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ABSTRACT: Nanostructured TiO, and TiO,@C nanocomposites
were prepared by an original process combining biotemplating and
mineralization of aerogels of nanofibrillated cellulose (NFC). A direct
one step treatment of NFC with TiCl, in strictly anhydrous conditions
allows TiO, formation at the outermost part of the nanofibrils while Nano-fibrilated
preserving their shape and size. Such TiO,@cellulose composites can be aerogel
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Mineralization
with TiCl, in anhydrous
condition

cellulose TiO, or TiIO,@C

transformed into TiO, nanotubes (TiO,-NT) by calcination in air at
600 and 900 °C, or into TiO,@C nanocomposites by pyrolysis in argon at 600 and 900 °C. Detailed characterization of these
materials is reported here, along with an assessment of their performance as negative electrode materials for Li-ion batteries
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B INTRODUCTION

Metal oxides such as TiO, are materials in high demand for
new technologies. Their properties can be finely tailored by
varying the porosity, crystallinity, morphology, doping, particle
size, and, last-but-not-least, their arrangement in hierarchical
macro-, nano-, and microscale structures. With increased
emphasis on “green” chemistry, interest in sustainable processes
is aimed at minimizing the use of toxic chemicals, solvents,
energy, etc. Accordingly, inorganic replication of biotemplates
with polysaccharides (cellulose, chitosan and chitin, agarose,
starch, carrageenan, etc.) has been actively explored in the field
of metal oxide synthesis."”

We recently reported a completely new approach whereby
cellulosic fibers are considered as a template and also as a
reagent from which oxygen atoms are transferred to a metal
atom of a metal chloride (Figure 1).>* This direct one-step
process is a type of mineralization that avoids preparation of
any metal oxide sol or the use of sophisticated ALD equipment.
Moreover, it allows the formation of TiO, with unusual
morphological features, such as urchins and carpets of needles,
which has never been noted with other processes. It is a solid/
liquid process, and it is noteworthy that the phenomena
occurring at the interface of the cellulose fibers are essential for
maintaining the characteristic of the material. In this sense,
increasing the surface accessible to the reaction is likely to
enhance the properties of such materials.

In this sense, nanocelluloses, such as bacterial cellulose (BC),
cellulose nanocrystals (CNC), microfibrillated cellulose
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Figure 1. General overview of the process, nomenclature, and
preparation of TiO,-NT and TiO,@C samples by thermal treatment
of the initial TiO,@NFC nanocomposite obtained by TiCl, treatment
of NFC materials.
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(MFC), and nanofibrillated cellulose (NFC), are sustainable,
abundant, inexpensive, and environmentally friendly nanoma-
terials that exhibit interesting properties due to their nano-
metric scale.”® They have been considered for uses in
nanocomgposites, as well as in medical and life-science
devices.”® They can also serve as building blocks for designin
hierarchical materials, including aerogelsg’10 and emulsions,’
but also nanodevices or templates with appropriate process or
surface modification.”®

They have thus been recently assessed as porogen building
blocks for the synthesis of metal oxides which are generally
obtained after thermal oxidation of this biotemplate.'>"* This is
especially true in the case of TiO,, a widely applied material in
the field of photocatalysis,"* while also showing interesting
properties as negative electrode in electrochemical devices.'>™"
Such templating or replication of cellulosic fibers is generally
performed by infiltration/deposition of a metal oxide sol, e.g.
for TiO,°°~** but may be limited for precise replication of
cellulosic nanostructures. ALD has been successfully used on
NEC aerogels for this purpose, but NFC replication requires a
sophisticated ALD process and high temperatures (190 °C) in
the case of TiO,,** > §i0,, and HfO,.”

