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ABSTRACT: The reaction kinetics and formation mechanism of oriented attachment for
shaped nanoparticles in solution are not well-understood. We present the reaction kinetics
and formation mechanism of organic-capped anatase TiO2 nanorods in solution as a case
study for the oriented attachment process using small-angle X-ray scattering (SAXS) and
transmission electronic microscopy. The SAXS analysis qualitatively and quantitatively
provides in-depth understanding of the mechanism, including the structural evolution,
interparticle interaction, and spatial orientation of nanoparticles developed from nanodots
to nanorods during the nucleation, isotropic, and anisotropic growth steps. The present
study demonstrates the growth details of oriented attachment of nanoparticles in solution.
An ordered lamellar structure in the solution is constructed by the balance of interaction
forces among surface ligands, functional groups, and solvent molecules serving as a natural
template. The template allows the alignment of spherical nanoparticles into ordered chain
arrays and facilitates simultaneous transformation from spherical to rod shape via proximity
attachment. The proposed model reveals an insight into the oriented attachment
mechanism. This multistep formation mechanism of TiO2 nanorods in solution can provide the fundamental understanding of
how to tune the shape of nanoparticles and further control the aggregation of spatial nanorod networks in solution.

■ INTRODUCTION

Inorganic nanoparticles play important roles in various fields of
science and applications. Especially, one-dimensional nano-
structures (rods and wires) exhibit unique electrical and optical
properties that depend on the size, shape, and interparticle
reaction.1−5 It is essential to control the size, shape, interaction,
and growth of nanoparticles for exploring the nanostructure−
property relationship. Investigating the reaction kinetics and
formation mechanism of anisotropic particles would be the key
for the rational design and synthesis of tailored nanostructures.
To date, direct observation and fundamental understanding are
still lacking for the spatial interaction between particles and
their structural evolution in the colloidal reaction.1 Most of
efforts in the mechanism study have focused on the
morphological characterization of dry samples using trans-
mission electronic microscopy (TEM).
The generally realized anisotropic growth is due to the

significant difference in the surface free energies or reactivity of
various crystallographic planes of particles.3,6,7 Therefore,
different surface ligands were used to selectively bind to the
respective surface planes for controlling the growth rates of
different surfaces for the formation of nanorods in colloidal
solution. Organic−inorganic interface or difference in the
surface energy plays a critical role in manipulating the shape or
morphology. In recent years, greater insight into the formation

mechanism of anisotropic growth, named oriented aggregation
or attachment mechanism, was reported.8−19 The oriented
attachment is a remarkable reaction mechanism, but its details
remain unclear.6,18 In recent years, the study of growth
mechanism, including oriented attachment, has shown great
potential in controlling and designing materials of various
nanostructures. Many researchers experimentally and theoret-
ically reviewed the growth mechanism. Most of them observed
the morphologies using TEM combined with correlative
techniques such as X-ray diffraction (XRD), ultraviolet
(UV)−visible spectroscopy and X-ray photoelectron spectros-
copy. For example, Boneschanscher et al.20 showed how the
interfacial self-assembly and oriented attachment of nanocryst-
als results in 2D metal chalcogenide semiconductors with a
honeycomb superlattice. Luo et al.21 developed a new and
convenient preparation method for TiO2 nanocrystals and
obtained one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) architectures by the self-assembly of
TiO2 nanoparticles, and an oriented attachment mechanism
was found to drive the tiny particles into 1D nanochains. In
addition, several efforts are centered on the oriented attach-
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ment of TiO2 nanocrystallities to the hierarchical mesocrys-
tals,22 branched nanorods,22 highly branched nanowire,23 and
nanosheet.24 Lv et al.25 provide an overview of the recent
theoretical advances in oriented attachment kinetics combined
with experimental evidence. However, the small-angle X-ray
scattering (SAXS) characterization of the anisotropic growth of
shaped nanoparticles in solution is still lacking. In our work, we
employed the first combination of SAXS, TEM, and XRD to
study the time-dependent behaviors of the TiO2 nanorod
formation in solution at different temperatures. Our research
directly probes the reaction solution of nanoparticles by SAXS
and deduces nanoparticle behaviors qualitatively and quantita-
tively at different temperatures for different reaction times.
Small-angle X-ray scattering technique is a powerful tool for

accurately investigating the shape and size of a large number of
nanoparticles in a bulk sample.26 Recently, the SAXS technique
was successfully used to probe the nucleation and growth of
spherical nanoparticles that were self-assembled in the
solutions. The SAXS results complementarily revealed insights
into the reaction kinetics and mechanism as compared to those
established by the microscopic tools.27−32

