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Abstract We report on attempts towards the synthesis of
titanium nanoparticles using a wet chemical approach in
imidazolium-based ionic liquids (ILs) under reducing
conditions. Transmission electron microscopy finds nano-
particles in all cases. UV/Vis spectroscopy confirms the
nanoparticulate nature of the precipitate, as in all cases an
absorption band between ca. 280 and 300 nm is visible. IR
spectroscopy shows that even after extensive washing and
drying, some IL remains adsorbed on the nanoparticles.
Raman spectroscopy suggests the formation of anatase
nanoparticles, but X-ray diffraction reveals that, possibly,
amorphous titania forms or that the nanoparticles are so
small that a clear structure assignment is not possible. The
report thus shows that (possibly amorphous) titanium oxi-
des even form under reducing conditions and that the
chemical synthesis of titanium nanoparticles in ILs remains
elusive.
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Introduction

Nanoparticles are interesting owing to their optical, mag-
netic, and catalytic properties and thus their resulting
applications in chemical technology, magnetic data stor-
age, and sensing, to name a few examples [1]. As a result,
an enormous number of studies have been devoted to the
development of suitable protocols for the targeted and
rational synthesis of inorganic nanoparticles, their stabil-
ization, properties, processing, and application [2-8]. The
main issue very often is the synthesis and stabilization of
one specific particle size, particle morphology, or crystal
phase. Besides aqueous and organic solvents [7-14], ionic
liquids (ILs) have also recently been explored as reaction
media and stabilizers for inorganic nanoparticle synthesis
[15-26]. Many authors claim ILs to be green or environ-
mentally friendly solvents, which explains some of the
interest. The more reasonable point for using ILs for
(inorganic) nanomaterials synthesis is that the very large
number of different ILs should in principle enable the
specific and targeted synthesis of interesting new materials
with advantageous properties. Moreover, ILs can in some
cases enable the synthesis of materials that cannot be made
via conventional processes [21, 25, 27-34].

Among others, metal nanoparticle formation in ILs and
their application have attracted interest because many
ILs efficiently stabilize nanoparticles under a variety of
experimental conditions. The particular interest in ILs is
that they can also stabilize inorganics (not only nanopar-
ticles) that cannot be stabilized otherwise. For example,
Migowski et al. [35] have prepared nickel nanoparticles.
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Endres et al. [22, 23, 36, 37] have electrodeposited ger-
manium, aluminum, and tantalum from ILs. The same
authors have used plasma chemistry for the synthesis of
copper nanoparticles [38] and Janiak et al. [39—41] have
reported on the synthesis of transition metal nanoparticles
such as molybdenum from the corresponding metal car-
bonyl complexes.

While the above processes are efficient and often yield
single phase materials, it has so far not been possible to
deposit titanium (nanoparticles) from ILs. Endres et al. [42]
have published a first account on this phenomenon, but so
far the issue is unresolved. The current report focuses the
chemical (not electrochemical) reduction of titanium alk-
oxides in several ILs in an attempt to synthesize titanium
nanoparticles via a wet chemical pathway. Specifically, we
have studied the chemical reduction of titanium(IV) from
titanium isopropoxide with NaBH, in a series of imi-
dazolium-based ILs. Interestingly, the results are in line
with those reported by Endres et al. [42] in that the formed
nanoparticles are not Ti(0) but various types of titanium
oxides.

Results and discussion

Nanoparticles have been synthesized via the decomposition
of titanium isopropoxide in a number of ILs. The reactions
were performed under reducing conditions in the presence
of NaBH, and at elevated temperatures to obtain homo-
geneous reaction mixtures, see “Experimental” for details.
Typical sample color after precipitation is orange to light
brown.

Figure 1 shows representative UV/Vis and IR spectra of
some samples after isolation. IR spectroscopy shows that
even after centrifugation and washing, quite a number of
bands appear. The bands between ca. 3,200 and 2,900 cm™!
along with the bands between 1,600 and 1,500 cm™ ! can be
assigned to C-H stretching and in-plane vibrations of the
imidazolium ring. The bands between 1,300 and
1,050 cm ™! can be assigned to aliphatic in-plane vibrations,
and the bands between 900 and 750 cm™' are due to the
respective out of plane vibrations of the organic cations,
respectively. Because of the rather large number of bands, it
is difficult to determine whether or not there are also Ti—O
vibrations visible in the IR spectra. In summary, however,
IR spectroscopy suggests that even after extensive washing,
some IL is adsorbed on the particles.