Following preliminary experiments with filter paper, we are
now seeking ways to preserve the structure of NFC nanofibrils
upon this mineralization and to form a new TiO,@NFC
nanocomposite. The chosen starting material is an aerogel
obtained through freeze-drying of a solvent-exchanged
suspension in order to preserve the accessibility of the
cellulosic surface,' leading to NFC with a high specific surface
area (%100 m* g!). The aim is to form a sheath of TiO, grown
with-and-on cellulose nanofibrils by its chemical reaction with
titanium(IV) chloride. Thus, this TiO,@NFC is potentially the
precursor of two very attractive materials, either porous metal
oxide nanotubes or tubular nanocomposites of carbon (inside)
and metal oxide (outside), this being only dependent on the
post-thermal treatment (Figure 2). In our case, thermal

oxidation of the cellulosic residue of TiO,@NFC can lead to
TiO, with a porous inorganic nanotube morphology (TiO,-
NT), with such material being highly a demanded solar cell,””
photocatalyst, and negative electrode material for Li-ion
batteries."***™3* On the other hand, thermal conversion of
the cellulosic residue into carbon upon pyrolysis can lead to
TiO,@C nanocomposites, a route rarely explored in the field of
biotemplating and that we report, to the best of our knowledge,
for the first time. Such TiO,@C nanocomposites can be
prepared by a reductive thermal or hydrothermal process with
biochemicals such as furfural,*?® and they have potential
applications in photocatalysis efficiency,”” supercapacitors,®® Li-
ion batteries.***

Even though the current commercial negative electrode
material in Li-based systems is graphite, which is available
worldwide and features good Li insertion properties, techno-
logical progress requires faster, safer, lighter, and higher
capacity battery materials. Among other interesting candidates,
TiO, and lithium titanates show similar environmental
benignancy and cost-effectiveness as graphite, but have superior
safety and rate capability, providing high charge and discharge
rates.* Their working potential of about 1.5 V vs Li*/Li
constitutes an intrinsic Li overcharge protection, impeding Li
plating at high rates, while suiting the potential stability window
of common organic electrolytes.*” While the spinel Li, TisO;,
can be considered as a reference material for lithium titanates in
battery applications,* also pure TiO, polymorphs such as
anatase and TiO,(B) show promising Li insertion proper-
ties.*** Both polymorphs have a theoretical capacity of 336
mA h g '—corresponding to the insertion of one mole of
lithium per mole of TiO,. Such a capacity, however, is
practically impossible to obtain without nanostructuring. In
fact, using nanostructured TiO, as active lithium insertion
material offers the opportunity not only to overcome the low
electron and ion conductivities imposed by bulk structure but
also to enhance the rate and cycling performance by increasing
electrode—electrolyte contact area and surface to volume
ratio.***” Such open structures permit higher diftfusion rates
due to surface diffusion as well as easy accessibility. In this
paper, we present the mineralization/replication of nanofibrils
of NFC into NT-TiO, and TiO,@C that were characterized
and assessed in the formulation of negative electrode materials
for Li-ion batteries.
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Figure 3. X-ray powder diffraction patterns of samples before and after thermal treatment in air or argon at either 600 or 900 °C.
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B RESULTS AND DISCUSSION

In strictly anhydrous conditions and using dried NFC aerogels,
direct mineralization of the surface of NFC nanofibrils was
achieved by treatment with TiCl, at 80 °C in an autoclave
under autogenous pressure. These conditions are similar to the
nonhydrolytic process that inspired this work. Different
reactions are assumed to occur during the treatment: Ti—Cl
alcoholysis with the primary and secondary alcohol group of
cellulose, and a Ti—Cl/C-O exchange as in nonhydrolytic sol—
gel. The reaction of TiCl, with a residual amount of
crystallization water also cannot be excluded.* Another
possibility is the formation of water by dehydration, a process
that generally occurs at temperatures above 150 °C, but that
could be activated by the presence of TiCl, and acidic
conditions.

