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Generalized Nonaqueous Sol-Gel Synthesis of Different Transition-Metal
Niobate Nanocrystals and Analysis of the Growth Mechanism
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Abstract: A general nonaqueous route
for the synthesis of phase-pure transi-
tion-metal niobate (InNbO,, MnNb,Oq,
and YNbO,) nanocrystals was devel-
oped based on the one-pot solvother-
mal reaction of niobium chloride and
the corresponding transition-metal ace-
tylacetonates in benzyl alcohol at
200°C. All samples were carefully char-
acterized by XRD, TEM, HRTEM,

Markus Niederberger*!!

analysis. The crystallization mechanism
of these niobate nanocrystals points to
a two-step pathway. First, metal hy-
droxide crystals and amorphous niobi-
um oxide are formed. Second, metal
niobate nanocrystals are generated

Keywords: crystal growth - nano-
particles - niobium - sol-gel process-
es - ternary metal oxides

from the intermediates by a dissolu-
tion-recrystallization mechanism. The
reaction mechanisms, that is, the pro-
cesses responsible for the oxygen
supply for oxide formation, were found
to be rather complex and involve niobi-
um-mediated ether elimination as the
main pathway, accompanied by solvoly-
sis of the acetylacetonate ligands and
benzylation reactions.
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Introduction

Metal oxides represent one of the most diverse classes of
materials with important structure-related properties. Many
metal oxides have properties of superconductivity, ferroelec-
tricity, magnetism, catalysis, gas-sensing capability, and so
on.! Some of these properties can be enhanced by decreas-
ing the size of metal oxides to the nanometer scale. Thus,
great effort has been made to synthesize different nano-
structured metal oxides. These efforts mainly focused on the
synthesis and the study of the structure-related properties of
binary metal oxide nanostructures. In comparison with
binary metal oxides, relatively little work has been per-
formed on the fabrication of ternary metal oxide nanocrys-
tals,>! thus hindering further experimental investigations
into the size-dependent properties of these technologically
important materials.

Ternary metal oxides are traditionally synthesized by
high-temperature solid-state ceramic reactions that often re-
quire several days of thermal treatment at temperatures
higher than 1000°C. This is because solid-solid diffusion is
the rate-limiting step in their formation.®” It is therefore
difficult to control the morphology or the kinetics of phase
formation during high-temperature ceramic synthesis. For
instance, for the preparation of MnNb,Og4 ground MnO,
and Nb,Os were heated slowly to 930°C, held at that tem-
perature for 22 h, then reground and fired at 1200°C for
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36 h with one intermediate regrinding. Recently, soft (or so-
lution) chemical routes, including sol-gel, microemulsion,
hydrothermal, and solvothermal methods, have been suc-
cessfully utilized to prepare various nanosized metal oxides
with good control over their morphology, crystal phase, and
size. Unfortunately, the formation of single-phase ternary
metal oxides by soft chemical routes is not as successful as
that of binary oxides because the reactivities of the different
metal oxide precursors are different in solution. One way to
diminish the problem is to switch from aqueous to non-
aqueous reaction media. This approach was successfully ap-
plied to various metal oxide nanoparticles with the spinel
structure.®” Ternary metal oxide nanocrystals, mainly from
the family of ABOs-type perovskites,"'* were also pre-
pared by our group by using benzyl alcohol as well as
ketone-based nonaqueous sol-gel methods. Among the vari-
ous ternary metal oxides, metal niobates are important
owing to their pronounced electrical, optical, ferroelectric,
and catalytic properties. We developed a nonaqueous
method of synthesizing LiNbO; by the reaction between
niobium(V) ethoxide and lithium metal dissolved in benzyl
alcohol at 220°C.'% Recently, we prepared the nanocrystal-
line visible-light photocatalyst InNbO, by a soft-chemistry
route involving the solvothermal reaction of indium acetyl-
acetonate and niobium chloride in benzyl alcohol at 200°C.
We found that the as-synthesized nanopowder exhibited a
much higher photocatalytic activity than that obtained with
traditional high-temperature ceramic methods under visible
light.['%!

We report in this study the synthesis of not only InNbO,,
but also YNbO, and MnNb,O4 nanocrystals by the solvo-
thermal reaction of niobium chlorides and transition-metal
acetylacetonates in benzyl alcohol, thus indicating the gener-
ality of this process for producing nanosized metal niobates.

