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ABSTRACT: Nanocrystalline barium titanate (8—10 nm crystallite size) was
prepared at temperatures of 23—78 °C through reaction of a modified titanium
alkoxide precursor in benzyl alcohol with barium hydroxide octahydrate. The
room temperature formation of a perovskite phase from solution is associated
with the use of benzyl alcohol as solvent medium. The formation mechanism was
elucidated by studying the stability and interaction of each precursor with the
solvent and with each other using various experimental characterization
techniques. Density functional theory (DFT) computational models which
agreed well with our experimental data could explain the formation of the solid
phase. The stability of the Ti precursor was enhanced by steric hindrance exerted
by phenylmethoxy ligands that originated from the benzyl alcohol solvent.
Electron microscopy and X-ray diffraction indicated that the crystallite sizes were
independent of the reaction temperature. Crystal growth was inhibited by the
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stabilizing phenylmethoxy groups present on the surface of the crystallites.

1. INTRODUCTION

Barium titanate (BTO) is used as a high-k dielectric material in
multilayer ceramic capacitors (MLCC). The industrial trend
toward miniaturization leads to ever smaller feature sizes.
Commercially used tape casting methods have reached their
ultimate limits in terms of downscaling layer thicknesses, so
that finer starting powders and compatible off-contact
deposition techniques are necessary to enable further
miniaturization.

In the last decades, many wet-chemical synthesis routes have
been developed to form homogeneous, nanometer-sized BTO
particles of high purity.' > Among these methods, sol—gel
processing received much attention because of its simplicity,
low cost, and control over the composition on a molecular
level. However, a disadvantage is that often high postprocessing
temperatures are needed to crystallize the amorphous body into
the desired BTO perovskite phase, causing phase inhomoge-
neity and rapid crystallite growth. The alkoxide—hydroxide
precipitation method,*” however, is known to form crystalline
BTO at temperatures <100 °C, making additional heat
treatment unnecessary.4_8

Transition metal alkoxides such as Zr and Ti alkoxides are
highly reactive toward nucleophilic reagents such as H,0.”
Their reactivity can be influenced by one or more factors: (1)
steric hindrance by the ligand; (2) the ability to increase the
oxidation state of the complex; and (3) the effective charge on
the metal. Livage et al. showed the impact of the latter two
parameters on gel formation for a range of transition metal
alkoxides."”"! Gel formation occurs most rapidly for alkoxides
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with the highest polarizability and the highest tendency to
expand their coordination number, i.e. Zr > Ti > Si. Due to
their high reactivity, metal alkoxides are often chemically
modified by ligand exchange to lower their reactivity and allow
easier handling.”">™'* 1t is therefore important to know the
effect of chemical modification on the stability of the alkoxide
and its susceptibility toward hydrolysis.

Most of these synthesis routes use titanium(IV) isopropoxide
in combination with barium hydroxide octahydrate under
strongly basic conditions. Unlike for Si alkoxides, the hydrolysis
and condensation reactions for transition metal alkoxides (M =
Ti or Zr) constitute of a single step reaction in which well-
defined poly oxocomplexes are near-instantly formed.”>~'® The
amount of water present in the system and the speed of
addition are crucial to control the process. An excess of water
causes too rag)id hydrolysis and may lead to formation of
[Ti(OH),]* "+ species19 or direct precipitation of amorphous
TiOZ,9 crystallite growth,s’20 and agglomeration.7 In order to
achieve full control over the hydrolysis—condensation reaction,
a good understanding of the underlying chemistry is needed.”

In this report we describe the formation of nanocrystalline
BTO powder (8—10 nm diameter) at temperatures between 23
and 78 °C. As reported earlier by Stawski et al.,, a modified Ti
alkoxide precursor in benzyl alcohol in the presence of barium
hydroxide octahydrate was used in the synthesis.**' Nieder-
berger et al. also showed the importance and active role of
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benzyl alcohol in the nonaqueous synthesis of BTO.> However,
the two reactions proceed via fundamentally different pathways,
i.e. hydrolytic in our case versus nonhydrolytic in the case of
Niederberger et al. In our hydrolytic sol—gel synthesis, the
reactivity of the [Ti(OR),] precursor is reduced by the benzyl
alcohol solvent via ligand exchange, without impeding the
hydrolysis—condensation reactions at these low temperatures.
Essentially, the alkoxide precursor is hydrolyzed by hydrated
water that is released from barium hydroxide octahydrate upon
mild heating.

