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Chemisorbed water and solvent molecules and their reactivity with components from the
electrolyte in high-surface nano-structured electrodes remains a contributing factor toward
capacity diminishment on cycling in lithium ion batteries due to the limit in maximum
annealing temperature. Here, we report a marked improvement in the capacity retention
of amorphous TiOy by the choice of preparation solvent, control of annealing temperature,
and the presence of surface functional groups. Careful heating of the amorphousTiO, sam-
ple prepared in acetone under vacuum lead to complete removal of all molecular solvent
and an improved capacity retention of 220 mAh/g over 50 cycles at a C/10 rate. Amorphous
TiO, when prepared in ethanol and heated under vacuum showed an even better capac-
ity retention of 240 mAh/g. From Fourier transform infra-red spectroscopy and electron
energy loss spectroscopy measurements, the improved capacity is attributed to the com-
plete removal of ethanol and the presence of very small fractions of residual functional
groups coordinated to oxygen-deficient surface titanium sites. These displace the more
reactive chemisorbed hydroxyl groups, limiting reaction with components from the elec-
trolyte and possibly enhancing the integrity of the solid electrolyte interface. The present
research provides a facile strategy to improve the capacity retention of nano-structured

electrode materials.
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INTRODUCTION

For approximately two decades graphite, allowing Li intercalation
between the graphitic sheets, has been the dominant negative elec-
trode for lithium ion batteries. Higher negative electrode capacities
can be achieved by processes other than insertion/intercalation
reactions including conversion/displacement and extrusion reac-
tions (Poizot et al., 2000; Arico et al., 2005; Larcher et al., 2007;
Armand and Tarascon, 2008; Bruce et al., 2008; Li et al., 2009;
Scrosati and Garche, 2010; Szczech and Jin, 2011). Although
these show much promise, generally the problems of large vol-
ume expansion limit the cycle life of these reaction mechanisms
(Kasavajjula et al., 2007). The stable insertion reactions in transi-
tion metal oxides provide another richly studied alternative for
graphite (Deng et al.,, 2009). One of the promising transition
metal oxides is titanium dioxide TiO,, owing its popularity to
its low cost, ease of preparation, and its high-theoretical capac-
ity of 335mAh/g. Working around 1.5V vs. Li/Li* within the
stability window of typical electrolytes results in inherent safety
and stability of titanium oxides albeit with a loss in battery energy
density due to the smaller working voltage (Yang et al., 2009; Kyere-
mateng et al., 2011; Plylahan et al., 2012; Wagemaker and Mulder,
2013). Among the most promising polymorphs are nanoparti-
cles of TiOj-anatase (Sudant et al., 2005; Guo et al., 2007; Ren
et al., 20105 Shin et al., 2011), nanowires and nanotubes of TiO,-
(B) (Armstrong et al., 2005a; Zukalova et al., 2005), and the

amorphous TiO; (Borghols et al., 2010), but all of them suf-
fer from an irreversible loss of capacity during the first battery
cycles and a capacity retention that is lower than the theoreti-
cal maximum. This appears to be a drawback of nanosizing, for
the irreversible capacity loss observed during the first few battery
cycles is largely attributed to degradation of the electrolyte compo-
nents at the electrode surface due to the presence of residual water
or solvents. Recent attempts to diminish this initial capacity loss by
using pre-lithiation to displace surface chemisorbed ~OH groups
by lithium appears to have been successful for TiO,-(B) (Brutti
et al., 2012) nanotubes, resulting in a more stable solid electrolyte
interface (SEI) and better capacity retention, though applying this
treatment on a larger scale may prove more challenging.
Amorphous TiO; has been shown to possess a first discharge
capacity that is about two and a half times higher than the theo-
retical maximum and a reversible capacity of ~200 mAh/g at slow
(dis)charge rates (Borghols et al., 2010). It appears very difficult
to remove the surface adsorbed water and solvent molecules in
this material as is the case for most high-surface titanium diox-
ides, whereas these residues are held responsible for the capacity
fading observed during battery cycling (Morterra, 1988; Hadji-
ivanov and Klissurski, 1996; Diebold, 2003). In this study, we
show that by the smart choice of preparation solvent and extended
annealing at moderate temperatures under vacuum it is possible
to (A) completely remove the preparation solvent or (B) to utilize
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this residual solvent to partially functionalize the surface elimi-
nating some chemisorbed ~OH, and creating a more stable SEI
thereby improving the capacity retention for amorphous TiO,.
This provides a facile strategy to improve capacity retention of
nano-structured electrode materials.