TiO2 nanorods3,33 were extensively investigated because of
wide technological interests, such as solar energy conver-
sion,34−37 photocatalysis,38 nanofabrication,39 and sensors.40

Although numerous chemical routes have been developed to
synthesize crystalline TiO2, the one-step and large-scale
synthesis for highly crystallized anatase TiO2 particles with
controlled size and shape is still an open challenge. Cozzoli’s
group3 developed a novel synthetic approach for controlling the
anisotropic growth of anatase TiO2 nanorods at low temper-
atures (80−100 °C) with oleic acid as chelating ligand or
surfactant. In this approach, the titanium precursor was
chemically modified by oleic acid followed by hydrolysis and
condensation reactions in the presence of water. The shape of
nanoparticles is controlled by the amount of water and reaction
time. Formation of nanorods can be induced by fast hydrolysis
of the modified precursor, whereas nearly spherical particles are
obtained by slow hydrolysis. On the other hand, Zhang et al.7

employed a high-temperature nonhydrolytic approach to
manipulate the shape and size of anatase TiO2 nanoparticles.
They employed a similar approach; the titanium precursor was
modified by long-chain oleylamine (OA) first, followed by high-
temperature aminolysis (260 °C). Anatase TiO2 nanorods were
formed at low OA concentration, whereas spherical TiO2
nanoparticles were obtained with an increased OA concen-
tration. Similar reaction systems, such as Fe2O3, MnFe2O4,
ZrO2, CoFe2O4, ZnO, and other metal oxide nanoparticles,
were prepared with fatty acid as stabilization and coordination
reagent and primary amine as activation reagent.7 The
nanoscale characterization for mechanistic study was mainly
based on the TEM observations with inherent limitations,
including sample preparation, sampling, statistical error, local
variation, etc.
In the present study, we adopted the low-temperature

hydrolysis method3 as a case study to prepare organic-capped
anatase TiO2 nanorods. The morphological studies reported by
other preparation methods are also discussed for a
comprehensive comparison. This work employed the combi-
nation of SAXS, TEM, and XRD to study the time-dependent
behaviors of the TiO2 nanorod formation in solution at
different temperatures. The direct probing of the reaction
solution of nanoparticles by SAXS allowed deducing nano-
particle behavior both qualitatively and quantitatively at

different temperatures for different reaction times. The results
providee in-depth understanding of the formation mechanism,
including the structural evolution, interparticle interaction, and
spatial orientation, of nanoparticles during the nucleation,
growth, and oriented attachment (from nanodots to nanorods)
steps. The reaction mechanism is proposed to begin with
primary particles which are quickly aggregated into quasi-
spherical nanoparticles as a hydroxyl-terminated monomer,
followed by oriented attachment, and then through step
polymerization into nanorods.41 The present study demon-
strates a critical phenomenon spatially driving the development
of oriented attachment, which is the rate-determining step of
the reaction. A natural 3D template, governed by the balance of
interaction forces among different surface ligands and solvent
molecules, allows the alignment of spherical nanodots (as
monomers) into the ordering structure. The template facilitates
the simultaneous step polymerization into the rod shape. The
spatial distributions of nanorods and nanodot monomers
coexist and interact with each other in the colloidal solution
during the oriented aggregation process. This SAXS analysis
points out for the first time that the presence of a natural
template in colloidal solution plays an important role and acts
as a driving force for the formation of nanorods. The multistep
mechanism of nucleation and isotropic and anisotropic growth
proposed herein can provide insight into the mechanism of
oriented aggregation and attachment. This SAXS study also
provides the relevant knowledge for the further aggregation of
nanorods into nanowires or 3D network structures in solution.