To elucidate the formation mechanism, we studied the
stability and interaction of both precursors with the solvent and
with each other using simplified density functional theory
(DFT) calculations, and compared the results with our
experimental data.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Titanium(IV) isopropoxide
(Ti[(i-OC3H,)],), 99.999%), barium hydroxide octahydrate (Ba-
(OH),-8H,0, 98.0%), and 2-propanol (99.5%) were purchased from
Sigma-Aldrich. Benzyl alcohol (99.0%) was acquired from Acros. All
chemicals were used as-received from the suppliers without any further
purification. Both titanium(IV) isopropoxide and benzyl alcohol were
stored and handled in a water-free environment (<0.1 ppm of H,0).

2.2. Formation of Crystalline BTO. A stoichiometric amount of
barium hydroxide octahydrate was added to a 0.2 mol/dm? solution of
titanium(IV) isopropoxide in benzyl alcohol. While stirring, the
reaction mixture was heated to 35, 45, 60, or 75 °C, whereas one
mixture was held at 23 °C (the constant temperature of the lab). After
reaction, the as-synthesized powder was centrifuged using a Heraeus
Labofuge 300 centrifuge at 8000 rpm for 30 min. The supernatant
benzyl alcohol phase was removed by decantation and replaced with
15 mL of 2-propanol. Subsequently, the as-prepared powder was
redispersed in 2-propanol and the centrifuging/redispersion steps were
repeated. Finally, the dispersion of as-synthesized BTO powder in 2-
propanol was poured into a Petri dish and dried at room temperature
for 24 h under a constant flow of N, to prevent BaCO; formation.

2.3. Sample Characterization. 2.3.1. X-ray Diffraction (XRD).
Samples synthesized between 23 and 78 °C were characterized with X-
ray powder diffraction to confirm the formation of the crystalline
BaTiO; perovskite phase using a Bruker D2 Phaser (Bruker AXS,
Delft, The Netherlands) with a LYNXEYE detector. Samples were
measured typically from 26 = 25—90°, with step sizes of 0.02° and 1 s
per step. Time-resolved X-ray diffraction was performed to determine
the first formation of crystalline phase at temperature between 45 and
150 °C. At intervals of 2—15 min samples were taken from the
reaction vessel, and measured using an X'Pert Powder Pro
(PANalytical, Almelo, The Netherlands) with a 1D PIXcel detector.
Scans from 260 = 27—35° of the (110) peak were measured with step
sizes of 0.026° and 600 s per step. The patterns were further analyzed
using the X'Pert Highscore Plus software package (version 3.0e).

2.3.2. Thermogravimetric Analysis and Differential Scanning
Calorimetry (TGA/DSC). Weight loss due to dehydration of barium
hydroxide octahydrate was measured isothermally using Netzsch STA
449 F3 simultaneous TGA/DSC (Netzsch, Selb, Germany) at 25, 35,
45, 50, 60, and 70 °C. Samples were placed in Pt cups and heated at a
constant heating rate of 5 °C/min in technical air (N,/0, = 80/20;
flow rate 60 mL/min) to the desired temperature, and held at that
temperature for 2—24 h until 7 mol of hydrated water had been
released and barium hydroxide monohydrate had formed. All samples
were measured at least 3 times in order to determine the experimental
error. The weight percentage of benzyl alcohol associated with the
presence of a covalently bonded capping layer on the surface of the
BTO particles was determined for as-prepared samples, synthesized at
78 °C, and for samples heat-treated at 250 °C for 24 h (bp. benzyl
alcohol 205 °C). Samples were placed in Pt cups and heated to 900
°C, using the above-mentioned conditions.

2.3.3. Electron Microscopy Analysis. Samples were investigated by
transmission electron microscopy (TEM, 400 keV, FEI Instruments,
Eindhoven, The Netherlands) and further analyzed using the Image]
processing software package (version 1.47q).** Crystallite size
distributions of selected samples were based on images containing at
least 200 different crystallites and recorded at lower magnification.

2.3.4. Small-Angle X-ray Scattering (SAXS). SAXS experiments
were performed on the Dutch-Belgium beamline (BM-26B) of the
ESREF in Grenoble, France.”® The samples were irradiated with a X-ray
beam energy of 16 keV (4 = 0.0776 nm) and measured using a 2D gas-
filled proportional detector (512 X S512 pixels). The recorded
scattering vector magnitude was 0.13 < g < 8.2 nm™. 1D scattering
curves obtained from 2D patterns are plotted as a function of the
absolute g-scale with respect to the center of diffraction (ie., with
respect to the beam-stop). The vertical and horizontal g-scale values of
the 2D scattering patterns are relative values with respect to the (x,y) =
(0,0) pixel of the detector. Small quantities of the individual and mixed
precursors were measured in sealed glass capillaries (¢ = 1.5 mm; glass
no. 50; Hilgenberg, Malsfeld, Germany) at different temperatures
between 45 and 90 °C.