MATERIALS AND METHODS

SAMPLE PREPARATION

The amorphous titania precursor was prepared by adding deion-
ized water dropwise to a mixture of titanium isopropoxide and
anhydrous acetone under stirring conditions in an ice bath (Livage
et al., 1988; Sudant et al., 2005). The mixture was washed sev-
eral times with anhydrous acetone after which it was pre-dried
overnight at 50°C. To prepare the nano-crystalline anatase TiO,
samples two heating schemes were used. The first sample here-
after referred to as ana-TiO;-A, was prepared by heating the titania
precursor with a heating ramp of room temperature to 250°C of
10 min and was further annealed for 1 h. The second sample was
prepared by heating the precursor on a ramp of room temperature
to 250°C of 96 h and was allowed to anneal for an additional 24 h
after reaching the set temperature. This sample shall be referred to
from this point onward as sample ana-TiO;-B. A part of each of
these samples was dried further under vacuum at 80°C for a week
to obtain vacuum dried anatase TiO, samples that we shall label
ana-TiO,-C and ana-TiO,-D, respectively. The amorphous TiO,
samples were prepared by heating the pre-dried titania precursor
in a vacuum tube oven set to 80, 100, and 130°C, respectively, for
4 days for the first sample, 8 days for the second, and 15 days for
the third. These samples shall be hereafter referred to as A-TiO;-
80, A-TiO;,-100, and A-TiO,-130. An additional set of amorphous
TiO, samples was made by using a titania precursor prepared in
ethanol described by Borghols et al. (2010). The titania precur-
sor was once again heated as described earlier to three different
temperatures under vacuum for the same time duration and the
amorphous samples so obtained shall be referred to as E-TiO,-80,
E-TiO;-100, and E-TiO,-130.

XRD MEASUREMENTS

To characterize the nano-crystalline anatase TiO, samples and to
attain an initial estimate of particle sizes and to check whether the
amorphous TiO, samples remained amorphous through the heat-
ing, X-ray diffraction measurements were performed (supporting
information). A PANalytical X’Pert Pro PW3040/60 diffractometer
with Cu K, radiation operating at 45 kV and 40 mA in an angular
20 range of 20-70° was utilized.

TEM MEASUREMENTS

For preparing the TEM samples, the A-TiO2 and E-TiO, samples
were ultrasonicated in acetone or ethanol, respectively, for 30 min
before dispersing them on standard TEM Cu-grids. TEM measure-
ments were carried out in a FEI TECNAI microscope operating at
200 kV with a Wien filter monochromator and equipped with an
improved high-tension tank and a high-resolution GIF (HR-GIF).
Electron energy loss spectroscopy measurements (EELS) measure-
ments were done at a total energy resolution of 0.5 eV, determined
by measuring the full width at half maximum of the zero-loss peak
and an energy dispersion of 0.2 eV/channel.

ELECTROCHEMISTRY

To test the various TiO, samples in batteries, electrodes were for-
mulated by mixing each TiO, preparation with a binder (Kynar
Flex) and carbon black (Super P) in a ratio of 70:20:10 by weight
along with a solvent (NMP) and the mixture was subsequently
cast on carbon coated aluminum foil using a doctor blade. The
aluminum foil acted as a current collector. Circular pieces mea-
suring 11 mm in diameter were cut out, compressed and then used
in a battery, with lithium metal as the counter and reference elec-
trode. The electrolyte was a 1 M solution of LiPFs in a EC:DMC
(1:1) solvent. Electrochemical (dis)charge tests were performed
with a MACCOR 5300 battery cycler.

FTIR MEASUREMENTS

Diffuse reflectance measurements were carried out in the near to
mid infrared between 800 and 8000 cm™!. Measurements were
obtained using a Pike Easydiff diffuse reflectance accessory in a
Bruker Vertex 80 V Fourier transform infrared spectrometer using
a Globar source, KBr beamsplitter, and a Ln-MCT detector (Kol-
mar Technologies KV 100-1-B7/190). KBr powder was used as a
reference material as it is considered to have a good transmittance
in this region.