Apart from the color, the TiO,@NFC material recovered
after mineralization and drying looked similar to the NFC
aerogel: the centimeter scale, the shape, the mechanical
consistency, and the flexibility of the initial NFC aerogel were
mostly preserved. The black color of the TiO,@NFC sample
suggested at least partial carbonization of fibrils, but TiO, was
already present as a poorly crystallized anatase phase as
revealed by XRPD (crystallite size <5 nm, Figure 3 and Table
S1). Unreacted cellulose is revealed by signals at 14—16°, 22.5°,
and 34.5°, similar to pristine NFC.

Therefore, the cellulosic residue before any thermal treat-
ment was apparently a mix of “chemically carbonized” and
pristine cellulose. No characterization of TiO,@NFC was
possible by Raman due to extreme fluorescence phenomena.

Solid state NMR spectra obtained on TiO,@NFC are
displayed in Figure 4 and show interesting features. First, as
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Figure 4. Solid state NMR spectra of (a) pristine nanocellulose and
(b) TiO,@NEC.

indicated by the XRPD experiments, pristine cellulose was
partially preserved during the process. More interestingly, two
very broad signals around 150 and 40 ppm (shown by arrows),
typical of char formation,* indicated that part of the cellulose
had been degraded. Even though the quantization could be
rather delicate in the case of carbonization of cellulose, the
overall contribution of degradation products could be estimated
at around 10%. Cellulose preserved its crystalline structure, but
even more strikingly, the decrease in the signal at 62 pmm
(indicated by a dashed line) was a strong indication of a

selective topochemistry of the reaction. Indeed, this signal was
identified as originating from the C6 hydroxymethyl group
pointing out of the cellulosic surface, with its crystalline analogs
being located at 65 ppm. As already observed for surface
restricted reactions on nanocellulose oxidation,>® or esterifica-
tion,'® the relative decrease of the surface signal is a very good
marker of the substitution of the surface hydroxyls. In what
they have been transformed is unfortunately impossible with
C CP-MAS experiments

At the nanometer scale, prior to any thermal treatment,
TiO,@NFC appears to be homogeneous and continuous, more
or less aggregated, and identical to NFC aerogel (SEM and
TEM analysis (Figures S and S4)). However, at high
magnification, the fibrils look like nano-thorns, a distinctive
feature associated with the presence of elongated inorganic
nanoparticles. The presence of these is likely related to the
formation of TiO, needles and rods that we described in a
previous publication.>*

By thermogravimetric analysis of TiO,@NFC in air (see
Figure S1), a fast and substantial weight loss occurs above 150
°C, attributed to carbonization followed by combustion, leading
to a total weight loss of 65—70% at 475—500 °C (the weight
loss of pristine NFC is approximately 98% in air). Thus, upon
calcination at 600 °C and 900 C, TiO,-NT-600 and TiO,-NT-
900 are almost pure titanium dioxide, while elemental analysis
reveals a carbon content of under 1% (Table 1). Accordingly,
the mass ratio in the starting TiO,@NFC could be estimated at
30—35% of TiO, plus 65—70% of cellulosic residue.

In argon, the weight loss is slightly delayed but continues
until 1000 °C. The final weight loss at this temperature is 35—
40% and should be compared to the 77% weight loss of pure
NEC in the same conditions. Therefore, a hight proportion of
carbon residue remains in TiO,@C-600 and TiO,@C-900, i.e.
approximately 37% and 32%, respectively, as determined by
elemental analysis (Table 1). Upon calcination in air, the
weight loss of the pyrolyzed samples is approximately 49% and
42%, indicating possible underestimation of the carbon content
by elemental analysis of the sample after pyrolysis at 600 and
900 °C (Table 1).