2.4. Computational Modeling. 2.4.1. Consecutive Ligand
Exchange Titanium(lV) iso-propoxide and Benzyl Alcohol. The
model phenylmethoxy ligand (—OCH,Ph) of the benzyl alcohol was
created in Spartan’l0, and subsequently the equilibrium geometry at
ground state was found by energy minimization using a Hartree—Fock
6-31G* basis set. The ligand was taken to be a singly charged anion in
singlet state. Subsequently, the ligand was placed at 4 nm from the Ti
core of [Ti(O'Pr),]. In SO steps, the ligand was moved to the vicinity
of the Ti atom (to 1.9 nm distance), and concurrently, the
isopropoxide ligand was removed. For every step, the minimum
conformation energy was calculated using the energy profile in the
ground state, with the semiempirical AM1 method. In the simulation,
the oxygen of the phenylmethoxy group binds with the Ti atom of the
alkoxide. All simulations were performed in a polarizable benzyl
alcohol continuum using the SM8 solvation calculation.”* Coordina-
tion expansion of the monomeric [Ti(O'Pr),] species was not taken
into account during the simulations, since the electronegative phenyl
groups of the benzyl alcohol solvent are thought to effectively shield
the Ti-core (see Section 3.2.1).

2.4.2. Electronegativity Changes of the Central Ti-atom. The
minimum energy states of all possible ligand exchange complexes (i.e.,
[Ti(OPr),], [Ti(OPr);(OCH,Ph)], [Ti(OPr),(OCH,Ph),], [Ti-
(O'Pr)(OCH,Ph),], and [Ti(OCH,Ph),]) in benzyl alcohol were
calculated with a Hartree—Fock 6-31G* basis set and the SMS8
solvation calculation.”* The complexes were taken to be charge neutral
and in singlet state. A minimum bond length between the
phenylmethoxy ligand and the Ti core of 1.95 nm was found.

3. RESULTS AND DISCUSSION
3.1. Dehydration of Barium Hydroxide Octahydrate.

The amount of water present in the system during the
alkoxide—hydroxide precipitation reaction influences the rate of
hydrolysis, and consequently the size and morphology of the
powders.>*° To control the reaction, the release of water from
the Ba precursor was monitored using isothermal thermogravi-
metric measurements. The weight loss of samples was recorded
at constant temperatures below the melting point of Ba(OH),-
8H,0, ie. 78 °C. Figure la shows a typical dehydration curve
obtained from a measurement performed at 25 °C. From the
start of the measurement, linear weight loss with time was
observed until an equivalent mass of 7 mol H,O water had been
released. The time necessary for complete dehydration varied
between approximately 1 and 19 h, at isothermal temperatures
of 70 and 25 °C, respectively. The phase of the final powder
was identified as Ba(OH),-H,O using XRD (data not shown),
which agreed well with the observed weight loss. The Ba(OH),-
8H,0 phase showed no signs of melting at any temperature.
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Figure 1. (a) Isothermal dehydration of barium hydroxide octahydrate
precursor at 25 °C as measured with TGA/DSC. After dehydration, 7
mol of H,0O were lost and barium hydroxide monohydrate was
obtained. The reaction constant k; was determined by the slope of
weight loss versus time. (b) Arrhenius representation of reaction
constant k; determined from isothermal measurements at 25, 35, 45,
50, 60, and 70 °C.

The dehydration was governed by evaporation of water and was
modeled by a zero-th order reaction, as shown in eq 1 to eq 3,
where k, is the rate constant and t is time.

Ba(OH),-8H,0 3 Ba(OH),-H,0 + 7H,0 (1)
0[Ba(OH),-8H,0]
= — kl
ot (2)
[Ba(OH),-8H,0] _ s
[Ba(OH),-H,0], ! 3)

Figure 1b shows the exponential behavior of the rate constants
obtained from the isothermal TGA measurements. The
activation energy for the dehydration of barium hydroxide
octahydrate to its monohydrate phase is E, ~54.7 kJ/mol and
was calculated from the slope. Zero-th order dehydration
kinetics has also been observed for dehydration of other
hydrated materials.**™>® The thermogravimetric experiments
show that sufficient water can be released at 25 °C to initiate
the hydrolysis reaction of the titanium alkoxide precursor.