RESULTS AND DISCUSSION

Rietveld refinement was performed on the diffraction patterns
obtained for the anatase TiO, samples A-D using GSAS (Lar-
son and Von Dreele, 2004) program, resulting in residuals Ry, of
<8%. No major differences were observed between samples ana-
TiO;-A and C and samples ana-TiO,-B and D. The observed and
refined diffraction patterns for samples ana-TiO,-C and D have
been illustrated in Figure 1. The average particle sizes deduced
from the line widths of the fitted peaks employing the Scher-
rer formula were ~6.2 and 9.1 nm, respectively, for ana-TiO,-C
and D, respectively. The broad diffraction reflections of the TiO,
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FIGURE 1 | X-ray diffraction patterns of the anatase TiO, samples
prepared with different heating rates and the overlay of the Rietveld
refinement of these patterns.
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materials show that the materials are nano-crystalline with a con-
siderable fraction amorphous material. The longer annealing time
of the ana-TiO,-D material results in a larger crystalline fraction,
and a larger crystallite size.

In order to determine the specific surface area of the TiO;
samples the Brunauer—Emmett-—Teller (BET) method, N, adsorp-
tion measurements were performed at —195.85°C. The average
pore volume and pore size were determined from the absorption-
desorption isotherms measured using the Barrett—Joyner—Halenda
(BJH) method, and the results for the amorphous TiO, samples
are listed in Table 1. The A-TiO,-80 sample has a BET surface
area of 484 m?/g which is lower than that of the E-TiO,-80 sample
annealed at the same temperature, which has a specific surface area
of 543 m?/g. As is expected, the BET surface area decreased with an
increase in annealing temperature. From the pore sizes calculated
for A-TiO; and E-TiO,, all samples fall into the category of meso-
porous materials with pore sizes ranging from 3.5 to 3.8 nm for
the A-TiO; samples and larger from 5.6 to 8.6 nm for the E-TiO,
samples. The ana-TiO,-C and -D samples had BET surface areas
of 222 and 130 m?/g, respectively.

Further characterization was done using transmission electron
microscopy where the high-resolution micrographs recorded for
anatase samples ana-TiO,-C and ana-TiO,-D both resulted in
average particle sizes between 5 and 10 nm, respectively (sup-
porting information). However, sample ana-TiO,-D had much
more well-defined crystalline particles while the ana-TiO;-C sam-
ple appeared to be an amorphous/crystalline mix. The amor-
phous samples A-TiO; and E-TiO; resulted in average particle

sizes between 2—3 and 3-5 nm, respectively. Representative micro-
graphs for the A-Ti0O;-130 and E-TiO,-130 samples are shown in
Figure 2. The observed particle sizes are in line with those cal-
culated from the BET surface area. Additionally, the TEM micro-
graphs at a lower magnification show that the aggregates of the
E-TiO,-130 particles are more porous compared to the A-TiO;-
130 particles, while on the other hand the A-TiO,-130 particles
form larger and extremely spherical aggregates. Very few fringes
were observed in the HRTEM micrographs and electron diffrac-
tion indicated amorphous samples with a negligible crystalline
fraction.

All TiO, samples were (dis)charged galvanostatically (constant
current) within a range of 2.5 and 0.8 V at a C/10 rate as shown in
Figures 3 and 4 for the anatase and amorphous samples, respec-
tively. The voltage plateau was observed at ~1.75V for all the
anatase TiO; samples, which corresponds to the existence of a well-
defined two-phase region, and its truncated and sloping nature
are characteristic of nano-crystalline electrode materials (Borghols
et al., 2009). The samples ana-TiO;-A and ana-TiO,-C showed a
higher first discharge capacities of 590 and 670 mAh/g (Figure 3A)
compared to samples ana-TiO,-B and ana-TiO,-D, which had first
discharge capacities of 360 and 390 mAh/g (Figure 3A), respec-
tively. These are remarkably high, though not unprecedented
for nano-crystalline TiO, materials (Armstrong et al., 2005a,b;
Sudant et al., 2005; Borghols et al., 2008). The theoretical max-
imum capacity of 335 mAh/g is attained when a composition of
Li; TiO; is reached. The first discharge capacities obtained cor-
respond to compositions of Lij gTiO,, Li,TiO;, Li; 1 TiO;, and

Table 1 | Variation in the BET surface area, pore volume, and pore size on heating the amorphous TiO, samples prepared in acetone and ethanol

at various temperatures under vacuum.

