
pubs.acs.org/crystal Published on Web 08/17/2010 r 2010 American Chemical Society

DOI: 10.1021/cg100596q

2010, Vol. 10
3996–4004

Additive-Assisted Aqueous Synthesis of BaTiO3 Nanopowders

Florentina Maxim,† Paula Ferreira,† Paula M. Vilarinho,*,† Anne Aimable,‡ and
Paul Bowen‡

†Department of Ceramics and Glass Engineering, Centre for Research in Ceramics and Composite
Materials, CICECO, University of Aveiro, 3810-193 Aveiro, Portugal, and ‡Powder Technology
Laboratory, Materials Department, Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland

Received May 4, 2010; Revised Manuscript Received July 20, 2010

ABSTRACT: The effect of poly(acrylic acid) (PAA), poly(vinylpyrrolidone) (PVP), sodium dodecylsulfate (SDS), hydro-
xypropylmethylcellulose (HPMC), and D-fructose additives on the growth of BaTiO3 particles by aqueous synthesis is studied.
Through different mechanisms, all the tested additives influenced the growth of BaTiO3. For high concentrations, PAA
adsorbed on specific crystallographic faces changing the growth kinetics and inducing the oriented attachment of the particles
acting as a crystal growth modifier. PVP, SDS, andHPMCbehave as growth inhibitors rather than crystal habit modifiers, and
barium titanate crystals as small as 26 nm were obtained. D-Fructose appeared to increase the activation energy for barium
titanate nucleation when the additive concentration increases. The present study gives new insights into how additives control
barium titanate particle growth in aqueous media.

Introduction

Barium titanate (BaTiO3) as a semiconductor exhibits a
positive temperature coefficient of resistivity (PTCR) in the
polycrystalline formand because of this is used as a thermistor.1

Barium titanate also exhibits ferroelectric properties and finds
wide applications in multilayered ceramic capacitors (MLCCs)
and embedded decoupling capacitors (EDC).1 BaTiO3 is an
excellent photorefractivematerial aswell,which justifies itswide
application in dynamic holography.2

As the miniaturization of electronic devices continues to
demand small volumes, the size control of powder precursors
is critical. Equiaxed barium titanate nanoparticles have been
studied,3,4 and it was found that decreasing the physical dimen-
sion results in the reduction of the spontaneous polarization5,6

and, consequently, in a change of the functional properties.
These observations have stimulated an exponential growth on
research aiming to understand the effect of scaling on the ferro-
electric properties. Recently, some theoretical studies predicted
an enhancement of ferroelectricity in anisotropic “cylindrical”
shaped particles7 and a new kind of ferroelectric order for ferro-
electric nanoparticles with one-dimension (1D) structure as
nanotubes, nanowires, nanorods, nanobelts, nanofibres.8

Morphology control and fabrication of ferroelectric nano-
particles with different shapes are then important.However, the
control of themorphology of complex ferroelectric oxides, such
as BaTiO3, is not a trivial task and many efforts have been
carried out to find efficient and low cost methods capable of
producing particles with different shapes and sizes. Indeed, the
crystal habit dictates that under equilibrium conditions crystal
growth with isotropic morphology will take place for ABO3

perovskite crystals and round or cubic shaped particles will be
easily grown.9 The growth of anisotropic perovskite particles
will not take place spontaneously.

In general, the synthesis approaches for morphological con-
trol of nanoparticles can be divided in twomain categories. The

first one includes template-assisted methods when, either by
physical interaction or by chemical reaction the final morphol-
ogy of the product can be dictated by the size and shape of a
template. The second category includes the procedures inwhich
the modification of the crystal growth may occur if the growth
on some of the crystal faces will be restricted. This may be
achieved by reducing the supply of material to a particular
crystal face or by modifying the specific surface energy, that is,
in the presence of some additives, named crystal habit modi-
fiers9 and classified as additive-assisted syntheses.