After thermal treatment, anatase is the only crystallized phase
at 600 °C either under argon or air (Figure 3), while rutile is
only detected after calcination at 900 °C (see Figure S3).
Carbonaceous residues produced and left upon pyrolysis limit
the growth of the anatase crystallite (here <20 nm, see Figure
S3) and prevent the anatase-to-rutile transformation.>

Anatase is also identified in the calcined sample by Raman
spectroscopy in all the samples (145, 196, 395, 516, 637 cm™),
with rutile only being detected in TiO,-NT-900 (437, 613
cm™') (see Figure S2). In TiO,@C-600 and TiO,@C-900
samples, the same analysis shows marked heterogeneity of the
material resulting from the mixture of carbonaceous fibers and
titania particles. Two broad signals attributed to 6-membered
aromatic rings in graphitic materials are observed at 1350 and
1325 cm™' related to A,, (D band, attributed to defect in
graphite) and at 1583—1593 cm™' that are related to Epg (G
band, ascribed to sp® hybridized carbon network) (see Figure
$2).%* Due to the heterogeneity of the material, the exploitation
of these signals through determination of the I /I ratio is not
very significant; a correlation length of the graphitic domain in
the 1—1.25 nm range seems to be present for TiO,@C-600 and
TiO,@C-900.

In terms of morphology, the nano-thorn-like structure is
preserved upon thermal treatment, ie. either pyrolysis or

DOI: 10.1021/acsami.5b00299
ACS Appl. Mater. Interfaces 2015, 7, 14584—14592


http://dx.doi.org/10.1021/acsami.5b00299

ACS Applied Materials & Interfaces

Research Article

300 nm

Figure S. Images of NFC (SEM, a) and TiO,@NFC (SEM, b—c; TEM, d—f).

Table 1. Elemental composition of the sample as determined by chemical elemental analysis and EDX

Chem elem anal (wt %) EDX (wt %)

Sample C H Ti (0] C Cl Wt loss (TGA until 1000 °C)
TiO,@NFC 28.22 5.32 18.83 35.67 37.99 7.50 73.58%
TiO,-NT-600 0.55 0.45 49.26 43.65 7.07 00.02 0%

TiO,-NT-900 0.06 0.08 56.55 41.82 1.53 0.00 0%
TiO,@C-600 37.70 1.61 28.44 28.98 41.25 1.34 49.06%
TiO,@C-900 32.56 0.82 3595 29.46 34.27 0.17 42.56%

calcination, at 600 or 900 °C as shown on the SEM images in
Figures 6 and 7.

Figure 6. SEM images of TiO,-NT-600 (a and b) and TiO,@C-600 (c
and d).

According to TEM and HRTEM analyses (Figure 7), the
thorn needles are due to elongated nanoparticles of 10—20 nm
associated with aggregated nanocrystals (S < size < 30 nm)
having a more or less rounded shape (Figure S4). No
significant differences could be distinguished by TEM and
SEM between the calcined sample and those pyrolyzed (Figure
$3). However, according to the substantial weight losses
observed upon calcination, we could conclude on the formation
of a hollow structure in the case of TiO,-NT-600 and TiO,-
NT-900, with a good preservation of the imprint left by the
NEC.

14587

Assessment of the texture of these materials by porosimetry
measurements indicated a marked effect of the thermal
treatment (in SI Table S1). Compared to pyrolysis, calcination
was detrimental in terms of specific surface area and led to
larger pores. As seen above, the presence of carbon during
pyrolysis prevented crystal growth. However, the data collected
on the sample after pyrolysis was the sum of the texture of the
carbon residue and that of the oxide.

Biotemplating cellulose with titania has been known since the
seminal work by Shimizu et al. using TiF,>> and then the
process was further developed for the formation of TiO,
nanotubes* or titania/carbon composite nanocomposites®>*°
This was also the case here, but the process also allowed the
formation of TiO, nanocrystals with an unexpected morphol-
ogy. We highlighted that the situation was very different
compared to previously reported biotemplating, first because
no water was introduced to form the metal oxide, second
because of the extremely low solubility of TiO, in organic
solvent (CH,Cl,), and third because the chemical process
involved the reactivity of the cellulose functionalities. The
unusual morphology of the TiO, nanoparticles could be related
to the growth process that occurs by reaction at-and-with the
cellulose interface; the effect of the solvent could also plag a
role as demonstrated in the case of nonhydrolytic Sol—Gel.>”*®