There is growing evidence, especially from studies in the
field of biomineralization, that points to the existence of
crystallization pathways that go beyond the simple attach-
ment of ions or molecules to a growing nucleus.'” The crys-
tallization of nanomaterials also seems to be more complex
than originally anticipated. The exact growth mechanisms
involved with most of the synthetic methods used for creat-
ing ternary metal oxide nanostructures are often a matter of
speculation.!!! Recently, we reported a surprising and unpre-
cedented crystallization pathway for the formation of
indium tin oxide nanoparticles, which did not crystallize in a
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simple nucleation-and-growth process, but first formed an
intermediary phase consisting of aligned nanocrystallites
embedded in an organic matrix, followed by the transforma-
tion into the bixbyite structure with larger crystallites ac-
companied by the disappearance of both the organic phase
and the superstructure."” For the metal niobates synthesized
in this study, we found another growth mechanism that re-
veals the unusual and unpredictable crystallization behavior
of ternary metal oxides in benzyl alcohol.

Results and Discussion

Powder X-ray diffraction (XRD) patterns of the as-synthe-
sized metal niobate samples are shown in Figure 1. All dif-
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Figure 1. XRD patterns of the as-prepared samples of a)InNbO,,
b) MnNb,Og, and ¢) YNbO,.

fraction peaks in Figure 1a can be assigned to the monoclin-
ic phase of InNbO, (space group P2/c (No. 13), JCPDS file
No. 33-619) without any indication of crystalline by-prod-
ucts. The most intense peaks at 24.0, 29.5, and 35.6° are the
diffractions from the (011), (111) and (111), and (120)
planes of monoclinic InNbO,, respectively. All the peaks in
Figure 1b and c can be well-indexed to the orthorhombic
phase of MnNb,Og (space group Pcan (No. 60), JCPDS file
No. 33-899) and the monoclinic phase of YNbO, (space
group I2 (No.5), JCPDS file No. 23-1486), respectively. In
Figure 1b, the most prominent peaks at 24.1, 29.8, and 37.2°
are the diffractions from the (130) and (111), (131), and
(002) planes of orthorhombic MnNb,Og, respectively, where-
as in Figure 1c, the peaks at 29.5, 34.0, and 48.6° are as-
signed to the (121) and (121), (200), and (240) and (042)
planes of monoclinic YNbO,, respectively. The XRD results
prove that single-phase metal niobates can be obtained by
the solvothermal reaction of niobium chloride with the cor-
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responding transition-metal acetylacetonates in benzyl alco-
hol.

Representative transmission electron microscopy (TEM)
images of the sample of indium niobate are shown in
Figure 2. Because of the lack of any stabilizing surfactants,

Figure 2. a) TEM and b) HRTEM images of the as-prepared sample of
InNbO,. The resolved crystal planes are marked.

the indium niobate particles are slightly agglomerated (Fig-
ure 2a). However, it is easy to estimate the diameters of the
particles, which are in the range 10-30 nm. The high crystal-
linity as well as the single-crystalline nature of the particles
is further confirmed by high-resolution TEM (HRTEM)
analysis (Figure 2b). Due to the overlapping of several
InNbO, nanoparticles in Figure 2b, the unambiguous deter-
mination of the orientation of the zone axis of any of the
crystallites was not possible. Therefore, only the resolved
lattice fringes, (011) and (211), of InNbO, are denoted.
Figure 3 shows typical TEM images of the as-prepared
MnNb,O¢ sample. The MnNb,O; particles are uniform in

Figure 3. a) TEM and b) HRTEM images of the as-prepared sample of
MnNDb,Oq. Inset: Corresponding power spectrum with lattice indices.

size with diameters of a few nanometers, which are signifi-
cantly smaller than those of InNbO,. As with InNbO,, the
MnNb,O; particles are also slightly agglomerated (Fig-
ure 3a). Figure 3b shows one isolated MnNb,Og nanoparti-
cle of about 10 nm in diameter. The corresponding power
spectrum (fast Fourier transform; Figure 3 b, inset) points to
the single-crystalline nature of the MnNb,O4 nanoparticle.
Analysis of the distances and angles of the array of discrete
spots in the power spectrum reveals that the displayed
MnNb,Oj crystallite is in the [310] zone-axis orientation.
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TEM images of the as-prepared YNbO, sample are
shown in Figure 4. The YNbO, particles are more agglomer-
ated than those of InNbO, and MnNb,O,. The diameters
are in the range 10-20 nm (Figure 4a). The HRTEM image
in Figure 4b also confirms that the YNbO, particles are
single-crystalline. The well-resolved (002) lattice planes with
a d spacing of 2.526 A are indicated.