For the caseof ferroelectrics, themost reportedapproaches for
the growthof anisotropic particles are the template-assistedones.
Cylindrical shaped nanoferroelectrics, such as nanorods and
nanotubes of PbZrxTi1-xO3,

10 BaTiO3,
11 and SrxBa1-xTiO3,

12

have been grown by physical template procedures. The main
drawbacks are the final dimensions because they are confined to
the dimensions of the template. Chemical templatedmethods are
based on using precursors with the desired sizes and shapes,
which act simultaneously as templates. In principle, small size
anisotropic crystalline ferroelectrics can be obtained at low
temperatures. However, due to the double role of the templates,
as a platform for the growth and chemical precursor, under
certain temperature, pressure, and time conditions, the template
may lose its anisotropic shape which limits the growth of 1D
entities. In the hydrothermal synthesis of BaTiO3 (T<200 �C),
starting from layered titanate nanotubes (TiNTs) a phase
boundary topotactic reaction on the template tubes surface
occurs while at higher temperatures and longer times dissolu-
tion-precipitation mechanisms became predominant over the
topotactic reaction and tetragonal round shaped and “seaweed”
typedendriticparticlesofBaTiO3were formed.13,14The synthesis
of perovskite oxides nanoparticles, with cylindrical shapes, using
hydrothermal and related methods is far from being trivial.

Regarding the second category, there are reported examples
of additives capable of changing the crystal growth kinetics and
so to control the morphology of nanoferroelectric particles. It
was experimentally claimed that some polymers could be pre-
ferentially adsorbed on specific crystallographic planes and
control the crystal growth kinetics.15,16 Poly(acrylic) acid
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(PAA) and polyethylene-oxide-block-poly(methacrylic) acid
adsorb on {100} and {110} crystallographic planes of BaTiO3

and reduce their surface energy.17 The BaTiO3 particles formed
in the presence of these polymeric species were rounder than
those formed without any polymeric additives demonstrating
the crystal habitmodifier role of thesepolymers.15PAAwasalso
used to promote the growth orientation of lead zirconium
titanate (PZT) crystals in combination with poly(vinyl alcohol)
(PVA).16 When the synthesis was assisted by PVA that was
adsorbed onto (001) crystalline planes of PZT minimizing the
surface energy by hydrogen bonding, PZT nanorods were
formed. When PAA is added to the system, the surface energy
reduction is further enhanced due to the adsorption of PAA
through carboxy group bonds, and nanowires of PZT were
obtained when both PAA and PVA were used.16

Another category of additives, which may influence the
growth kinetics and so control the final morphology includes
the surfactants. In general, surfactants can influence the growth
in two ways: (i) by creating direct micelles (oil in water) the
surfactant acts as a growth inhibitor,18 and (ii) as a capping
molecule, they can adsorb on specific crystallographic faces,
affecting the growth kinetics, andmodifying the crystal shape.19

Linear alkylbenzene sulfonate (LAS) anionic surfactant was
found to act as crystal inhibitor ofBaTiO3 nanoparticles.

18 LAS
was responsible for the reduction of the particle size of barium
titanate powders due to the micelle formation. More recently,
surfactant as laurylaminehasbeen found toact as a crystal habit
modifier of BaTiO3 by adsorbing on some special crystalline
surfaces of the nanoparticles and modifying their growth
direction.19 By an oriented attachment mechanism,20 well-
isolated single-crystalline cubic perovskite BaTiO3 nanorods
with diameters ranging from 20 to 80 nm were formed.19

Carbohydrates can also affect the crystal growth kinetics
and act as crystal modifiers. For example, the polysaccharide
hydroxypropylmethylcellulose (HPMC) was found to affect
the morphology of polycrystalline copper oxalate particles
inducing the precipitation of particles with cubelike to rodlike
shapes.21 HPMC under certain concentrations tends to ad-
sorb specifically in one of the faces of copper oxalate dictating
anisotropic crystal growth. The role of crystal modifier of
HPMC has been verified in the case of the crystal growth of
copper oxalate22 and CaCO3

23 when the HPMC selectively
interacts with the hydrophobic faces of the crystal restricting
the crystal growth in one direction. Moreover, the water
solution of HPMC is known to present inverse solubility
and gelation; this means that HPMC becomes less soluble in
water when the temperature increases and eventually becomes
a hydrogel with a three-dimensional network.24

The effect of additives on the morphological control of
BaTiO3 particles has not been addressed systematically.With-
in this context, in this work different types of additives were
tested on the synthesis ofBaTiO3 and the structural changes of
the nanoparticles assessed and related with the nature of the
additive. Poly(acrylic acid) (PAA) and poly(vinylpyrrolidone)
(PVP)were used as polymers, sodiumdodecylsulfate (SDS) as
anionic surfactant, and D-fructose and hydroxypropylmethyl-
cellulose (HPMC) as carbohydrates (saccharides).