Sample Temperature (°C) BET surface Pore volume Pore size (nm) First discharge
area® (m2/g) (cm3/g) capacity (mAh/g)

A-TiOy 80 484 0.2291 3.8 360

100 460 0.2516 35 790

130 438 0.2107 3.7 860
E-TiO, 80 543 0.0922 5.6 400

100 499 0.0887 5.8 800

130 409 0.0481 8.6 1170

?Average particle size= 6000/(BET surface area x p), where p=4.2 g/cm? for pure TiO,.

FIGURE 2 | TEM and HRTEM micrographs for amorphous TiO, samples (A,B) A-TiO,-130 and (C,D) E-TiO.-130.
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Li; ,TiO; for samples ana-TiO;,-A-D. The plateau corresponded
to a composition of Lip3-04TiO, for samples ana-TiO;-A/
ana-TiO,-B and Lig 4 5TiO; for samples ana-TiO,-C/ana-TiO;-
D, respectively. On performing repeated battery (dis)charge cycles,
however, a different picture arose. As seen in Figure 3B only sam-
ples ana-TiO,-C and ana-TiO,-D, which were also additionally
heated under vacuum show any substantial capacity retention
at just under 200 mAh/g and just over 100 mAh/g, respectively,
after 50 battery cycles. The main difference between samples
ana-Ti0,-C and -D is the presence of the amorphous fraction,
which arises due to the annealing conditions adopted during the
preparation of sample ana-TiO,-C. Lithium storage in the ana-
TiO,-C sample probably occurs via a combination of an insertion
and capacitive mechanism occurring due to the presence of the
high-surface amorphous component, leading to a higher overall
capacity (Laskova et al., 2014). In the more crystalline ana-TiO,-D
sample, the capacity is consistent what has been found for nano
crystalline anatase particles (Sudant et al., 2005) in which case the
storage takes place via lithium insertion. The maximum capacity
has been shown to be strongly particle size dependent, in micron
sized anatase being limited to x 2 0.5 increasing up to the the-
oretical value x =1 when the particle size is reduced to ~7 nm
(Sudantetal.,2005; Wagemaker et al., 2007). This is a consequence
of a second phase transition between Liy 5TiO, and Li; TiO, only
occurring at the surface of the crystallites (Wagemaker et al., 2007).
For the amorphous samples prepared in different media and
at different temperatures, a sloping voltage curve with no plateau
is observed unlike what has been reported previously (Borghols
et al.,, 2010) indicating a solid-solution or capacitive (Laskova
et al., 2014) lithium insertion mechanism and the absence of a
contributing crystalline anatase fraction (Wagemaker and Mulder,
2013). This is further corroborated by the HRTEM micrographs
of the samples described in the preceding section by the absence of
significant fringes. The samples A-TiO,-130 and E-TiO,-130 both
showed extremely high-specific capacities after the first discharge
to 0.8V with 860 and 1170 mAh/g (Figures 4A,C), respectively,
both of which are unprecedented for the amorphous TiO; poly-
morph (Borghols et al., 2010). These correspond to compositions
of Lip¢TiO; and Li35TiO,, respectively. The theoretical max-
imum capacity of 335mAh/g is attained when a composition
of Li;TiO; is reached fully utilizing the Ti*T/Ti*t redox cou-
ple. Interestingly, samples annealed at 100°C under vacuum also
show high-specific capacities after the first discharge at 790 and
800 mAh/g (Figures 4A,C) for samples A-TiO,-100 and E-TiO,-
100, which is comparable to what has been reported previously in
literature for amorphous TiO;. This corresponds to a composi-
tion of ~Li; 4TiO,; however, the capacity fading is significant to
80 mAh/g after 50 cycles. Finally, samples annealed to 80°C result
in first discharge capacities of 360 and 400 (Figures 4A,C) mAh/g
significantly lower than those measured for samples annealed at
higher temperatures. On performing multiple (dis)charge cycles
only samples A-TiO,-130 and E-TiO,-130 show an appreciable
capacity retention of 220 and 240 mAh/g after 50 battery cycles,
the latter being the highest observed for pristine amorphous
TiO;, though C-N doped amorphous TiO, samples, albeit hav-
ing a lower BET surface area have been shown to produce higher
reversible capacities (Borghols et al., 2010; Xiao et al., 2014).