Figure 4. a) TEM and b) HRTEM images of the as-prepared sample of
YNbO,.

To understand the growth mechanism of InNbO, nanopar-
ticles in benzyl alcohol, we studied the intermediates after
reaction times of 3 and 6 h. XRD analysis reveals that crys-
talline InNbO, was already formed after 3 h (Figure 5a). Be-
sides InNbO,, another set of peaks can be indexed to
In(OH); (JCPDS file No. 16-0161). Upon extension of the
reaction time to 6 h, the intensity of the peaks correspond-
ing to the InNbO, particles increased. As the initial In/Nb
molar ratio is one, and given that In(OH); was detected by
XRD, an additional niobium-containing compound should
also be present in the sample. However, the XRD pattern
does not display any reflections of such a compound, which
means that the niobium species is amorphous. This is con-
firmed by TEM and energy-dispersive X-ray (EDX) analy-
sis. Figure 5b shows a TEM image of the sample obtained
after 3 h. The EDX spectrum (Figure 5c) reveals that the
particles on the left of Figure 5b contain niobium and
oxygen, and the HRTEM image (Figure 5d) of these parti-
cles shows that they are completely amorphous. On the con-
trary, the particles on the right of Figure 5b are well-crystal-
line InNbO,, as confirmed by the EDX spectrum (Fig-
ure Se), which proves the presence of niobium and indium,
and by the HRTEM image in Figure 5 f. The (011) and (111)
lattice planes of InNbO,, which belong to different grains
with a random orientation with respect to each other, are in-
dicated in Figure 5f.

On the basis of these results, we propose the following
growth mechanism of InNbO, nanoparticles (Scheme 1).
First, indium acetylacetonate and niobium chloride react
with benzyl alcohol to produce crystalline In(OH); and
amorphous niobium oxide. InNbO, nanoparticles are then
generated by the reaction between these species formed
in situ. The second process is presumably quite similar to
the hydrothermal or sonochemical formation of SrTiO; (or
BaTiO;) from Sr(OH), (or Ba(OH),) and amorphous TiO,
by a dissolution—crystallization mechanism."®?) Amorphous

Chem. Asian J. 2008, 3, 746 -752
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Figure 5. a) XRD patterns of the intermediate samples obtained after 3 h (bottom) and 6 h (top). *=InNbO,, #=1In(OH);. b) TEM image of the sample
obtained after 3 h. ¢) EDX spectrum of the particles on the left in Figure 5b, proving the exclusive presence of Nb and O. d) HRTEM image of the amor-
phous niobium oxide particles. ¢) EDX spectrum of the particles on the right in Figure 5b, proving the presence of In, Nb, and O. f) HRTEM image of
the particles in e) with lattice planes corresponding to InNbO,.

niobium oxide particles dissolve in benzyl alcohol to form at the surface to produce InNbO, nuclei. Further growth is
niobium hydroxy species, which instantly react with In(OH); then promoted by the higher thermodynamic stability of the
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Scheme 1. Formation process of InNbO, nanocrystals by solvothermal re-
action of niobium chloride and indium acetylacetonate (In(acac);) in
benzyl alcohol.

mixed species. Interestingly, we found that the direct solvo-
thermal reaction of In(OH); and amorphous niobium oxide
at 200°C did not yield InNbO,. Clearly, some other species
produced in situ during the reaction or a different composi-
tion of the amorphous intermediate promoted the solubility
of the reactants in benzyl alcohol and subsequently support-
ed the formation of the InNbO, nanocrystals from In(OH);
and amorphous niobium oxide.

We found that the final reaction solution of these metal
niobates consists of two liquid phases, a clear, colorless
aqueous phase and a yellow, more viscous organic phase.
Both phases were subjected to detailed NMR spectroscopic
and GC-MS analyses (see Supporting Information) to iden-
tify the individual components and to elucidate the mecha-
nism of the chemical reaction by retroanalysis. The aqueous
phase, which is only about one tenth of the total liquid
volume, was indeed found to contain water as the main
component, as well as some benzyl alcohol, benzyl acetate,
and acetone. The organic phase, on the other hand, was
found to be very complex and quite similar for all three sys-
tems InNbO,, MnNb,O4 and YNbO,. Interestingly, the
major component was not the expected benzyl alcohol but
dibenzyl ether, which is rather unusual for this type of non-
aqueous sol-gel synthesis. Clearly, one of the intermediates
is acting as a dehydration/etherification catalyst. Further-
more, the mixture also contained substantial amounts of
benzyl alcohol, benzyl acetate, and 2-benzylbenzyl alcohol,
as well as minor quantities of 3-benzylbenzyl alcohol, ace-
tone, benzaldehyde, diphenylmethane, 4-benzyltoluene, 4-
phenyl-3-buten-2-one, and traces of several other polyaro-
matic compounds, including 1,4-bisbenzylphenol, stilbene,
3,3'-dimethylbiphenyl, and 1,2,3,4-tetraphenylbutane.