Experimental Section

Barium hydroxide, Ba(OH)2 3 8H2O (Merck, 98% purity), and
titanium n-butoxide, Ti(n-OBu)4 (Aldrich, 97% purity), were used
as barium and titanium precursors, respectively. Poly(acrylic acid)
(PAA, Aldrich, Mw=2000), poly(vinylpyrrolidone), (PVP, Acros
Organics,Mw=8000), D-fructose (Fru,AcrosOrganics, 99%purity),

hydroxypropylmethylcellulose (HPMC100, Sigma), and sodium dode-
cylsulfate (SDS, Aldrich, p.a.) were used as additives. The barium tita-
nate synthesis was initiated by dissolving 7.45 g of Ba(OH)2 3 8H2O in
50.7 g of ultrapure distilled water. A supersaturated solution of barium
hydroxide was obtained at 90 �C. At this temperature, 50 g of the solu-
tion was filtrated and the desired amount of additives were added.
Additive concentrations used were 0.4 and 5 g/L for [low] and [high]
concentration, respectively. Themixture of bariumhydroxide and addi-
tives was cooled down to room temperature and 5.7 mL of Ti(n-OBu)4
was added under vigorous stirring. A rapid formation of a white
precipitate of hydrous titanium oxide in alkaline solution was noticed.
The reactionmixturewas immersed in awater bath at 96 �Cand kept at
this temperature for 30min. In the case of a high concentration of PAA
and HPMC, syntheses at temperatures as low as 60 and 80 �C, respec-
tively, were performed in order to better define the additives effect.

Theobtainedpowders are indexedwith the abbreviationsBTPAA,
BTPVP, BTFru, BTHPMC, or BTSDS, corresponding to the addi-
tive used in each synthesis. The additives concentrationswere indexed
as [low] and [high], respectively. BTblank corresponds to the same
synthesis but without any additive.

X-raydiffraction (XRD) using aPhilipsX’Pert diffractometerusing
Cu-Ka radiation andRaman spectroscopy, recordedon aBrukerRFS
100/S FT Raman spectrometer using a 1064 nm excitation of the Nd/
YAG laser, were used for the phase identification of the obtained
powders. XRD peak broadening (111) was used to determine the size
of the primary crystallites using the Scherrer equation (eq 1).

dXRD ¼ KλX
βXp cos θ

ð1Þ

whereK is equal to 0.9, λX stands for the X-raywavelength, βXp is for
the line broadening at half the maximum intensity of the diffraction
peak, and θ is the Bragg angle. The instrumental broadening was
determined using alumina with a large crystal size (>1 μm).

Powder microstructures were analyzed by scanning electron mi-
croscopy (SEM), using a Philips XL 30 FEG microscope.

Brunauer-Emmett-Teller (BET) specific surface areas SBET
(m2

3 g
-1) were estimated from N2 adsorption isotherms (Micromeritics

Gemini 2375). The size of the primary particles, dBET (nm), were
calculated by assuming spherical monodisperse particles (eq 2), with
F as the density of the material (F = 6.017 g 3 cm

-3).

dBET ¼ 6000

SBETF
ð2Þ

Before BET measurements, the samples were dried at 200 �C in
flowing nitrogen for 1 h.

Thermogravimetric curves were recorded with a Mettler TGA/
DSC/TMAanalyzer, from room temperature to 800 �Cunder air at a
heating rate of 10 �C/min.

The particle size distribution (PSD) was collected using a laser
diffraction method (Malvern Mastersizer S). 0.4 g of material was
dispersed in 40 g of a PAA solution (0.1 wt %, pH = 10) using an
ultrasonic horn, before being analyzed (refractive index n=2.4). The
median size dv50 of the distribution is compared to dBET, to get an
estimation of the agglomeration of the particles (Fagg is the factor of
agglomeration):

Fagg ¼ dv50

dBET
ð3Þ

Results

Effect of Polymers (PAA and PVP). Figure 1 presents the
X-ray diffraction patterns (Figure 1a) and Raman spectra
(Figure 1b) of the samples prepared in the presence of
polymers and the blank. The patterns can be indexed to
cubic BaTiO3 (JCPDF No. 31-0174). The formation of
barium titanate is independent of the PAA or PVP concen-
tration, also confirmed by Raman results (Figure 1b). Cubic
BaTiO3 has no permitted Raman modes and for tetragonal
BaTiO3 with a space groupP4mm eight Raman activemodes
are expected, 3A1 gþ B1 gþ 4Eg.