3.2. Stability of Titanium(IV) Isopropoxide in Benzyl
Alcohol. 3.2.1. Ligand Exchange. The hydrolytic stability of
the highly reactive Ti alkoxide was enhanced by ligand
exchange of the phenylmethoxy ligands from the parent
solvent, that the precursor solution could be handled under
ambient conditions.® Similar to hydrolysis—condensation
reactions, the consecutive ligand exchanges are thought to
follow a series of Sy2 reaction steps,”'® resulting in the overall
reaction:

[Ti(OPr),] + nROH=2>[Ti(O'Pr),_,(OR),] + nPrOH

(4)
'"H NMR measurements (Bruker AV 600 MHz, Wormer, The
Netherlands) were performed on solutions of [Ti(O'Pr),] in
benzyl alcohol to characterize the ligand exchange process. The
ligand exchange can be followed by the change in chemical shift
of the characteristic septet (—CH) of the isopropoxide ligand
(bound to Ti) and isopropanol (exchanged ligand) from
approximately oy = 4.4 ppm to dy = 3.9 ppm, respectively

(Figure 2). At room temperature both septets were present,
indicating partial ligand exchange and formation of [Ti(O'Pr)-
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Figure 2. 'H NMR spectra of (a) partially stabilized [Ti(O'Pr),]
precursor in benzyl alcohol at RT; ie. [Ti(OPr)(OCH,Ph),]; (b)
[Ti(O'Pr),] stabilized by complete ligand exchange of the phenyl-
methoxy ligands; (c) fully stabilized [Ti(O'Pr),] precursor with acetate
ligands at RT. The measurement resolution is too low to observe an
OH-signal of free isopropanol in (a) and (b).

(OCH,Ph);], which is in accordance with the findings of
Stawski et al.® After heating the mixture to 100 °C, only the
septet of isopropanol at dy = 3.9 ppm was present, showing
that full ligand exchange had taken place. These results were
compared with the analogous ligand exchange process using
acetate ligands. Acetate ligands are frequently used as bidentate
ligands to stabilize metal alkoxide precursors.'”'>"® Figure 2c
shows that at RT all ligands are already exchanged. The
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bidentate binding of the acetate to the Ti atom and reduced
steric hindrance make it energetically favorable to exchange all
ligands. Doeuff et al. showed with FTIR that acetic acid acts as
a chelating and bridging hgand Due to this unidentate
binding behavior of acetic acid, polymeric titanium acetate
species were formed, without any —OR groups attached to Ti.
Our 'H NMR data agree well with the above-mentioned
findings, showing that all —OR groups are present as
isopropanol.

To obtain insight into the ligand exchange process at RT, the
exchange reactions summarized by eq 4 were simulated by
DFT. The transition state energy, the Gibbs free energy of the
product relative to the starting composition, the partial charge
on the Ti atom, and the chemical structure at equilibrium were
calculated in a polarizable benzyl alcohol solvent matrix; see
Figure 3 and Table 1 (and Supporting Information; Figure S1

Ligand Exchange: '\
et A
-100 4 ——2nd 7
3rd / \
—— 4
| th s \
T AR\
E ,'/ «'.“\ \
2 -150 7 A A
ey '/ /-/ - \
) ,««“ AT
= v ."
:‘i) ""‘"mr':;'.... ‘;“ \\\ w7 |E,
\\
200 \Mr [ac
L R
T bl T . T b T . T
4.0 35 3.0 2.5 2.0 1.5

Molecule Distance [nm]

Figure 3. Calculated energy profiles of the four consecutive
phenylmethoxy ligand exchanges, and the distance between the
approaching benzyl alcohol molecule and the Ti core. For every
exchange, the activation energy increases, whereas the Gibbs free
energy decreases to almost zero.

Table 1. Energy Data Obtained from the Computational
Ligand Exchange Simulations®

Phenylmethoxy ligand Acetate ligand

# Ligand E, AG E, AG
Exchange [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]
First 21.6 =574 26.0 —52.1
Second 39.9 —26.4 338 —48.8
Third 64.6 —-14.9 36.7 —44.7
Fourth 100.0 -19 39.1 —41.5

“The activation energy (E,) and Gibbs free energy (AG) are
calculated for both phenylmethoxy and acetate ligand exchange
reactions.

and S2). A clear trend was observed in the ligand exchange
processes. For every consecutive exchange, the transition state
energy increased (ie., increased activation energy), probably
due to steric hindrance by the negatively charged phenyl groups
of the phenylmethoxy ligands. As a result, the free energy
change of the system upon exchange of the fourth ligand is not
favorable (AG ~ 0), and this agrees well with the NMR data,
which indicate that only 3 ligands are exchanged at RT.
These results were compared to the same process involving
acetate ligands. Although the simulations of the acetate ligand
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exchange also showed a small increase in activation energy
(Table 1), ligand exchange remained favorable at RT for all
four exchange reactions (AG < 0). This can be explained by the
smaller steric hindrance of acetate ligands in comparison to
phenylmethoxy ligands, and the results are in good agreement
with the data from the '"H NMR measurements.