■ EXPERIMENTAL SECTION
Titanium tetraisopropoxide (Ti(OPr)4 or TTIP) as precursor
was chemically modified by oleic acid into titanium
oxocarboxylalkoxide (C17H33COO)xTi(OPr)4−x. Anatase TiO2
nanorods were prepared using the fast hydrolysis of modified
precursor in the oleic acid solution at 80−100 °C.3 Oleic acid
(120 g) was stirred vigorously at 120 °C for 1 h in a three-neck
flask under Ar flow then cooled to 90 °C and maintained at this
temperature. Titanium isopropoxide (17 mmol) was then
added to the flask. After the mixture was stirred for 5 min,
trimethylamine-N-oxide dihydrate (34 mmol) in 17 mL of
water was rapidly injected. Trimethylamine-N-oxide dihydrate
was used as a catalyst for polycondensation. This reaction was
maintained at 100 °C and was continued for 9 h to ensure
complete hydrolysis and crystallization. Then, the TiO2
nanorod product was obtained in the oleic acid solutions.
The nanorods were washed and precipitated by ethanol
repeatedly to remove any residual surfactant. Finally, the
TiO2 nanorods were collected by centrifugation and then
redispersed in chloroform or toluene. The powder XRD pattern
was obtained using a Bruker D8 diffractometer which was used
to confirm the ordered crystalline structure of anatase TiO2
particles. A transmission electron microscope (JEOL JEM-
1230) was employed to observe the morphology of TiO2
particles. The samples for the XRD and TEM were extracted
from the same reaction bath at different times after injection.
The SAXS experiments for the oleic acid and toluene

solutions at 80 and 100 °C were performed using a Bruker
NANOSTAR SAXS in-house instrument. Incident X-rays were
generated using a rotating-copper target, and the scattered
intensity was collected using a 2D multiwire channel detector.
The details of the in-house SAXS experiment and instrumental
configuration were described elsewhere.42,43 The solution
samples for SAXS measurements were sealed in cells with a
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mica window. The SAXS intensity profiles were measured as a
function of scattering vector Q (= 4π/λ sin(θ/2); θ is the SAXS
scattering angle, and λ is the incident radiation wavelength)
using the standard data reduction procedures (e.g., background
subtraction, angular averaging).44 The typically obtained SAXS
intensity profiles covered the Q range 0.01−0.3 Å−1.

■ RESULTS AND DISCUSSION
Ordered Arrangement between Particles during

Reaction in Solution. Time-dependent SAXS intensity
profiles of the solutions (containing the oleic acid solvent,
modified titanium precursor, water, etc.) hydrolyzed at 100 °C
are shown in Figure 1. The SAXS profile at t = 0 min is from

the scattering of small amount of agglomeration of TTIP−oleic
acid complex (i.e., modified precursor) in the oleic acid solution
before the addition of water.3 For the SAXS profiles at t = 20
min to 8 h, the SAXS intensities in the low-Q region (0.01−
0.05 Å−1) demonstrate the two power-law scatterings and large
increase compared to that at t = 0 min. The exponents of
power-law scatterings are −2 and −1, respectively. Additionally,
there is a significant structure factor peak due to the interaction
between particles appearing in the mediate- and high-Q regions
(0.05−0.2 Å−1). The variation of SAXS profile shape with
reaction time signifies the process of initial nucleation,
anisotropic growth of Oleic acid-capped TiO2 particles, spatial
interaction of nanoparticles, and spatial network of nanorods in
the solution. The time-dependent XRD patterns (Supporting
Information; Figure S1) corresponding to this process show the
temporal evolution of crystalline structure from partially
crystallized phase at early stage to highly crystallized anatase
phase. The XRD patterns are consistent with those reported by
Cozzoli et al. using the same synthetic method.3