25 Bands around 517, 253,
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and 185 cm-1 are assigned to the fundamental TO modes
(transverse component of the optical mode) of A1 symmetry
and the band at 307 cm-1 is assigned to the B1 mode,
indicating an asymmetry within the TiO6 octahedra of
BaTiO3 at a local scale. The broad band around 715 cm-1

is related to the highest frequency longitudinal optical mode
(LO) of A1 symmetry. If the sharpness of the peak at 307
cm-1 is reduced and it becomes indistinct then the tetragonal
phase is not dominant.26 In the present study, the Raman
spectra of the samples synthesized in the presence of poly-
mers present bands at around 185, 300 (small shoulder at
∼272) and two sharp peaks at 516 and 715 cm-1 (Figure 1b).
This result confirms the cubic structure of barium titanate
samples synthesized in the polymers presence.

From results shown in Table 1 one can see that at a low
polymer concentration SBET is always slightly higher than

the one of the blank sample. And in agreement, the crystallite
size is lower than the corresponding value of the blank
sample. For PVP although no change in SBET with an
increase of the additive concentration occurred, the crystal-
lite size decreases from 70 to 34 nm when the concentration
of the additive was increased.

Figure 2 presents the SEMmicrographs of the blank and the
particles prepared in the presence of polymers. Particles synthe-
sized without any additives are small and round shapedwith an
average diameter of 200 nm (Figure 2a). In the presence of PAA
at low and high concentration (Figure 2b,c), barium titanate
particles have a morphology similar to the blank sample, the
particle size average is ∼180 nm, and the degree of agglomera-
tion increases with PAA concentration. In the presence of high
PAA content, the particle agglomeration follows a certain
alignment as indicated in Figure 2c. The directed aggregation
wasalsoobservedbyTEM(Figure3).The selectedareaelectron
diffraction (SAED) pattern (inset in Figure 3) demonstrates
that the aggregation directions are along the [001] direction of
the cubic lattice. This is typical for the growth of perovskite
crystals where A and B cations have 2þ and 4þ valence states,
respectively, because the {001} facets are neutral and have the
lowest interfacial energy with the surrounding media.27

The morphology of the particles obtained in the presence of
PVP for low and high concentrations are illustrated in Figure 2,
panels d and e, respectively. In both cases, more homogeneous
and dispersed particles compared to the blank sample can be
noticed which is in agreement with the small agglomeration
factor, Fagg (Table 1) when the PVP concentration increases.

Figure 4 presents the TGA analysis of the powders ob-
tained with PAA and comparison with the blank sample. The
total weight loss includes two important contributions: below
∼200 �C, from residual physically adsorbed water, and in the
range of ∼200-600 �C, from chemically bound hydroxyl
groups and decomposition of organic species.28 The weight
losses calculated from the TGA curves for the additive assisted
synthesized samples are presented in Table 2. At low concen-
tration of all additives, the weight loss is similar to the blank
sample. In the temperature range of 200 to 600 �C, the increase
in additive concentration results in a higher weight loss (�2),
indicating the polymer adsorption, except for PVP.

Effect of Surfactants.Figure 5 presents theX-ray diffraction
patterns (Figure 5a) and Raman spectra (Figure 5b) of the
samples prepared from SDS at low and high concentration
compared to the blank one. The patterns of these samples are
also indexed to a cubicBaTiO3 as in the case of polyelectrolytes.
A shift of theX-raypeaks to lowangleswasobservedwhenSDS
was used in low concentration. High concentrations of SDS
resulted in a contamination with BaCO3 (Figure 5a). These
results are in agreement with the Raman spectra (Figure 5b)
where no sharp band is noticed at 307 cm-1, meaning that the
barium titanate phase is predominately cubic.

The size of particles synthesized with a low SDS concentra-
tion is 50%lower than theblank samplebeingas small as 33nm
(Table 1). At high SDS concentration, a substantial increase of
the specific surface area and an accentuated decrease of the
crystallite size is noticed. Round shaped barium titanate with
∼150 nm average particle size are obtained in the presence of
SDS at low and high concentration (Figure 6a,b). It can be
noticed that the degree of agglomeration is higher when SDS is
used (Figure 2a), also indicated by the high value of the agglo-
meration factor, Fagg (Table 1).