UV/Vis spectroscopy shows the same two features in all
samples. Between ca. 200 and 240 nm, a rather intense and
broad absorption band is visible and a second, much
weaker absorption is visible between ca. 280 and 300 nm.
The absorption between 200 and 240 nm is assigned to the
imidazolium cation, which dominates the spectrum, again
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Fig. 1 IR and UV/Vis spectra of select samples. a UV/Vis spectra of
(from top to bottom) nanoparticles grown in [Bmim][BF,] at 120 °C,
[Bmim][BF,] at 180 °C, [Bmim][N(Tf),] at 160 °C, [Bmim][N(Tf),] at
180 °C, [Emim][N(Tf),] at 160 °C, [Emim][N(Tf),] at 180 °C,
[Bmim][TfO] at 180 °C, [Bmim][TfO] at 140 °C. The spectra are
displayed with a logarithmic y-axis for better visibility of the small
absorption peaks ataround 290 nm. b, ¢ IR spectra of (from top to bottom)
nanoparticles grown in [Bmim][N(Tf),] at 180 °C, [Bmim][N(Tf),] at
160 °C, [Emim][N(Tf),] at 180 °C, [Emim][N(Tf),] at 160 °C. ¢ Mag-
nified view of the same spectra showing the region between 1,700 and
500 cm ™. Spectra are shifted vertically for clarity

even after extensive washing. The second, much weaker
absorption maximum can be assigned to the nanoparticles.
UV/Vis spectroscopy thus confirms the formation of
nanoparticles, but the breadth of the peak also suggests that
the size distribution of the particles is rather broad.

Figure 2 shows a representative Raman spectrum of a
sample grown in [Emim][TfO]. The Raman spectrum
shows four intense bands at 211, 398, 514, and 641 cm ™!
that can be assigned to anatase [43—45].
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Fig. 2 Raman spectrum of precipitate in [Emim][TfO] at 140 °C.
Inset is a magnified view of the low wavenumber region

Figure 3 shows representative X-ray diffraction (XRD)
patterns of the precipitates. Generally, broad and poorly
resolved patterns are observed, but there are distinct dif-
ferences between the anions. In the case of [Emim][MS],
the XRD patterns have a poor signal to noise ratio. In the
case of nanoparticles grown in the tetrafluoroborate [BF,]
ILs, one broad hump at ca. 21° 26 is observed, occasionally
with a shoulder at ca. 15°. With the [N(Tf),] ILs, two
humps instead of one are observed and their centers are at
ca. 12° and 19° 20. Finally, the patterns of the samples
grown in the [TfO] ILs have the most complex shape, as
here several broad humps at ca. 18°, 30°, 41°, and 56° 20
are observed. Occasionally, also a shoulder at ca. 14° 20 is
observed here. As a result, there is somewhat of a dis-
crepancy between the Raman and the XRD data, as there is
no evidence for the presence of anatase in the XRD data.

Finally, it has to be noted that in some cases weak
reflections that could be assigned to Ti(I)O could also be
observed. These observations have, however, been incon-
clusive and complementary electron paramagnetic
resonance (EPR) spectroscopy has not provided evidence
of the presence of Ti(Il) species and the corresponding
XRD signals should thus be interpreted with care.

Figure 4 shows representative transmission electron
microscopy (TEM) images of some samples. In general,
two different types of precipitates can be distinguished.
Similar to the XRD data, there is no significant difference
between the [Emim] and [Bmim] cation, but the anions
have quite a strong effect on the particle formation and
aggregation process, similar to a recent report on gold
nanoparticles in ILs [46].

[BF,4]- and [MS]-based ILs lead to well-defined, porous-
looking, and roughly spherical aggregates with a diameter
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Fig. 3 XRD patterns of precipitates grown a in [Emim][BF,] at
120 °C, b in [Emim][N(Tf),] and [Bmim][N(Tf),] at 140 °C, and ¢ in
[Emim][TfO] and [Bmim][TfO] at 140 °C

of ca. 50 nm. The particles grown in [BF,4] ILs appear a
little denser than the particles grown in [MS] ILs, which
look somewhat fluffier, but this is difficult to quantify.
TEM suggests that these particles could form via the
aggregation of smaller particles as in some cases particles
with a diameter of ca. 5-10 nm can be observed. This
observation can, however, not be made in all aggregates. In
some cases, TEM also suggests that the particles are in fact
larger structures that form via the growth of short needle-
like elements from a central particle. In any case, the [BF,]
and [MS] anions lead to particles with rather complex
shapes. This is in contrast to the effect of the ILs based on
the [NTf,] and [TfO] anions.