To obtain better understanding of the increased capacity reten-
tion observed for the amorphous samples A-TiO,-130 and E-
TiO,-130 and the differences in capacity based only on altered
sample preparation medium, Fourier transform infra-red (FTIR)
spectroscopy measurements were performed on all the amorphous
samples, resulting in the spectra depicted in Figure 5. For the sam-
ples prepared in acetone (Figure 5A), each spectrum shows a broad
absorption peak corresponding to an ~OH stretching vibration of
hydrogen bonded water molecules between 2500 and 3700 cm ™!
(3300 cm™!), a peak corresponding to chemisorbed surface “OH
groups at 3671 cm~! and a peak at 1626 cm™! corresponding to
a H,O bending vibration. Despite heating to 130°C under vac-
uum for several hours the peaks corresponding to molecular water
persists. The gradual diminishing in intensity and subsequent
disappearance of peaks in the region of 3000-2800 cm~! which
belong to the C—H functionality indicate that heating the sample
to 130°C is sufficient to remove all remnants of acetone from the
amorphous TiO, material.

For the samples prepared in ethanol (Figure 5B) similar
water peaks at 3671 cm™! and in the region 2500-3700 cm ™! are
observed. The H,O bending peak was present at 1626 cm™! for the

A 30 . T T 7f— T
——A-TiO,-80
25 ——A-TiO,-100 7
——A-TiO,-130 |

20

Transmittance %
o
1

C-C stretch

F4
@ 2
o
T .Dn
LE o &
aE
g 1 i 1 ?5: IIII 1 = L
3500 3000 " 1500 1000
Wavenumber (cm™)
B 30 T T T flll T T
—— E-TiO2-80
AL ——E-Ti02-100 ]
——E-Ti0z-130 ]

20

Transmittance %
o

chemisofbed “OHT

C-H stretcl

1 L L

3500 3000

Wavenumber (cm™)

1000

FIGURE 5 | Fourier transform infra-red spectra of the amorphousTiO,
samples annealed under vacuum at various temperatures in (A)
acetone and (B) ethanol.
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E-TiO,-80 sample and shifted to 1622 cm™! for the E-TiO,-100
and E-TiO;-130 samples. The characteristic peaks of ethanol phys-
ically adsorbed on a TiO; surface at 1000-1200 cm™! (C-O and
C—C stretching) and 1300-1500cm ™! (CH, and CHj bending) are
of extremely low intensity while the O—H bending peak that should
have appeared at ~1264 cm ™! is absent in the E-TiO,-80 samples
(Hussein et al., 1991; Wu et al., 2000). This indicates that there is
very little or no physically adsorbed ethanol remaining on a sample
heated to 80°C under vacuum. The remaining peaks are attributed
to co-adsorbed chemisorbed ethanol and H,O (Wu et al., 2000).
Weak peaks at 2978,2938,and 2977 cm ™! can be attributed to CH -
stretching frequencies of chemisorbed ethoxide ions (Jackson and
Parfitt, 1972; Graham et al., 1981). In the E-TiO;,-130 sample, new
peaks centered at 1378, 1446, and 1547 cm ™! are observed, which
are attributed to surface carboxylate (COO™) functionality (Gra-
hametal., 1981; Hussein etal., 1991; Wu et al., 2000). This indicates
that the chemisorbed ethanol species undergoes oxidation to form
a carboxylate containing species, possibly acetate on heating above
100°C under vacuum. This is plausible because TiO; in the pres-
ence of surface OH™ groups is known to possess surface acid
sites, the number and strength of which increases with decrease
in crystallite size which in turn catalyzes the oxidation reaction
(Nakabayashietal., 1991). In addition nano-structured TiO, when
heated under vacuum, leads to the formation of oxygen-deficient
species (Bavykin et al., 2006) (Ti4O7 or TisOg) due to the removal
of lattice oxygen atoms which also results in the presence of under-
coordinated titanium sites at the surface, which has already been
described in detail elsewhere (Borghols et al., 2010).