Lithium insertion/deinsertion properties were evaluated vs
lithium metal at a C/20 current rate (where C is set at 335.6
mAh g™' for a 1 e /h process). The galvanostatic charge—
discharge profiles of the first four cycles for TiO, vs Li between
2.5 and 1.2 V are displayed in Figure 8a. First of all, both
discharge and charge curves show a smooth slope, with the
absence of a voltage plateau. Due to the contribution of the
nanocellulose-derived carbon (Figure SS), a high irreversible
insertion of Li is measured upon the first discharge, with a
reversible charge capacity of approximately 125 mAh g~'. For
clarity, hereafter we only present the reversible cycling. The
overall features of the galvanostatic curves are similar to the
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Figure 7. TEM images of TiO,-NT-600 (a, b, and c) and TiO,@C-600 (d and e).
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Figure 8. Galvanostatic voltage profiles for TiO,@C-600/Li cells
cycled at C/20 between 2.5 and 1.2 V versus Li*/Li (a); charge—
discharge cyclability curves of TiO,@C-600 nanocrystals at C/20, and
the corresponding Coulombic efficiency (b).

results obtained for other TiO, nanoparticles.59 The constant-
voltage plateau, a two-phase region where the anatase and
lithium titanate phases coexist during Li* insertion, is usually
much shorter for small particles than for larger ones, and is

even absent in certain cases.’”®" Indeed, lithium insertion into
TiO, shows three major storage mechanisms: (i) a rapid
potential drop to ca. 1.7 V vs the Li*/Li characteristics of the
formation of a solid-solution Li,TiO,, where & depends on
particle size;*" (i) a two-phase reaction between the tetragonal
Li, TiO, and the orthorhombic lithium titanate Lijs,;TiO,
inducing a constant-voltage plateau around 1.7 V; followed
by (iii) another two-phase reaction up to 1 V toward rock-salt-
type tetragonal LiTiO,.*> The irreversibility of the latter
mechanism is usually overcome through nanostructuration of
the electrode material, which 1nduces monophasic reversible
pseudocapacitive interfacial storage ® Nevertheless, below a
certain size of TiO, nanoparticles, the two phases at 1.7 V do
not coexist and less lithium is required to give rise to the
orthorhombic hthlum titanate phase, hence the absence of a
voltage plateau.’’ Thus, the galvanostatic results presented in
Figure 8a could be understood by taking the nanoscopic nature
of the TiO,@C-600 titanium dioxide sample into account.

As displayed in Figure 8b, a TiO,@C-600/Li half-cell can
sustain a specific capacity of more than 125 mAh g™' at a
current density of C/20 for tens of charge—discharge cycles
between 2.5 and 1.2 V, before slowly decreasing toward 100
mAh g'. Regarding the composition, the discharge capacity
would correspond to the insertion of approximately 0.6 to 0.4
Li* ions for the first cycles, with only 0.3 Li* ions being
reversibly inserted after SO cycles. At the same time, the
Coulombic efficiency reaches 96%, a relatively low value
indicating detrimental lithium consumption during cycling.
This might be due to the high surface area of TiO,@C-600
(271.8 m* g7', see Table S1), or from the intrinsic carbon
arising from the pyrolyzed nanocellulose (Figure SS), that
would impact the electrochemical behavior by continuously
inducing either electrolyte decomposition or the formatlon of
solid—electrolyte interface (SEI) Li-based products.*®