Effect of Carbohydrates.Figure 7 presents theX-ray diffrac-
tion patterns (Figure 7a) and Raman spectra (Figure 7b) of the

Figure 1. (a) X-ray diffraction patterns and (b) Raman spectra of
the samples prepared in the presence of polyelectrolytes - PAA-
[low][high] and PVP[low][high] - relative to the blank sample.

Table 1. Specific Surface Areas (SBET), the Equivalent Spherical Particle
Diameters (dBET), and theCrystallite Size (dXRD) of the SamplesObtained

at 96 �C

sample index SBET (m2/g) dBET (nm) dXRD (nm) Fagg

BTblank 13.5 74 70 3
BTPAA[low] 18.6 54 61 22
BTPAA[high] 18.5 54 58 21
BTPVP[low] 16.4 61 63 31
BTPVP[high] 16.4 61 34 4
BTSDS[low] 14.9 67 33 13
BTSDS[high] 54.7 18 22 207
BTHPMC[low] 19.2 52 65 46
BTHPMC[high] 30.5 33 26 69
BTFru[low] 21.0 47 59 39
BTFru[high] 160.0 6 n.a. n.a.

http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-000.png&w=240&h=318
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samples prepared from HPMC and D-fructose at low and high
concentrations.

WhenHPMC is added, cubic barium titanate is formed inde-
pendent of the additive concentration (Figure 7a), again con-
firmed by the Raman data (Figure 7b). At high concentration
of HPMC, a significant shift of the diffraction peaks to low 2θ
angles (Figure 7a) occurs andat the same timebariumcarbonate
is detected. Interestingly, when a high HPMC concentration is
used, a substantial increase of the specific surface area and a
marked decrease of the crystallite size is observed (Table 1).

In the case of D-fructose, cubic barium titanate is only
formed for low additive concentrations (Figure 7a,b). For

high concentrations, an amorphous phase together with
barium carbonate is identified (see inset of Figure 7a).

Figure 8 presents the SEM micrographs of the samples ob-
tained in the presence of HPMC at low (Figure 8a) and high
concentrations (Figure 8b). For the case of low HPMC content,
equiaxedparticlesareobservedas in theblanksample (Figure2a).
Athighadditiveamounts, theparticlesmorphology is ratherdiffe-
rent; it includes small agglomerated particles with rough surface,
dendritic particles with a smooth surface and particles with para-
llelepiped shape (Figure 8b). SEMX-raymapping confirmed that
Ti and Ba are homogeneously distributed in all of the observed
morphologies (see inset of Figure 8b).

Figure 2. SEM micrographs of (a) blank sample and samples with (b) PAA[low], (c) PAA[high], (d) with PVP[low], and (e) PVP[high].

http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-001.jpg&w=455&h=535


4000 Crystal Growth & Design, Vol. 10, No. 9, 2010 Maxim et al.

For the samples synthesized in the presence of a low con-
centration of D-fructose, equiaxed barium titanate particles
are formed similar to all the previous ones (Figure 9a). How-
ever, at high concentrationsofD-fructose, large agglomeratesof
equiaxed particles, which seem to be organized into an ordered
porous structure, were formed (Figure 9b). The porous nature
of these particles is in agreement with the very high specific

surface area (Table 1) and the highest weight loss below 200 �C
(Table 2) obtained for high concentrations of D-fructose.

Figure 3. TEMmicrograph of the sample prepared in the presence
of PAA at high concentration; the inset presents the SAED of this
sample.

Figure 4. TGA curves of the samples prepared in the presence of
PAA at [low] and [high] concentrations relative to the blank sample.

Table 2. Weight Loss of the Samples Calculated from TGA Curves

mass loss (%)

sample <200 �C 200-600 �C 600-800 �C
BTblank 0.3 2.4 0.2
BTPAA[low] 0.3 2.8 0.3
BTPAA[high] 0.9 5.8 1.8
BTPVP[low] 0.3 2.5 0.3
BTPVP[high] 0.3 2.6 0.2
BTSDS[low] 0.4 2.5 0.2
BTSDS[high] 0.8 4.8 0.4
BTHPMC[low] 0.3 2.8 0.2
BTHPMC[high] 0.5 6.3 0.2
BTFru[low] 0.6 2.3 0.3
BTFru[high] 2.1 5.9 1.0

Figure 5. (a) X-ray diffraction patterns and (b) Raman spectra of
the samples prepared in the presence of an anionic surfactant
SDS[low] and [high] concentrations relative to the blank sample.