SAXS Analysis for Coexistence of Nanorods and
Nanodots in Solution. It is not appropriate to directly
analyze the complex SAXS profiles with structure factor peak
(Figure 1) without any information on particle size and shape.
To eliminate the effect of structure factor peak resulting from
the ordering or interaction between particles in solution, we
extracted oleic acid-capped TiO2 nanoparticles from the above
oleic acid solutions by filtering and washing processes. The
oleic acid-capped TiO2 nanoparticles were then well-dispersed
in toluene. Figure 2 shows the SAXS profiles for these oleic
acid-capped TiO2 nanoparticles corresponding to different
reaction times, which were dispersed in toluene. The
disappearance of both the structure factor and low-Q scattering

power (∼Q−2), describing the interparticle effect and spatial
distribution of particles, indicates that oleic acid-capped TiO2
nanoparticles are well-dispersed. The SAXS profiles (Figure 2)
demonstrate the characteristics of form-factor of rod-like
particles (i.e., the power-law scattering (∼Q−1) in the middle
Q range).26,45 Note that these SAXS profiles cannot be fitted
with a simple form factor (either sphere or cylinder). They can
be well fitted only by the model combining the form factors of
polydispersed spheres and nanorods with polydispersed radii, as
shown in Figure 2. The SAXS intensity, I(Q), can be modeled
by
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The first term on the right-hand side of eq 1 represents the
SAXS intensity profile caused by cylinders with polydispersed
radii normalized by the Schulz distribution, f(r). The width of
the radius distribution is defined by the polydispersity
parameter, z. The volume fraction, length, and mean radius
of cylinders are fc, L, and r,̅ respectively. Fc(Q,r,α) is the
scattering amplitude function for a cylinder with an oriented
angle α relative to scattering vector.26,44,45 J1(x) is the first
Bessel function. The integration over all orientations α in eq 1
is calculated for the size-averaged form factor. The integration
has been normalized by the second moment of the radius
distribution. Vpoly is the normalized volume of polydispersed
cylinders using the second moment. The second term on the
right-hand side of eq 1 represents the intensity resulting from
polydispersed spheres having a Schulz size distribution of
radius, f(R), with a mean radius R̅. Fs(Q,R) is the scattering
amplitude function for a sphere with radius R.26,42,44 fs and Vavg
are the volume fraction and normalized volume of spheres,
respectively. Δρc and Δρ are the scattering length density
contrast for the cylinder and sphere, respectively. The constant
b is the incoherent background. Two scattering contrast values
fixed in the fitting calculation are very difficult to estimate
accurately, so the relative volume fractions are determined in
this work.

Figure 1. SAXS profiles for the oleic acid solutions extracted at
different reaction times after the injection of water to induce the
hydrolysis of modified precursor at 100 °C.

Figure 2. SAXS profiles for the toluene solutions containing the well-
dispersed oleic acid-capped TiO2 nanoparticles grown at 100 °C with
different reaction times. The solid lines represent the SAXS intensities
calculated by model fitting.
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Temporal Behavior and Structural Evolution Deter-
mined by Quantitative SAXS Analysis and TEM
Observation. The structural parameters obtained in the
model fitting44 of eq 1 are listed in Table 1. The mean sizes

of the coexisting nanorods and spherical particles (Table 1) are
consistent with our TEM observations, selectively shown in
Figure 3. The TEM samples of the corresponding oleic acid
solutions were prepared to analyze the diameter and length
distributions (histograms) of nanorods and spherical particles
as shown in the Supporting Information (Figure S2). Basically,
the size and polydispersity of both kinds of particles determined
by SAXS are relatively consistent with the supplementary TEM
results. On the other hand, the mean diameter (∼4 nm) and
length (∼27 nm) of TiO2 nanorods determined by the SAXS
analysis are approximately close to the size ranges reported by
other groups.3,17 However, the coexistence of spherical particles
was not reported in their study. In fact, these spherical TiO2
particles can be easily removed in the centrifugation and
repeated washing processes during the synthetic procedure.
Our analysis model of SAXS ignored the polydispersity in the
length distribution of nanorods because the lowest Q value
attainable (∼0.12 Å−1) is limited. In contrast, the SAXS
characterization of diameter of nanorods is reliable. In a
separate high-intensity synchrotron SAXS experiment extend-
ing the lowest Q value to ∼0.065 Å−1, we still obtain similar
analysis results (Supporting Information; Figure S3).
Background of Mechanistic Understanding. The