Cyclic voltammograms of TiO,@C-600/Li half-cells at
various scan rates from 0.25 to S mV s™' are presented in
Figure 9a. In line with the previous galvanostatic results, a very
broad band is observed in the 1.2—2.5 V range on the anodic
curves during cycling at various rates. The maximum current
response on the anodic curves is obtained between 1.7 and 1.9
V vs Li*/Li, a value that is in good agreement with previous
studies.'®*>** Nonetheless it is quite difficult to visually resolve
the currents on the cathodic scans. This obviously indicates an
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Figure 9. Cyclic voltammetry curves of TiO,@C-600 nanocrystals at various scan rates, from 0.25 to 5.00 mV s™! (a); calculated b-values for a
TiO,@C-600 electrode as a function of the anodic (lithium extraction) sweep (b).

emphasized pseudocapacitive behavior that could well be
explained by the nanometric size of the TiO,@C-600 material
or the presence of amorphous TiO, mixed along with the
poorly crystallized anatase phase.%®*

To obtain more in-depth details in the understanding of the
Li-storage mechanism in nanocellulose-based TiO, particles,
the origin of the stored charge could be unravelled through
analysis of cyclic voltammetry curves. Briefly, the total stored
charge can be divided into the faradaic contribution from the
Li*-insertion process, the pseudocapacitance surface effects, and
the nonfaradaic contribution from the double layer effect. In
order to distinguish between each contribution over the studied
potential range, cyclic voltammetry data at various scan rates
were analyzed according to®*

i=al/b

where the measured current i obeys a power law relationship
with the scan rate v. This method has been successfully applied
to TiO, electrode materials versus lithium, where both a and b
are adjustable parameters with b-values extracted from the slope
of the fit of the log i vs log v plot."®** For a capacitive response,
the b-values would approach a value of 1.0, while a faradaic
contribution would induce b-values close to 0.5.°° The
calculated b-values for a TiO,@C-600/Li half-cell are shown
in Figure 9b. At the peak potentials of 1.7—1.9 V for anodic
processes, the b-values are close to 0.5. This shows that the
currents arise primarily from the Li" insertion into TiO,.
Nevertheless the b-values are close to 0.5 throughout the
potential range, from 1.4 to 2.2 V for the anodic processes.
Although surprising at first, this result highlighted that other
faradaic contributions are to be taken into consideration. For
instance, as underlined by the limited Coulombic efficiency
(Figure 8b), the electrolyte decomposition would also
contribute to the whole observed cell electrochemical
mechanism.

H CONCLUSION

This study evidences the possibility of preparing nanofibrillated
TiO, or TiO,@C structures by direct mineralization of NFC
aerogels of high specific surface with TiCl, in anhydrous

condition. Unlike ALD and Sol—Gel deposition, this nano-
replication of a biotemplate lead to an unusual nano-thorn
morphology for the replica. The thermal treatment applied after
mineralization is a key step that allows preparation of hollow
nanostructure upon calcination or nanoassemblies upon
pyrolysis. Such nanomaterials have potential for different
applications such as photocatalysis or electrochemical. Con-
cerning the latter case, even though the performance in terms
of the specific capacity and rate capability in this preliminary
study did not turn out to be better than previous performances,
this new synthesis approach—by allowing the formation of
TiO, with an unusual morphology, tunable porosity, and TiO,-
carbon nanocomposites—will undoubtedly generate interesting
surface and conductivity properties to improve the performance
of as-modified TiO, electrodes in LiB.

B EXPERIMENTAL PART

Titanium(IV) chloride (TiCl,) and dichloromethane (CH,Cl,) were
purchased from Acros (France); all the other reagents were of
analytical grade. Dichloromethane was freshly distilled over P,Os
before use. An aerogel of nanofibrillated cellulose (NFC) was
prepared by freeze-drying from tert-butanol solvent exchanged
suspensions according to the procedure previously described;'” it
was dried for 3 days in an oven at 80 °C just before use. All
manipulations with TiCl, and dried nanocellulose aerogel were
performed in a glovebox under argon atmosphere (<10 ppm of water).