Figure 6. SEM micrographs of the samples prepared in the pre-
sence of (a) SDS[low] and (b) SDS[high].

http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-002.jpg&w=200&h=201
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-003.png&w=240&h=173
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-004.png&w=240&h=303
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-005.jpg&w=179&h=277
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Considering that the crystallization process at 96 �C is
quite fast (only 30 min are sufficient for the formation of
BaTiO3) experiments at lower temperatureswere carried out.
Little effect was seen except for PAA assisted BT synthesis.
Figure 10 presents the TEM images of the obtained sample,
mainly represented by amorphous round shaped particles
with small sizes illustrated in the left insets. However, few
particles with crystalline features, shown in the right side of
Figure 10b, are also present in which directed aggregation
along the [100] direction of cubic BaTiO3 (see SAED inset) is

Figure 7. (a) X-ray diffraction patterns and (b) Raman spectra of
the samples prepared in the presence of carbohydrates HPMC[low]
and [high] concentration and D-fructose[low] (D-fructose[high] in
the inset) relative to the blank sample.

Figure 8. SEM micrographs of the samples prepared in the pre-
sence of (a) HPMC[low], (b) HPMC[high]; the inset presents the
SEM X-ray mapping of the sample with HPMC[high].

Figure 9. SEM micrographs of the samples prepared in the pre-
sence of (a) Fru[low] and (b) Fru[high].

Figure 10. TEM micrographs of the samples prepared at 80 �C in
the presence of PAA at high concentration.

http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-006.png&w=240&h=317
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-007.jpg&w=240&h=270
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-008.jpg&w=213&h=326
http://pubs.acs.org/action/showImage?doi=10.1021/cg100596q&iName=master.img-009.jpg&w=233&h=172
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visible, similar to the sample prepared at 96 �C (Figures 2c
and 3). These results suggest that PAA definitively promotes
oriented attachment of the BaTiO3 particles.

Discussion

The results presented above and summarized in Table 3
indicate that crystalline barium titanate can be synthesized in
the presence of PAA, PVP, SDS, andHPMC at both low and
high concentrations, the only exception being the sample
prepared with high concentrations of D-fructose in which
BaTiO3 is not formed. However, there are noticeable differ-
ences in the morphology of BaTiO3 particles: PAA promotes
oriented aggregation of BaTiO3 particles; increasing PVP and
HPMC concentration decreases the crystallite size, and the
smallest crystallite size is obtained when SDS was used.

Kinetic growth factors can be drastically changed by the
presence of additives, which can preferentially adsorb on a
specific crystal face. The strength of the adsorption processes
influences the change of the crystal habit. From the values of
the total weight loss (Table 2), one can observe that all the
additives are adsorbed to the barium titanate particles surface
at high concentration. However, is the adsorption of the
additives effectively changing the growth kinetics in order to
change the crystal habit?

Increasing the PAA concentration promotes the direct aggre-
gation of BaTiO3 particles (Figures 2c, 3, and 10). There are two
mainways of PAAadsorption at highpH; one is throughhydro-
gen bonding and the second one is by specific bonding of the
polymer tochargedsites at the surface.15ThePAAis fully ionized
at the working pH (>12) and so free COO- groups are present
along the polymer chain. Taking into account that at pH>10
barium titanate particles have negative surface charges,29 the
most probable adsorption mechanism of PAA on the particles
surface is by specific bonding created by Ba bridges.30 However,
this situation is favored by the formation of monodentate Ba-
PAA complex (Baþ-COO). If Ba2þ ions form strongly bounded
bidentate species, nopositive charge remains to bind thepolymer
with the barium titanate surface sites and then the polymer is
rather trapped during the precipitation than adsorbed to the
particle surface. The porous features of BaTiO3 particles pre-
paredwithPAA(Figures3and10) and the similar valuesofSBET
independentof theadditiveconcentrationarean indicationof the
trapping of at least some PAA during BaTiO3 precipitation.
Therefore, in the present conditions, PAA influences BaTiO3

nucleationbymodifying thequantityof theBa2þ in solution.The
direct aggregation observed when PAA concentration increases
(Figures 2c, 3, and 10) indicates that this additive also influences
the growth of BaTiO3. These results suggest that the growth
process is controlled by an aggregation mechanism called ori-
ented attachment.31 A similar mechanism has been reported for

the growth of anisotropic KNbO3 nanorods32 and anatase
nanoparticles.31 The oriented attachment takes place when two
adjacent particles come into the same crystallographic orienta-
tion, with high-energy faces, fuse and eliminate these faces, and
the result is an aggregate with directed orientation.33 It is then
suggested that in the present study PAA could preferentially
adsorb on high energyBaTiO3 crystallographic faces, decreasing
the growth rate of these faces and inducing the oriented attach-
ment of BaTiO3 particles. It can be therefore stated that PAA
limits the growth kinetics of BaTiO3 by decreasing the surface
energy and so decreasing the growth rates of specific crystal-
lographic faces. So PAAboth adsorbs onto high energy surfaces
and is trapped during the precipitation.