The low-columbic efficiency often displayed by high-surface
TiO, materials is typically ascribed to SEI (Bresser et al., 2012), the
formation of which can only be prevented above 1.2V vs. Li/Li™ as
been shown for high-surface anatase TiO; nanorods (Bresser et al.,
2012). This indicates that the SEI will be formed under the present
conditions, galvanostatic cycling with a lower cut-off voltage of
0.8V vs. Li/Lit. In addition to the increase observed in capac-
ity retention, there is also an increase in the irreversible discharge
capacity compared to what has been reported previously for this
material (Table 1) (Borghols et al., 2010; Xiao et al., 2014). Rather
than scaling with the BET surface area, the first cycle capacity scales
with the annealing temperature (Table 1). This indicates that the
substantial irreversible capacity observed after the first discharge is
a direct consequence of the solvent-free surfaces of the A/E-TiO,-
130 materials. The presence of more reactive surface titanium sites
and residual COO™ functional groups as determined from the IR
measurements leads to a larger fraction of lithium being incorpo-
rated into the SEI possibly in the form of carbonate species. We
suggest that the better capacity retention of samples annealed at
higher temperatures is therefore due to a more stable SEI, which
is the consequence of the absence of residual solvent molecules,
unlike for samples annealed at 80 or 100°C, where lithium contin-
ues to react with reactive solvent species leading to a much lower
capacity retention.

To get a better indication of the amount of carbon in the
E-TiO;-130 material, we also performed EELS focusing on the
carbon K-edge, which is visible at 284 eV as shown in Figure 6.
For comparison purposes, the raw data are normalized to the
maximum intensity. A carbon K-edge of appreciable intensity
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FIGURE 6 | Electron energy loss spectroscopy measurements spectra
of the carbon K-edge of the amorphous TiO, samples annealed under
vacuum at various temperatures in ethanol.

is observed for the E-TiO,-80 sample and the intensity of the
peak diminishes for the E-TiO,-100 sample and no peak appears
for the E-TiO;,-130 material. This reiterates the absence of any
molecular ethanol and also indicates that the amount of surface
carboxylate present is very small and only visible in the bulk FTIR
measurements.

Amorphous TiO; cannot be heated to higher temperatures
without inducing crystallization. Nano-structured TiO; has an
inherent affinity to H,O and OH™ groups, which persist despite
heating to higher temperatures. The reactivity of these with the
components of the electrolyte remains the main reason for capac-
ity fading observed in these materials (Morterra, 1988). The conse-
quence of the improved capacity observed for sample E-TiO,-130
could be partially due to the presence of ester-like linkages of
RCOO™ groups to under-coordinated surface Ti sites (Figure 3).
These potentially act as lithium carriers, improving Li-access and
diffusion to all parts of the electrode during (dis)charge. A more
stable bridging coordination of the RCOO™ species to neigh-
boring fourfold coordinated surface titanium atoms (Figure 5)
(Diebold, 2003), may also be responsible for reducing the avail-
ability of titanium sites vulnerable to the attachment of surface
hydroxyl groups. This is seen in the reduced intensity in the
peak at 3671 cm~! from the E-TiO,-80 to E-TiO,-130 samples.
A consequence could be the reduced hydrolysis of PF, present
in the electrolyte and subsequently smaller amounts of LiF and
organophosphates formed implying a more stable SEI and hence
better retention of capacity (Brutti et al., 2012).

CONCLUSION

To conclude, it has been shown that extended annealing under
vacuum leads to capacity retention of 220 and 240 mAh/g after
50 cycles for amorphous TiO; prepared in acetone and ethanol,
respectively. Using FTIR and EELS, it was determined that for the
amorphous TiO, samples prepared in acetone, there is no resid-
ual solvent present, while for the samples prepared in ethanol the
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FIGURE 7 | Schematic for the various kinds of surface binding of the
COO- and OH- groups at a section of the amorphousTiO, particle
surface. The blue and red spheres represent titanium and oxygen atoms,
respectively.

surface of the amorphous TiO; is partially functionalized by a
small amount of residual functional groups coordinated to the
oxygen-deficient surface displacing the more reactive hydroxyl
groups. These results demonstrate even the presence of small
amounts of residual solvent has a drastic impact on the electro-
chemistry of nano-structured battery electrodes due to their very
large surface area and the simple act of extensive solvent clean-
ing from the sample allows the reversible capacity to be improved
by up to 20%. Thereby, the present results provide a simple and
effective strategy to improve the performance of high-surface area
transition metal oxides.
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