With [NTf,;] and [TfO] anions, large aggregates of
smaller particles can be seen in the TEM images. The small
primary particles are spherical and have a diameter of ca.
5-10 nm. Unlike the previous two samples, these samples
do not have well-defined larger particle or aggregate shapes
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Fig. 4 Representative TEM
images of a nanoparticles grown
in [Emim][MS] at 140 °C,

b [Bmim][BF,] at 180 °C,

¢ [Emim][TfO] at 140 °C, and
d [Bmim][N(Tf),] at 180 °C.
Scale bars are 200 nm (a, b),
100 nm (c¢), and 50 nm (d)

and sizes. Rather, there appear to be primary nanoparticles,
which aggregate into relatively large, but poorly ordered
structures. Unfortunately, attempts at obtaining high reso-
lution TEM (HRTEM) images to confirm the Raman or
XRD data failed, most likely due to the rather thick IL
layer that is still present in the samples after isolation.

In order to better evaluate the composition of the
nanoparticles, elemental analysis experiments have been
performed. They have, however, been inconclusive, most
likely due to the rather large fluorine content in the samples
(from the ILs). In contrast, thermogravimetric analysis
(TGA) provides quantitative insight into the decomposition
process of the nanoparticulate samples (Fig. 5). TGA
shows a slow weight loss between 25 and ca. 350 °C
(13%), followed by a large, single-step weight loss between
350 and 550 °C (71%). Thereafter the TGA curve shows
only a flat line at a residual mass of 15%.

The current study is an investigation on the formation of
titanium nanoparticles from titanium isopropoxide under
reducing and quasi-ionothermal conditions. UV/Vis spec-
troscopy (Fig. 1) and TEM (Fig. 4) show that the
precipitates are indeed nanoparticles. However, Raman
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Fig. 5 Representative TGA curve of titania grown in [Emim][TfO] at
140 °C

spectroscopy (Fig. 2) and XRD (Fig. 3) show that, similar
to an earlier electrochemical approach [42], chemical
reduction does not produce titanium nanoparticles. Rather,
Raman and XRD data suggest that the precipitates are
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either anatase or amorphous TiO,, both of which have been
reported to form in ILs before [21, 42, 47-50]. Interest-
ingly, however, Raman has in the current study shown no
evidence for the formation of rutile, another TiO, crystal
form, which has also been synthesized in ILs [21, 51].

Endres et al. [42] have attempted the electrodeposition of
titanium, but have, apparently, failed so far and made oxy-
gen-containing species instead. This has been assigned to the
unfavorable interplay of the redox potentials and the sta-
bility of some intermediate stages, which prevent the
formation of stable Ti deposits under the conditions studied
so far. The current study confirms this earlier work in the
sense that only oxidized species could also be found here. In
the current case, we may argue that lower reaction temper-
atures could improve the situation, but even temperatures as
low as 30 °C did not show any Ti(0) and only led to more
heterogeneous mixtures and less controlled reaction condi-
tions. We thus conclude that stronger reducing agents or
other precursors, which are less prone to oxidation, could be
favorable for the synthesis of titanium nanoparticles.

TEM (Fig. 4) shows that the nature of the IL anion has
one significant effect. While in all samples the primary
particles are roughly of the same size, the particle assembly
is strikingly different. This shows, similar to earlier studies
[21, 42, 47-51], that the anion restricts the growth of the
titania nanoparticles to about 5-10 nm, but also that the
colloidal stabilization of the individual particles is different
in different ILs.