PVP is a water-soluble polymer made from the monomer
N-vinyl pyrrolidone with a basic character.34 PVP is a strong
Lewis base and may strongly interact with other molecules by
the formation of hydrogen bonds and act as a proton acceptor.
Because of these properties, PVP can be bonded to surface
ions and can form a protection layer, which impedes further
aggregation, acting as both growth inhibitor and dispersant.35

This situation was observed in the case of Ag particles growth
when smaller particles were formed due to the protection layer
formed by coordinative bond betweenAgþ and nitrogen atoms
ofPVP.35As shown inFigure 1a,monophasicBaTiO3 is formed
for both PVP concentrations and the particles morphology is
not changed in the presence of PVP. Round shaped parti-
cles with diameters between 80 and 100 nm similar to the
blank samples have been obtained. Thermogravimetric analysis
(Table 2) suggests that no effective adsorption of this polymer
on the surface of barium titanate particles takes place even at a
high concentration. On the other hand, compared to the blank
sample more disperse and homogeneous particles are formed
(Figure 2d,e); one cannot have steric repulsion unless the PVP
adsorbs. In addition, the increased stability of BaTiO3 suspen-
sion could be related to the high viscosity of PVP aqueous
solutions,36 which reduces the mobility of the stable nuclei and
consequently the agglomeration. The reduction of the crystallite
size (Table 1) from 70 nm (for the blank) to 63 nm (for lowPVP
concentration) and to 34 nm (for high PVP concentration) also
indicates thatPVP is influencing the growthofBaTiO3but is not
acting as a crystal habit modifier.

SDS is an anionic surfactant with critical micelle concentra-
tion of 0.252 g/100 cm3 at 30 �C.37 It is known that the critical
micelle concentration increases with the temperature and de-
creases with the increase of the ionic strength. In alkaline medi-
um, the ionic strength is higher as the pH increases. Under the
present experimental conditions (pH>12 and SDS concentra-
tion more than 0.4 g/L), SDS is forming micelles. The X-ray
patterns (Figure 5a) show that barium titanate phase was ob-
tained for both SDS concentrations; however, a significant

Table 3. Summary of the Main Results

[additive]
crystallographic

phase microstructure

weight loss
compared
with blank

particle size
compared
with blank

dXRD compared
with blank

PAA low BaTiO3 isotropic aggregates of round shape = slightly v slightly V
high BaTiO3 directed aggregation of round shape 2� slightly v slightly V

PVP low BaTiO3 dispersed round shape = slightly v slightly V
high BaTiO3 dispersed round shape = slightly v 1/2

SDS low BaTiO3 round shape = slightly v 1/2
high BaTiO3þ BaCO3 round shape 2� v 1/3

HPMC low BaTiO3 round shape = slightly v slightly V
high BaTiO3þ BaCO3 round shape 2� v 1/3

Fru low BaTiO3 round shape = slightly v slightly V
high BaCO3 amorphous

material
porous cocoon shape 2� 9� n.a.
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amount of barium carbonate is formed at high SDS content.
This result, supported by the highSBET (porous structure due to
unreacted titanium hydroxide gel38) observed when high con-
centrationsof surfactant (Table 1) were used, indicates that SDS
is avoiding or delaying the reaction between barium and tita-
nium species, and so BaTiO3 nucleation. Surfactants can influ-
ence thegrowth in twoways: asagrowth inhibitorwhencreating
micelles18 and/or as a crystal shape modifier when acting as a
capping molecule.19 In the present study, SDS acted rather as a
growth inhibitor than as a crystal modifier as the crystallite size
is drastically reducedwhen using SDS (Table 1) and no changes
in the particle shape have been noticed. However, the colloidal
stability was reduced when using SDS and more agglomerated
powders were obtained (Figure 6 and Table 1).