We recently studied the reaction of several metal acetyl-
acetonates, including In(acac)s;, in benzylamine, which led to
the formation of In,0; nanocrystals under conditions similar
to those used herein.™ The oxide formation commenced
with a solvolysis of the acetylacetonate ligands to result in
N-benzylacetamide and enolate ligands, which underwent
ketimine-type condensation reactions in the second step to
form imines and metal-coordinated hydroxy groups that in-
duced the oxide formation. We also investigated the reac-
tion of Fe(acac); in benzyl alcohol, and it was found to in-
volve a similar reaction sequence. First, benzyl alcohol indu-
ces solvolysis of the acetylacetonate to benzyl acetate and
acetone (which remains bound to the metal center as an
enolate ligand). Then, an addition reaction of the enolate
ligand and benzyl alcohol, catalyzed by the metal center,
takes place, which results in metal-coordinated hydroxy

750 www.chemasianj.org
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groups that induce further condensation to the oxide, as
well as 4-phenyl-2-butanone as a side product.?¥

In the systems investigated herein, the acetylacetonate li-
gands also undergo a metal-promoted, effective alcoholysis,
as shown by the formation of acetone and benzyl acetate as
well as the absence of any acetylacetone signals in the NMR
spectra (Scheme 2a). Interestingly, further condensation of

(a) In
o In

o
| ~o
5 -CH3;COOCH,Ph

O
Ph-CHp-OH O/\
ﬁ

+ In—OH

Scheme 2. Main reaction pathway for the formation of the hydroxy spe-
cies upon reaction of In(acac); with benzyl alcohol. a) Solvolysis of
acetylacetonate species. b) Ligand-exchange reaction. c) Mechanism of
ether condensation.

the enolate species only occurred to a small extent, as the
only potential condensation product found in the reaction
mixture was 4-phenyl-3-buten-2-one (molar ratio to acetone
~1:4). However, the main reaction enabling oxide forma-
tion proceeded by a ligand-exchange reaction to release ace-
tone through coordination of benzyl alcohol to the Nb metal
center (Scheme 2b) followed by ether elimination
(Scheme 2c¢). The catalyzed ether-formation reaction pro-
ceeded to a very large extent, thus resulting not only in hy-
droxy species that induced the formation of In(OH);, but
also in free water that separated from the organic medium.

Notably, this ether formation took place only in the pres-
ence of NbCls in the system, as no ethers were formed upon
the reaction of acetylacetonates with benzyl alcohol. Inter-
estingly, no benzyl chloride or other alkyl halides formed
during the reaction, thus indicating the strong preference of
ether formation over alkyl halide elimination. These obser-
vations were previously reported by Li and co-workers®!
and also in the synthesis of TiO, in benzyl alcohol with vari-
ous organic ligands.” Therefore, the only remaining ques-
tion is the fate of the chloride ligands of NbCls. As the Nb
center evidently acts as catalyst for ether formation, the
water produced would hydrolyze the chloride to form
metal-bound hydroxy groups. We propose that the chloride
then forms hydrochloric acid (a weaker acid than NbCls), a

Chem. Asian J. 2008, 3, 746 -752
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hypothesis supported by the high acidity (pH 1) of the aque-
ous phase. The presence of chloride ions in the aqueous
phase was proven by the silver nitrate test. The large
number of additionally formed bi- and multiaromatic com-
pounds is attributed to the presence of Nb metal centers in
the system, which are known to function as good catalysts
for benzylation reactions.’ In fact, we have already ob-
served such benzylation reactions during the synthesis of
NaNbO; nanocrystals from niobium(V) ethoxide in benzyl
alcohol.¥ Still, it is notable that these benzylations also pro-
ceed in the presence of a second, aqueous phase in the
system.