3.2.2. Partial Charge. The above-mentioned results suggest
that the Ti precursor is stabilized against hydrolysis by steric
hindrance and the electronegativity of the phenyl groups.
However, ligand exchange may also influence the partial charge
of the Ti atom and, thus, the intrinsic reactivity of the complex.
Several models to calculate the partial charge of a central atom
in a complex have been proposed. The simplest model takes
only the electronegativity of the direct neighboring atoms into
account. The partial charge is then calculated by

L1+
(DY (s)

Here, Or; is the partial charge on the central Ti atom, Vi, the
number of valence electrons of Ti, and L, the number of lone
pair electrons involved. y1; and y, are the electronegativities of
the Ti and O atoms, respectively, and By is the number of
electrons involved in the bond.

Although the model takes the electronegativity of the direct
neighboring oxygen atoms into account, inductive effects of the
complete ligand are neglected, as shown in Figure 4a. Livage et

Op = Vg —

+;(O

Vibrational/Rotational
Freedom

(©) -

Lone Pair
Interaction

N

CH,

Figure 4. Schematic representation of the partial charge calculation on
the central Ti atom of the [Ti(O'Pr),] precursor. (a) The
electronegativities of only the surrounding oxygen atoms are taken
into account; (b) inductive effects of the surrounding ligands are
included, as described by Livage et al;'*"' (c) proposed model in
which inductive effects as well as rotational/vibrational effects of the
surrounding ligands are included.

al. introduced a more complex model in which the inductive
effects of all ligands are taken into account; see Figure 4b.'>"!
The partial charge on the Ti atom is calculated using the
average electronegativity of every ligand:

_ X _)(l(")i

o N (6)

where ¥ and 7, are the mean electronegativity of the ligand and
the neutral Ti atom, respectively, and k is Pauling’s electro-
negativity constant (set at k = 1.36).'" Although the second
model includes the effect of the complete ligand, the
conformation in which these ligands are attached cannot be
predicted. Our computational model for ligand exchange was
able to include that effect too, and the rotational and vibrational
effects of the phenylmethoxy ligand on the positive partial
charge could be calculated (Figure 4c). The results of the
different models are summarized in Table 2. For the sake of

o
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Table 2. Overview of the Effect of Consecutive Ligand Exchange on the Partial Charge of the Ti Atom”

Electronegativity Livage Simulation
-OCH,Ph -O(CO)CH;4 -OCH,Ph -O(CO)CH; -OCH,Ph -O(CO)CH;
[Ti(O'Pr),] 1.81 1.81 0.61 0.61 2.02 2.02
[Ti(OPr);(OR)] 1.81 1.81 0.62 0.65 2.02 1.37
[Ti(OPr),(OR),] 1.81 1.81 0.63 0.66 2.03 1.29
[Ti(O'Pr)(OR);] 1.81 1.81 0.64 0.67 2.04 125
[Ti(OR),] 1.81 1.81 0.64 0.69 2.05 1.19

“The results are based on eq S, eq 6, and our simulations, respectively. Note: the absolute values should not be compared between models; only the

trend within a model should be compared.

comparison, the effect of the acetate ligand on the partial charge
is also shown. Since the numerical value of the partial charge is
calculated differently by each model, only trends within the
same model should be compared. Furthermore, the simulations
assume the [Ti(OPr),] precursor to remain monomeric prior
to and after ligand exchange,lo’29 in accordance with literature
data that suggest that the [Ti(O™Pr),] precursor does not form
dimeric or oligomeric species, nor does it expand its
coordination number, in contrast to [Ti(OEt),] and [Ti-
(O"Bu),].10%

As expected, the model described by eq S did not predict
changes in the partial charge as a result of ligand exchange. The
other two models predicted only a slight increase of the partial
charge on the Ti atom, implying that the phenylmethoxy
ligands do not contrlbute significantly to an increased stability
toward hydrolysis.'® On the other hand, a clear decrease in
partial charge was observed for the acetate ligand, indicating
that bidentate binding of the acetate effectively reduces the
overall reactivity of the metal alkoxide/acetate. The stability of
both the phenylmethoxy and acetate stabilized precursors was
further investigated by adding a small amount of water at RT.
Whereas the latter solution was stable for days, the phenyl-
methoxy stabilized solution turned opaque within minutes.
These results thus indicate that the Ti precursor is not
stabilized by a partial charge decrease of the central Ti atom but
rather by the shielding of the phenylmethoxy ligands (i.e., steric
hindrance). Figure S illustrates the effective encapsulation of

Figure 5. (a) 3D view and (b) electrostatic potential map of the
optimized [Ti(OCH,Ph),] structure, i.e. after complete ligand
exchange.

the Ti center by ligands for the state with the lowest
conformational energy. Concurrently, the low miscibility of
water with benzyl alcohol may also have contributed to the
lower reactivity of the Ti precursor.