interpretation on the formation of the oleic acid-capped
anatase TiO2 nanorods, proposed in other studies using the
hydrolytic3 and nonhydrolytic7 approaches, is based on the
difference in surface energies (different ligands or functional
groups selectively binding on the respective crystallographic
surfaces). This would cause the surface-dependent growth rates.
On the basis of this driving force, the particle shape (aspect
ratio) or growth in length is time-dependent. However, the
growth behavior of the TiO2 nanorods revealed by our SAXS
analysis (Table 1) is relatively insensitive to reaction time under
our measurement conditions. This temporal variation cannot be
substantially explained by the factor of surface energy only. On
the other hand, for the case of surfactant-assisted elimination of

high-energy facet, TEM observation of the morphology of TiO2
nanoparticles shows the evolution from a bullet structure to a
zigzag-shaped rod.2 Our TEM observations are consistent with
this report.
A review of the literature reveals several studies8−10 that

report that the oriented attachment mechanism occurs on the
formation of some anisotropic TiO2 crystals with complex
shape and connectivity. This involves the calescence of faceted
nanocrystals by reducing their total free surface energy.6 The
TEM observations of Oskam’s group46 demonstrated that the
initial growth of spherical TiO2 particles follows the Lifshitz−
Slyozov−Wagner (LSW) model. After a prolonged time, the
spherical particles would partially self-assemble in the epitaxial
direction (considered to be oriented attachment). To our
knowledge, few studies using comprehensive experimental
results clearly address and confirm the formation mechanism of
TiO2 nanorods. The growth of both ZnS nanorods12 and ZnO
nanorods11 is suggested to follow oriented attachment
mechanism. However, their results are based on only TEM
study using dry samples of particles. Note that our result
demonstrates the coexistence of both spherical particles and
nanorods, which is consistent with the report of Yu et al.12

Moreover, our SAXS analysis would provide the insight into the
mechanism involving the transformation from spheres to rods

Table 1. Structural Parameters of Polydispersed Spheres and
Cylinders with Polydispersed Radii Obtained at Different
Reaction Times and Temperatures

temp
(°C) time fa

r ̅
a

(nm)
La

(nm) za
R̅b

(nm) zb fb

100 20 m 0.21 1.7 23.4 0.40 1.4 0.05 0.50
40 m 0.80 1.7 18.0 0.35 1.4 0.06 0.35
2 h 0.82 1.9 18.9 0.31 1.6 0.13 0.32
8 h 0.93 2.0 25.3 0.65 1.8 0.25 0.45

80 0 and
10 m

1.0 0.20

20 and
40 m

1.0 0.50

2 h 0.05 1.9 21.9 0.60 1.2 0.10 0.51
4 h 0.67 1.8 26.0 0.60 1.5 0.16 0.41
8 h 0.69 1.8 27.0 0.75 1.7 0.20 0.43
10 h 0.64 1.8 28.0 0.80 1.7 0.20 0.42

aFor the cylindrical particles. bFor the spherical particles. z is the
polydispersity. f is the relative volume fraction. R and r represent the
radius. L is the rod length.

Figure 3. TEM images as examples taken from the oleic acid solutions
at (a) 100 °C for 8 h and (b) 80 °C for 10 h. Green circles in (b) mark
the pearl-chain-like structure. HRTEM images of some nanorods, (c)−
(g), show the morphological evidence (outline is marked by red line;
the inside displays clear crystalline structure) of oriented aggregation
of primary nanodots.
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via the oriented attachment, as shown in the Scheme 1 of ref
12. The TEM observation from ZnO nanodots to nanorods via
oriented attachment (Figure 3a of ref 11) shows that quasi-
spherical particles align in a pearl-chain-like structure, which is
also observed in our TEM images (Figure 3b).
Kinetics and Formation of Nanorods via Formation,