In summary, three processes were identified to occur
almost simultaneously during particle formation. Whereas
the Nb-mediated condensation of benzyl alcohol to benzyl
ether supplies water for the formation of hydroxide species,
amorphous intermediates, and finally particle formation, the
acetylacetonate ligands undergo solvolysis. Owing to the
high-temperature conditions in the system, additionally oc-
curring benzylation reactions lead to the formation of multi-
aromatic compounds as side products. Notably, in the
YNDbO, sample, the formal water required for oxide forma-
tion is in principle already present in the used precursor.
Thus, no further elimination of water is required, but the
ether-condensation reaction still proceeds almost to comple-
tion. For the MnNb,Oj5 sample, significantly larger amounts
of benzaldehyde were found in the final mixture, which ex-
plains the formation of Mn" from the manganese(IIl) pre-
cursor. Benzyl chloride was also detected in this sample (see
Supporting Information).

Conclusions

We have demonstrated a general approach to the synthesis
of transition-metal niobate nanocrystals, such as InNbO,,
MnNb,Og, and YNbO,, by using the one-pot solvothermal
reaction of niobium chloride with transition-metal acetyl-
acetonates in benzyl alcohol. The mechanism of formation
of these transition-metal niobates is interesting with respect
to the crystallization pathway as well as from an organic-
chemical point of view. On the one hand, particle formation
involves a dissolution-recrystallization process of the crys-
talline metal hydroxide and amorphous niobium oxide
formed in situ as intermediates; on the other, the chemical
mechanisms responsible for the oxygen supply are based on
three almost-simultaneously occurring processes: 1) benzyl
ether elimination as the main pathway mediated by the
niobium species, which provides water that is formally re-
quired for oxide formation; 2) solvolysis of the acetylaceto-
nate ligand to acetone and benzyl acetate; and 3) benzyla-
tion. Instead of alkyl halide elimination, the chlorides turn
into HCI, which dissolves in the aqueous phase.

The soft-chemistry synthesis of the metal niobate nano-
particles represents, in our opinion, a relevant step forward
in the controlled preparation of complex nanomaterials that
are of high scientific and technological relevance.

Chem. Asian J. 2008, 3, 746752
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Experimental Section
Materials

Manganese acetylacetonate (STREM, 97+ %), yttrium acetylacetonate
hydrate (Aldrich, 99.99 %), indium acetylacetonate (Aldrich, 99.99 %),
niobium chloride (Aldrich, 99.9+ %), and anhydrous benzyl alcohol (Al-
drich, 99.84 %) were used as precursor materials. Solvothermal treat-
ment was performed in Parr acid digestion bombs with teflon cups
(45 mL). As a first step, niobium chloride was ground into a fine powder
and stored in a vessel with a punched cap until its color changed com-
pletely from yellow to white.

Synthesis

Typically, indium acetylacetonate (1 mmol) or manganese acetylacetonate
(0.5 mmol) and niobium chloride (1 mmol) were added to anhydrous
benzyl alcohol (20 mL) in a teflon cup. The mixture was then placed in a
steel autoclave and heated in a furnace at 200°C for 1-4 days. Upon cool-
ing to room temperature, the resulting precipitate was collected by cen-
trifugation, washed thoroughly with acetone and ethanol, and dried at
60°C in air.

Characterization

XRD patterns of all samples were gathered in reflection mode (Cug, ra-
diation) on a Bruker D8 diffractometer equipped with a scintillation
counter. TEM was performed on a Zeiss EM 912Q instrument at an ac-
celeration voltage of 120 kV. HRTEM and EDX were performed with a
Philips CM200-FEG microscope (200 kV, C,=1.35mm). Nitrogen-ad-
sorption and -desorption isotherms were obtained at 77 K with a Micro-
metritics ASAP2010 system after the samples were vacuum-dried at
160°C overnight. The reaction mechanisms were investigated by retro-
analysis by using reaction solutions obtained after the removal of particu-
late products by centrifugation and filtration. The initial concentration of
the precursor species was increased by decreasing the amount of benzyl
alcohol to 5 mL to obtain well-detectable amounts of organic by-prod-
ucts. GC-MS analysis was carried out on a GC 6890 N device (Agilent
Technologies). The liquids were directly injected into the GC device. 'H-
decoupled *C NMR spectroscopy was performed on a Bruker DPX 400
spectrometer at 100 MHz on samples diluted with CDCI; at a sample
spinning rate of 20 Hz and with the ZG30 pulse program.
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