TGA (Fig. 5) shows that although the samples were
extensively washed after synthesis, they have a rather large
affinity for the IL, as a significant fraction of organic matter
is still found in the isolated and purified samples. About
15-20% of the precipitates are rather easily removed from
the sample, as indicated by the linear weight loss between
25 and ca. 350 °C. This weight loss is due to a combination
of solvent (water adsorbed from the air, possibly traces of
washing solvent) loss and an initial decomposition of the IL.
The subsequent large loss of material can be assigned to the
final decomposition (“burning”) [52] of the IL adsorbed on
the nanoparticles. TGA thus demonstrates that the IL is
stabilized via adsorption on the particles, because the
decomposition temperature is somewhat higher than for
the pure ILs. TGA also shows that (consistent with IR and
the intense UV/Vis absorption at ca. 200 nm, Fig. 1) the
samples consist of a large fraction of organic (ca. 80%,
Fig. 5) even after washing, which indicates a strong inter-
action between the inorganic particles and the IL. This
observation is consistent with the TEM data (Fig. 4) and
with earlier reports [21, 42, 47-51], both of which suggest a
rather strong interaction between the IL and the precipitate.

In summary, the current study thus shows that the syn-
thesis of titanium nanoparticles in IL remains elusive,
mostly due to the fact that the formation of presumably

amorphous or oxidized species (Fig. 2, 3) dominates the
nanoparticle formation. IR, UV/Vis (Fig. 1), TEM (Fig. 4),
and TGA (Fig. 5) indicate that the interaction between the
particles and the ILs is so strong that ca. 80 wt% of the
final product are IL or IL fragments.

Conclusion

The current study explores the potential of ILs for the syn-
thesis and stabilization of titanium nanoparticles under
reducing conditions. Similar to electrochemical approaches
[42], however, chemical reduction processes also appear to be
unsuccessful. In all cases, yellowish precipitates form, but
they are either amorphous titanium oxides or possibly ana-
tase. No evidence for the formation of metallic titanium has
been observed. The report thus shows that even reducing
conditions produce oxidized titanium species. They are,
however, difficult to characterize, but clearly illustrate that the
chemical synthesis of titanium nanoparticles in ILs remains
elusive and further investigation into the topic is necessary.

Experimental
Materials

ILs based on 1-ethyl-3-methylimidazolium (Emim) or 1-butyl-
3-methylimidazolium (Bmim) cations and methanesulfonate
(MS), tetrafluoroborate (BF,), trifluoromethanesulfonate
(TfO), bis(trifluoromethylsulfonyl)imide (NTf,), and ethyl-
sulfate (ES) anions were purchased from IoLiTec (Freiburg,
Germany) and used as received. Water content in all ILs was
between 0.001 and 0.1% (v/v), as determined by volumetric
Karl Fischer titration.

Nanoparticle synthesis

In a typical synthesis, 0.0994 g (0.355 mmol) of
Ti[OCH(CHs),], was added to 5 cm? of IL. The mixture
was sonicated for 10 min. Then 0.0038 g (1 mmol) of
NaBH, was added at ambient conditions. The resulting
colorless solution was heated to between 140 and 180 °C
for 12 h. Before isolating the precipitate by centrifugation,
a small fraction of the orange or light brown colloidal
dispersion was removed for UV/Vis, IR, and Raman
measurements. The centrifuged product was washed with
ethanol and dried under vacuum at room temperature for
12 h. Control experiments were also performed at 30 °C.

X-ray diffraction

Wide angle X-ray diffraction (XRD) was done on an EN-
RAF-Nonius FR 590 diffractometer with a Cu K, X-ray
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tube fitted with an Inel CPS 120 hemispherical detector
ranging from 1 to 120° 20. Data analysis was performed via
EVA.

Spectroscopy

FTIR spectra of the solid samples were also recorded with
KBr pellets in the same spectral range on a Thermo Nicolet
Nexus 670 spectrometer at 2 cm™~' resolution. UV/Vis
spectroscopy was done on an Agilent 8453 spectrometer
using 10-mm quartz cuvettes containing the nanoparticle
dispersion either in the as-synthesized dispersion or redi-
spersed particles in ethanol at room temperature. EPR
spectra were recorded on a Bruker CW-EPR spectrometer
E500 in X-band (ca. 9.5 GHz) between 100 and 295 K.

Electron microscopy

TEM images were acquired on a Zeiss EM 912 operated at
120 kV. One droplet of the suspension was applied to a
400-mesh carbon-coated copper grid and left to dry in air.

Thermogravimetric analysis

TGA was done on a Mettler Toledo TGA/SDTAS851e from
25to 600 °C with heating rates of 10 °C/min under
nitrogen (10 cm>/min) in alumina crucibles.
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