Instrumentation. The X-ray powder diffraction (XRPD) patterns
of the samples were recorded using a diffractometer (Philips X'Pert
Pro, Netherlands). Raman spectra were obtained using Horiba
LabRAM ARAMIS, Japan, with excitation wavelength of 633 nm.
Transmission electronic microscopy (TEM) images were recorded
using JEOL 1200 EXII, JEOL, Japan, and scanning electronic
microscopy (SEM) images were obtained with an Hitachi S-4800,
Canada. Energy dispersive X-ray analysis (EDX) was done using the
EDAX attachment (Oxford Instruments, U.K.) of the SEM system.
N,-physisorption isotherms were obtained at 77 K using Micromeritics
Tristar, USA. The samples were outgassed for 12 h at 150 °C under
vacuum (2 Pa). The pore size distribution was calculated from the
desorption branch using the BJH method. Thermogravimetric analyses
(TGA) were obtained using a Netzsch Simultaneous Thermal
Analyzer STA 409 PC Luxx and Setaram Labsys TGA-DSC. All
electrochemical characterizations were performed in coin cells at room
temperature on an MPG2 instrument from BioLogic by using
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CR2032-type coin cells. All electrodes were composed of the active
material (about 80% by weight, w/w), acetylene black (8% w/w,
YSO0A), and carboxymethylcellulose (12% w/w, Sigma-Aldrich). After
stirring in water, the mixture was spread uniformly at 150 ym onto a
copper current collector using a 3540 bird film applicator from
Elecometer. Lithium metal disks were used both as reference and
counter electrodes, and Whatman glass fibers filters were used as
separator. The electrolyte was 1 M LiPF4 in a 1:1:3 solution of
ethylene carbonate, propylene carbonate, and dimethylcarbonate with
5% fluoroethylene carbonate and 1% vinylene carbonate. All
electrochemical analyses were done by taking into account the mass
of TiO,. For galvanostatic measurements, the cells were cycled at C/
20 between 2.5 and 1.2 V. For cyclic voltammetry, all cells were cycled
at various scan rates ranging from 0.1 to S mV s (0.10, 0.25, 0.50,
0.75, 1.00, 1.25, 1.50, 1.75, 2.00, 3.00, 4.00, 5.00). All calculations
based on cyclic voltammetry were done by using procedures described
in the literature,'®*%%+¢

Preparation of TiO,@NFC. In the Teflon liner of an autoclave,
nanocellulose (0.60 g, 11.5 mmol assuming that NFC is 100% pure
cellulose) is immersed in a solution of titanium tetrachloride (1.50 g,
4.56 mmol) in dichloromethane (30 mL). The autoclave is then kept
in an oven at 85 °C for 6 days. After cooling, the resulting black
popcorn-like foam is washed with dichloromethane (3 X 30 mL of
anhydrous dichloromethane); the resultant solid (~0.9 g) is labeled as
TiO,@NEC.

Preparation of calcined samples TiO,-NT-600 and TiO,-NT-
900. Part of TiO,@NFC was calcined at 600 °C for 1 h with a
ramping rate of 5 °C min~' leading to the sample TiO,-NT-600. Part
of TiO,@NFC was calcined at 900 °C for 15 min with a ramping rate
of 10 °C min™" leading to the sample TiO,-NT-900.

Preparation of pyrolysed samples TiO,@C-600 and TiO,@C-
900. Part of TiO,@NFC was pyrolyzed at 600 °C for 1 h with a
ramping rate of S °C min~" leading to the sample TiO,@C-600. Part
of TiO,@NFC was pyrolyzed at 900 °C for 15 min with a ramping
rate of 10 °C min™" leading to the sample TiO,@C-900.
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TGA analysis of TiO,@NFC, RAMAN spectra of the samples
after thermal treatment, porosimetry measurement of sample
after thermal treatment (Table 1), SEM images of NFC before
any treatment and of TiO2-NT 900, and HRTEM images of
elongated nanocrystals of TiO, anatase in TiO,-NT900. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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