3.3. Interaction between the Ti and Ba Precursors.
Small-angle X-ray scattering (SAXS) and diffraction experi-
ments were performed to study the structural evolution of BTO
from the observed interactions between the Ti alkoxide and the
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Ba precursor in benzyl alcohol. Essentially, SAXS probes local
electron density fluctuations of a sample by X-ray scattering at
very small angles, which makes it possible to extract structural
information on length scales up to 500 nm (typically <200
30,31 . Lo .
m).””>" The scattered intensity is measured as a function of
the modulus of the scattering vector g (nm™"):

4n .
q P sin 6 @)
where 1 is the wavelength (nm) of the incident beam, and the
scattering angle is 26. Suspensions of Ba(OH),-8H,0 in benzyl
alcohol were investigated at elevated temperatures to determine
the effect of heating on the crystal structure and the release of
hydrate water. Figure 6 shows SAXS data of samples heated
between 60 and 90 °C. A clear correlation peak is observed at g
~3.9 nm™" for samples heated at 60 °C, which is interpreted as
a Bragg peak associated with the Ba—Ba distance in the (101)
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Figure 6. (a) Small angle X-ray diffraction pattern of barium hydroxide
octahydrate at different temperatures. Samples measured below the
melting point of 78 °C exhibit a diffraction peak at g ~ 3.9 nm™,
correlated to the crystal structure of the Ba precursor. (b) 2D
representation of the recorded pattern. (c) 2D small-angle X-ray
diffraction pattern of a titanium(IV) isopropoxide and barium
hydroxide octahydrate mixture in benzyl alcohol at 45 and 75 °C,
respectively. The correlation peak at g ~ 3.9 nm™" disappeared well
below the melting point of the Ba precursor; the long-range order in
the crystal is lost in the presence of the Ti precursor.
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plane of the Ba(OH),-8H,0 crystal (ICSD # 33741);>> see
Supporting Information Figure S3. In the proximity of its
melting point, the diffraction peak was still observed. However,
the intensity was lower, suggesting that the processes of
decomposition of crystal structure and release of hydrated
water were taking place. Above the melting temperature, the
characteristic peak at ¢ ~ 3.9 nm™" was not visible, indicating
that the long-range order of the crystal structure was absent.

The interaction between the Ba and Ti precursors was
investigated by addition of titanium(IV) isopropoxide to a
Ba(OH),-8H,0 suspension in benzyl alcohol. Where the Ba
precursor in benzyl alcohol clearly showed a Bragg diffraction
below 78 °C, no rings were observed in the 2D detector image
after [Ti(O'Pr),] had been added to the suspension; see Figure
6¢. Even at 45 °C, the long-range order of Ba(OH),-8H,0 was
lost in the presence of the Ti alkoxide, showing that even at
these low temperatures a strong interaction exists between the
two precursors.

The interaction between the precursors, combined with the
loss of hydrated water from the Ba(OH),-8H,0 (as described
in section 3.1), thus implies that all reaction conditions for the
formation of crystalline BTO are present, even at room
temperature.

3.4. RT Formation of Nanocrystalline BTO. 3.4.1. Re-
action Pathway. Syntheses with Ba(OH),-8H,O (insoluble)
and [Ti(OPr),] in benzyl alcohol were performed at various
temperatures between 23 and 78 °C. Within minutes a white
precipitate formed in the solution, indicating that a reaction
between the two precursors was taking place. Scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX)
in combination with XRD confirmed that short reaction times
yielded X-ray amorphous TiO,. Reaction times between 2.5
months and 30 min were necessary for crystalline BTO (Figure
7) to form between 23 and 78 °C, respectively.