Alignment, and Attachment of Nanodots. To study the
early stage of reaction in easily handled experiments, we
lowered the reaction temperature to 80 °C to reduce the rate of
reaction. Using the same synthetic procedure at 80 °C and then
dispersing the particles in the toluene, the time-dependent
SAXS profiles of the toluene solutions are shown in Figure 4. At

t = 0−10 min, only spherical particles with a radius of ∼1 nm
formed through the burst nucleation and growth (the
corresponding form factor profiles appeared in the high-Q
region, 0.08−0.2 Å−1). The low-Q region of scattering intensity
can be attributed to the large agglomerates of precursor
complex mentioned. When the time increased to 40 min, the
volume fraction of spherical particles is increased but their sizes
remain unchanged. Note that these quasi-spherical particles are
considered to be monomers, which were formed in the early
stage before the formation of nanorods. At t = 2 h, there is a
dramatic increase in SAXS intensities (Figure 4). The SAXS
profile shows the characteristics of nanorods with a power-law
scattering (∼Q−1; 0.02−0.08 Å−1). The previous SAXS profile
in the high-Q region contributed by the spherical particles
concurrently exists. The mean radius and length of nanorods
determined by the model fitting (eq 1) are 1.9 and 22 nm,
respectively (see Table 1). This result is close to that obtained
at 100 °C for 2 h. When the time increased to 10 h, the mean
radius of nanorods appears unchanged (∼1.8 nm) but the rod
length grows slightly (28 nm). The radius polydispersity of
nanorods increases up to ∼0.8 with increasing time. The length
of nanorods can be speculated to have the similar
polydispersity, although the growth of mean length is not
obvious. It can be roughly concluded in this work that the
temporal behavior of structural evolution of nanorods does not
follow the conventional step polymerization: rod length grows
gradually with time increase (i.e., chain length increases with
time). From Table 1, the solutions at 80 °C (0−40 min) show
the formation of only spherical particles with a fixed radius and
increasing volume fraction. We define this (initial) stage as step
I. The stage of oriented attachment of quasi-spherical particles
into pearl-chain-like structure is step II. The subsequent step
(termed step III) is that the nanorods with ∼2 nm radius and
∼22 nm length abruptly form (at t = 2 h), and then their
growth (in radius, length, and volume fraction) is almost stable

with increasing time (4−10 h). This is evidence of the
mechanism of oriented attachment. The solutions at 100 °C
show a similar process, while its first step (I) is relatively
prompt.

Alignment and Attachment of Nanodots into Nano-
rods in a Spatially Lamellar Arrangement as Template.
For the oleic acid solutions at 100 °C for 20 and 60 min (in
Figure 1), the initially formed nanorods of 1.7 nm radius and 23
nm length (Table 1) coexisted with the spherical particles. The
SAXS profiles in the high-Q region (0.06−0.3 Å−1)
demonstrate the first- and second-order structure peaks with
the exact position ratio of 1:2, revealing the lamellae ordering
(details are indicated by arrows in Figure 5a). According to the

well-accepted rules, the lamellar structure describing the spatial
interaction between particles can be evidenced by the structure
peak of SAXS profiles when the ratio of peak position of the
first-order and second-order peak is 1:2. In contrast, for the
other ordered systems,27 the position ratio is 1:√3 for the
hexagonal-close-packed (HCP) structure. The position ratio is
1:√2 for the body-centered-cubic (BCC) structure. The
lamellar layer comprises the spherical particles and nanorods.
The corresponding SAXS profiles can be considered to be the
product of the structural peaks and the form factor. It can be
speculated that the several spherical particles aligning into a
pearl-chain-like structure in the oleic acid solution coincides
with the nanorods. The nanorods are concurrently formed with
chain-like structure via proximity attachment between adjacent
particles (discussed later). The appearance of the power law
(∼Q−1) of Figure 1 shows that the nanorod is formed right
after the formation of pure spherical particles (i.e., step I),
signifying the oriented attachment mechanism. Moreover, in
the early period of step II, the volume fraction of nanorods with
stable size increases rapidly with the decrease in volume
fraction of spherical particles (see Table 1; 20−40 m at 100 °C
and 2−4 h at 80 °C). This situation suggests that nanorods are
formed concurrently by the exhaustion of spherical particles,
providing evidence of the oriented attachment mechanism.
Both the chain structure and nanorod have similar diameters
and are not distinguishable roughly in outline, contributing to
the similar form factor in the SAXS intensity profiles. Herein,
we define these spherical particles as the monomer particles
which are present throughout the course of the reaction. In step
II, the size of monomer particle may grow slightly (from 1.2 to
1.7 nm in radius for the case of 80 °C) but keep almost the
same volume fraction (Table 1). This growth behavior can
provide a reasonable explanation why the polydispersity of rod

