiO2-based com-
osites prepared in this study show that TiO2 occurs in the form of
natase (Fig. 4). However, the width of Bragg reflections due to the
natase phase decreases systematically with the increased amount
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Fig. 3. (a) Average TEM EXD analysis of the TiO2/SiO2/RuO2 composite, (b) TEM EXD
analysis of RuO2 particle and (c) TEM EXD analysis of TiO2 particles.

Fig. 4. X-ray diffraction patterns of five different combinations of composites based
on two different quantities of silica in the composite.

Fig. 5. BET surface area (left y-axis) and calculated crystallite size (right y-axis) as
f
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unction of different combinations of composites based on two different quantities
f silica in the composite.

f silica in the composite. This is a further confirmation that silica
uppresses the growth of anatase phase. Interestingly, the width
f Bragg reflections due to the RuO2 phase (marked with asterisk)
s very similar in all three composites containing RuO2. This indi-
ates that, most probably, that the RuO2 particles are not interacting
ith silica. From the width of Bragg reflections the average crystal-

ite size can be calculated using the Sherrer’s formula. The average
article size is in good agreement with the BET surface area data
Fig. 5). The highest surface area (277 m2 g−1) was obtained for the
ample containing approximately 2 wt.% of SiO2 in the composite
or which the calculated crystallite size was 5.4 nm. The surface
rea of composites was substantially lower when a smaller amount
0.5 wt.%) of silica precursor was used, while the pure TiO2 (anatase)
ample shows a surface area of only 135 m2 g−1 and a crystallite size
f 13.2 nm. A similar trend in the BET surface area and the particles
ize was observed in the composites containing RuO2. It is interest-
ng, however, that the presence of RuO2 slightly decreases the total
ET surface area (compare the height of the first three and the sec-
nd three columns in Fig. 5). Again, this decrease is consistent with
he slight increase of the titania particle size when RuO2 is added
see the squares in Fig. 5). Speaking naively, one could say that the
resence of RuO2 affects negatively the silica’s role as a suppres-
ant of the growth of titania nanoparticles. The effect, however, is
mall and certainly much less important than the general effect of
ilica.

The prepared composites possess significant porosity that is
upposed to offer a good electrolyte penetration and thus a good
onic wiring—a precondition for a high power density electrode. Our
lectrochemical tests were focused to the current densities higher
han 335 mA g−1 (>2C cycling rate). Fig. 6a shows charge/discharge
urves obtained at a 2C rate. To avoid potential spurious effects
n the first cycles, we show the electrochemical behaviour in the
fth cycle. All charge/discharge curves resemble those obtained
reviously for a nanoparticulate anatase phase [19]. The observed
apacity is very similar for all four compared composites, however,
t is obvious that the composites without silica are showing higher
apacities in the region of lithium two-phase insertion (plateau
egion), while the composites coated with silica possess a higher
apacity in the inclined region in which the surface charging is sup-

osed to predominate [14]. The latter effect could be well explained
y the decreased particle size (increased BET surface area) in silica-
ontaining samples. It remains unclear, however, why silica affects
he two-phase insertion region.
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ig. 6. Charge/discharge curves for different combinations of composites based on
ow quantity of silica at (a) 2C rate (335 mA g−1), (b) 10C (1.675 A g−1) and (c) 60C
10 A g−1).

A similar electrochemical behaviour has been observed also
n the charge/discharge curves obtained at a 10C cycling rate
1.675 A g−1) only that the difference in the insertion mechanism
s even more pronounced (Fig. 6b). The clearest is the picture at the
ighest rates of 60C (10 A g−1, see Fig. 6c). The plateaus get very
hort in all cases if compared to the much longer inclined regions

hich are clearly correlated with the BET surface area—the higher

he BET surface area the longer the inclined region. This is entirely
onsistent with the usual assumption that the slanted region is due
o a supercapacitor-like behaviour of nanosized anatase. In fact, at
igh rates most of the capacity is due to supercapacitive rather than

o

g
p
o

ig. 7. Reversible capacity as a function of different current densities for (a)
iO2/SiO2/RuO2 composite and (b) four different combinations of TiO2-325 mesh-
ased composites prepared from commercial anatase.

nsertion properties of anatase. It is known that a supercapacitor
orks well if the material has both a high surface area and if, at the

ame time, easy pathways for the charge leading towards the active
urface are provided. One could speculate that silica certainly helps
ncrease the total active surface area. Less clear is the role of RuO2.
ased on the previous works, we could assume that it serves as
n additional medium that helps conduct the electrons [4]. In this
articular case, however, such a role has still to be confirmed. What

s obvious from Fig. 6c is that in the case when the electrode was
ade from pure TiO2, the electrochemical response was the worst.
s both silica and RuO2 are beneficial for the capacity improve-
ent it is not surprising that the highest capacity was observed
hen both additives were present in the composite.

To check the limiting conditions of operation of the
iO2/SiO2/RuO2 composite, we have increased the current
ensity up to 80 A g−1 (corresponding to a rate of 480 C). The
btained capacity (a few mA h g−1) is then only displaying a sort
f supercapacitor-like behaviour. By contrast, at lower current
ensities, such as 40 A g−1 (corresponding to a rate of 240C) or
ven lower, the TiO2/SiO2/RuO2 composite shows a clear signature
f lithium insertion into anatase phase (Fig. 7a).
To check whether the effect of silica and RuO2 additives can
ive improvement also with other anatase samples we have pre-
ared a similar set of composites with commercial anatase particles
btained from Aldrich (Mesh#325). Fig. 7b shows the obtained
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eversible capacities at different cycling rates for four different
omposites based on the commercial TiO2-325 mesh anatase sam-
le. As expected, the reversible capacities are now considerably

ower due to the larger particles whereas at high cycling rates
60C and 120C) the reversible capacity is negligibly small. Interest-
ngly, at moderate current densities (4C, 10C and 20C) the highest
bserved capacity is again for the composite containing both addi-
ives (RuO2 and SiO2). A significantly lower capacity was obtained
or the composites where only RuO2 and SiO2 were added, how-
ver, the obtained capacity is still higher than in the case of pure
iO2-325 mesh particles. This result confirms the beneficial effect
f SiO2 as an additive to the electrochemical performance of TiO2.
urther electrochemical tests and characterisation are required to
lucidate the possible impact of SiO2 as an additive, preferable also
o other active materials.

. Conclusions

Addition of a small amount (0.5–2 wt.%) of silica clearly prevents
he growth of titania nanotubes upon heat treatment during which
hey are converted into anatase nanorods (or similar nanoshapes).
or this reason, the resulting material exhibits much better rate per-
ormance if compared to the samples without addition of silica. A
urther enhancement of the anatase rate performance is obtained
f, in addition to silica, precursors that during heating form RuO2
re also added (again in a small amount of ca. 2 wt.%). The role

f the latter additive is supposedly an enhancement of electronic
onductivity, but this has still to be confirmed. A similar beneficial
ffect of both additives was obtained when the starting mate-
ial were simply commercial anatase particles (rather than titania
anotubes).
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