The exponential trend in the Arrhenius representation of the
inverse crystallization time versus temperature (Figure 7b)

Temperature [°C]
160 120 80 40 20
6

T T I(b)

Norm. Intensity [-]
In (1/time) [1/h]

7 23 {' -8

3'0'4[0'510‘6'0'7'0'8l0'90 2?4'277'?:0'3?3
20 [deg.] 1000/T [K]

Figure 7. (a) XRD pattern of crystalline BTO powder synthesized at
temperatures of 23—78 °C. A minor BaCO; impurity was present for
BTO prepared at temperatures <45 °C. The baseline was subtracted
from all patterns and then renormalized to the maximum intensity of
the (110) peak at 20 ~ 31.4° (offset between the patterns: 0.6). (b)
Arrhenius representation of the inverse time of the first crystalline
phase formation and temperature. A linear trend is observed for
temperatures between 4S5 and 150 °C.

shows that the formation of the perovskite phase is driven by
the same kinetic processes in the temperature regime of 45—
150 °C. The relatively low value of the activation energy, i.e. E,
~ 65.2 kJ/mol, implies that the process may be governed by
diffusion, possibly by diffusion of Ba®* into the amorphous
TiO, matrix. At temperatures <45 °C, different rate-limiting
factors seem to play a role in the crystallization reaction, with
an activation energy >200 kJ/mol. Two possible mechanisms
have been proposed in the literature for the formation of
crystalline BTO, both based on the hydrothermal synthesis
route: (1) in situ transformation or via (2) dissolution—
precipitation.>® However, based on the experiments presented
here, we cannot distinguish between these two mechanisms,
and more dedicated time-resolved work should be carried out
to elucidate the earliest stages of crystalline BTO phase
formation.

3.4.2. Crystallite Formation and Size. The as-synthesized
powders were characterized by XRD and TEM; see Figure 8.

Figure 8. HRTEM images of BTO synthesized at different
temperatures. (a) 23 °C, crystalline BTO embedded in an amorphous
matrix; (b) 45 °C; (c) 60 °C; and (d) 60 °C. Overview recorded at
lower magnification. Sample placed on a Lacey support grid.

Peak broadening analysis of the (111) peak at 20 ~ 38.9°
showed that no significant changes in peak width were
observed; that is, no significant crystallite growth occurred,
regardless of reaction temperature. The average crystallite sizes
were estimated to be approximately 8—10 nm using the
Scherrer equation. The sample synthesized at 23 °C, however,
showed equally sized crystalline regions embedded in an
amorphous matrix (Figure 8a). This might be caused by
additional energy barriers dominant in the low reaction
temperature regime (Figure 7b), and reaction times longer
than 2.5 months are needed to further crystallize the sample at
RT. The crystallites formed at temperatures between 35 and 78
°C showed a high degree of crystallinity (Figure 8b—d).
Crystallite size distributions of BTO synthesized at temper-
atures between 23 and 78 °C revealed that the reaction
temperature had no influence on the final crystallite size of the
powder. An average final size of approximately 7—9 nm was
determined for all samples from TEM images recorded at lower
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magnification (see Figure 9). This value is in good agreement
with the approximate size calculated from peak broadening in
the XRD pattern in the same temperature range.

(@) (b)

(d)

Nr. of Crystallites [a.u.]
o

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 18
Crystallite Size [nm]

Figure 9. Crystallite size distribution of BTO powder obtained after
synthesis at (a) 23 °C, (b) 35 °C, (c) 60 °C, and (d) 150 °C.
Crystallite sizes were calculated from at least 200 crystallites from
TEM images recorded at lower magnification.

Another series of experiments was carried out to investigate if
crystallite growth could be influenced by introducing new
precursor material to the reaction mixture. After heating the
reactants at 150 °C for 2 h, the mixture containing crystalline
BTO was cooled down to RT. Equal amounts of new Ba and Ti
precursor material was added, and subsequently the mixture
was heated again at 150 °C for 2 h. A single-step synthesis of 4
h at 150 °C was carried out as a control experiment. The BTO
powders obtained from both experiments were investigated by
XRD and TEM; see Figure 10. Both experiments yielded
crystallites of equal size and morphology. Although we showed
that the crystallite size increases with increasing amount of
water in a previous work,® the above-mentioned experiments
show that the newly introduced precursor material (i.e,, more
water present) does not lead to additional crystallite growth but
rather to the formation of new nuclei. So the question can be
raised why these crystallites all grow to approximately the same
size of 7—9 nm, and not larger? Our hypothesis is that benzyl
alcohol plays a crucial role in the limited growth of the particles
and that it acts as a capping layer on the BTO crystallites’
surface (see Figure 11). Niederberger et al. introduced benzyl
alcohol as solvent to provide good control over particle shape
in the nonaqueous synthesis of BTO, TiO,, and other metal
oxide nanoparticles.>*** However, the particle size in their
nonaqueous approach is determined mainly by the concen-
tration of Ti precursor.34