HPMC is a polysaccharide chemically derived from cellu-
lose by insertion of hydrophobic moieties such as hydroxy-
propyl and methyl. Despite the introduction of these hydro-
phobic groups, HPMC presents a linear polymeric chain with
a high hydrophilic character due to the presence of polyhy-
droxy groups on the molecular chains, which make the poly-
mer water-soluble.39 The hydrophobic parts of HPMC are
important for its surface activity (as in a polysoap) and unique
hydration-dehydration characteristics. At low HPMC con-
centration, barium titanate growth and all the results are quite
similar to the ones obtained for the blank sample. On the
contrary, with high HPMC concentrations the synthesis of
BaTiO3 was strongly modified: high SBET, high weight loss,
and important presence of BaCO3. These results indicate that
HPMC delays the reaction between barium and titanium
species as observed in the case of SDS, perhaps because
HPMC is strongly attached on the titanium hydroxide gel
surface and thus impedes its dissolution. Moreover, the
crystallite size drastically decreases from 70 nm (in the blank)
to 26 nm (at high HPMC concentration) (Table 1) and
differentmorphologieswere formed (Figure 8b). These results
indicate that HPMC preferentially acts as a growth inhibitor
than as a crystal growth modifier. HPMC can act as a growth
inhibitor as the crystal growth can be regulated and restricted
by the three-dimensional network structure of HPMC gel
formed when increasing the synthesis temperature and addi-
tive concentration.

In this study, themost evident additive effect onBaTiO3 crys-
tallization was observed for D-fructose. This is a water-soluble
monosaccharide with a cyclic structure.39 Low D-fructose con-
centration did not affect the formation of BaTiO3 (Figure 7).
However,when a high concentration of D-fructosewas added,
noBaTiO3was formed (see inset of Figure 7a).Moreover, it is
possible that the hydroxyl groups ofD-fructose interactedwith
the barium cations and the titanium hydroxide species form-
ing an intermediary porous amorphous phase (Figure 9b) that
should be responsible for the high SBET of the Fru[high]
sample (Table 1). This porous structure is very hygroscopic,
losing a high percentage of water below 200 �C (Table 2). It is
evident then that the energy barrier for barium titanate
nucleation is increased as the additive concentration increases.
Similar behavior has been observed in the case of CaCO3

crystallization in the presence of saccharides as organic crystal
modifiers. The nucleation of calcite was strongly dependent
on the saccharide concentration.40 This behavior is probably
an expression of Ostwald’s step rule which stipulates that the
metastable phase nucleation rate can be higher than those of
the stable phase due to the local decrease of the supersatura-
tion.41 However, how saccharides, in general, and fructose, in
particular, affect the crystallizationacting as crystalmodifiers,

it is not yet elucidated. It is proposed that in the particular case
of BaTiO3 the local decrease of supersaturation can be due
to formation of stable Ba-fructose complexes which restrict
the reaction with titanium precursor and so the crystallization
of BaTiO3.

Conclusions

Poly(acrylic acid), poly(vinyl pyrrolidone), sodium dode-
cylsulfate, D-fructose, and hydroxypropylmethylcellulose
(HPMC) were used as additives to control the growth of
BaTiO3 particles in aqueous synthesis. The structural and
chemical nature of each additive governed the interaction
behavior with the BaTiO3 particles. At low concentrations,
the additives did not affect the crystallization of BaTiO3. For
high concentration of PAA, the additive is specifically ad-
sorbed on the BaTiO3 crystallographic planes, decreasing the
energy of these faces and promoting the oriented attachment
of the particles. PVP seems not to adsorb on BaTiO3 surfaces,
but it acts as a dispersive agent and as a growth inhibitor when
increasing the additive concentration by modifying the solu-
tion viscosity. SDS in high concentration forms micelles, and
consequently acts as a growth inhibitor due to the limitationof
mass transport of barium and titanium species. The inverse
solubility of HPMC with the increase in the additive concen-
tration and synthesis temperature is the reason for BaTiO3

growth inhibition. Finally, D-fructose in high content seems to
change the energy barrier of BaTiO3 nucleation presenting a
threshold concentration for the nucleation.

Although the present study gives useful insights into how
additives control barium titanate growth from aqueous solu-
tions, it demonstrates that the morphological control of
complex oxides by chemical methods is complex and suggests
that in order to control themorphologyofBaTiO3 particles by
aqueous synthesis a fast and homogeneous nucleation is
required. In addition, among the analyzed additives the most
promising crystal habit modifiers seem to be PAA.
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