We hypothesized that since the surface curvature of small
crystallites is higher compared to large crystallites, the packing
density of benzyl alcohol molecules on the BTO surface is
probably lower (Figure 11), and [Ti(O'Pr),] can more easily
approach the surface hydroxyl groups. As the crystallites grow
to their final size of approximately 7—9 nm, the surface
curvature is reduced, and the packing of benzyl alcohol
molecules on its surface becomes denser. Due to the density of
the electronegative phenyl groups on the surface, BTO
nanoparticles become effectively shielded from further growth.
Cooke et al. showed that benzyl alcohol plays an important role
in the formation of TiO, nanotubes from carbon nanotubes

—_
)
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061°
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(200)

37.5 38.0 385 39.0 39.5 40.0 40.5
20 [deg.]
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(211)
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(220)

Norm. Intensity [-]

of LL

Figure 10. (a) XRD pattern of BTO synthesized for 2 X 2 and 4 h at
150 °C. No differences in fwhm, and thus crystallite size, are observed.
(b and c) TEM images of BTO synthesized for 2 X 2 and 4 h at 150
°C, respectively, showing equal crystallite sizes and morphology. Note:
the synthesis denoted at 2 X 2 h comprises a regular 2 h synthesis at
150 °C. After cooling the reaction mixture to RT, new precursor
material was added and subsequently heated again for 2 h at 150 °C.

(@)

::: %
. %%

&'
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Figure 11. Schematic representation of benzyl alcohol molecules
attached to a BTO surface for different particle diameters. (a) 3 nm:
high surface curvature—low packing density; (b) 9 nm: low surface
curvature—high packing density. The space occupied by one benzyl
alcohol on the BTO surface is ~37 A% Effects such as molecule—
molecule interactions, molecule rotations, electronegativity of the side
groups, stacking, etc. were not taken into account.

(CNTs).*® The TiO, nanotubes were fully covered by benzyl
alcohol molecules, preferably parallel to the surface, while the
phenyl rings were able to undergo n—r stacking with the
CNTs. If we consider benzyl alcohol molecules as hard spheres
covering the BTO crystallites’ surface without any interaction
with its surroundings, then the surface area occupied by 1
molecule (~37 A?) can be estimated from the molecular weight
(108.14 g/mol) and density (1.04S g/cm?®) of benzyl alcohol.
For nonagglomerated, fully covered BTO crystallites, the
surface organic phenylmethoxy monolayer would then contain
approximately 5% of the total mass of a BTO crystallite.
Thermogravimetric analysis of BTO powders heat-treated at
250 °C for 24 b, i.e. above the boiling point of 205 °C of benzyl
alcohol, and as-prepared samples showed a weight difference of
approximately 2.5%; see Figure 12. This value is fairly close to
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102.5
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Figure 12. Thermogravimetric analysis of a BTO sample synthesized
at 60 °C (red line), and after heat treatment at 250 °C for 24 h (black
line). The weight loss of ~7.5% between 400 and 700 °C is probably
due to loss of organic moieties such as unreacted alkoxide precursors,
and the curing of hydroxyl defects. Since the samples were heated
dynamically, mass loss is typically observed at higher temperatures
than normal for processes like, e.g., adsorption/chemisorption of
water.

the estimated weight loss and indicates that benzyl alcohol may
indeed have been present on as-prepared samples.>” We also
observed that the color of as-prepared BTO changed from a
slightly yellowish to white upon heat treatment at 250 °C. This
also indicates that an organic moiety was initially attached to
the surface of the crystallites.

4. CONCLUSIONS

Nanosized crystalline barium titanate powders were successfully
synthesized at very low temperatures (23—78 °C) through an
alkoxide—hydroxide precipitation reaction of a modified
titanium alkoxide precursor in benzyl alcohol and barium
hydroxide octahydrate. Our experimental results and simple
computational models show that benzyl alcohol plays a crucial
role throughout the reaction, from the mixing and modification
of the precursor to the formation and growth of the crystalline
phase. The phenylmethoxy ligands from the solvent medium
stabilized the Ti precursor by steric hindrance, and allowed its
subsequent controlled hydrolysis from the hydrated water
released by the Ba precursor. The formation of the crystalline
phase was dependent on the reaction temperature, and
associated with the diffusivity of the Ba** ions into the
amorphous TiO, matrix. The crystallite sizes, however, were
found to be independent of the reaction temperatures. We
hypothesized that crystal growth beyond a certain size was
hampered by the stabilizing phenylmethoxy groups on the
surface of the crystallites.
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