Figure 4. SAXS profiles for the toluene solutions corresponding to the
similar syntheses at 80 °C for different reaction times. The solid lines
represent the SAXS intensities calculated by model fitting. Figure 5. SAXS profiles selected from Figure 1. (a) The SAXS profiles,

corresponding to t = 20 and 60 min, rescaled to show the first and
secondary structure peaks of lamellae ordering. (b) The local structure
peaks can be fitted well using the model (solid lines).
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radius increases during step II. The SAXS modeling
approximated these monomer particles (namely, spherical-
like, quasi-spherical, or even ellipsoid-like particles17) using the
spherical geometry. This would lead to an error in the
determination of radius. Because of the concurrent existence of
polydispersity of monomer particles, the deviation in the size
(due to aspect ratio) is difficult to be quantitatively justified.
According to the mean radius of monomer particles, we can
approximate that the major axis or average size of the ellipsoidal
particles (in the real case17) is close to that of the nanorods
(Figure 3c−g). Note that parts of the oriented attachment
mechanism formed by such an alignment method14,17 and
attachment16 between the adjacent monomer particles were
evidenced or proposed by the recent studies.
Our TEM observations for a dry sample prepared from the

oleic acid solution also shows the alignment of quasi-spherical
monomer particles into a pearl-chain-like structure (Figure 3b).
Moreover, our high-resolution TEM (HRTEM) images
demonstrate morphological evidence of nanorod formation
by the oriented attachment of monomer particles (Figure 3c−
g). This HRTEM result is consistent with that of a recent
HRTEM study on the direct observation of the oriented
attachment in solution.18 In step II, the quasi-spherical particles
are formed by the partially anisotropic hydrolysis of spherical
monomer particles of step I to grow in the preferential
direction (see Supporting Information for details; Figure S4).
Its global size is close to the diameter of the nanorod. The
growth of the quasi-spherical particles and the subsequent
alignment could occur simultaneously, as demonstrated by the
temporal evolution of SAXS profiles. The lamellar structure (as
demonstrated by the structure peak of SAXS profiles)
comprising the quasi-spherical particles and nanorods may be
speculatively regarded as the ordered arrays. The alignment
into a chain (as a one-line array) is closely related to the
ordered packing of the arrays. Then, finally in step III, nanorods
are formed. The schematic representation of this possible
scenario is shown in Figure 6.

Disruption of Lamellar Structure into a Simple
Ordered System with Increasing Time. The SAXS
model-fitting results (Table 1) show that the volume fraction
of nanorods just formed increases with reaction time. When the
reaction time is greater than 80 min, the lamellar structure
(Figure 5a) is little disrupted to be a simple ordered system
characterized by one structure peak (Figure 5b). The structure
peak (at ∼0.09 Å−1) due to the interparticle effect shifts toward
the low-Q region as the reaction time increases (Figure 1). This

suggests the decrease of spacing of ordered arrays (i.e., more
compact between nanorods). We attempt to determine
structural information by empirically modeling this structural
peak as follows:44,47

ξ
= +

+ | − |
+I Q

A
Q

C
Q Q

B( )
1 ( )n m

0 (3)

where A and C are constants, n is the Porod exponent, m the
Lorentzian exponent, and ξ the Lorentzian screening length.
The first term is related to the power law’s scattering
contributed by the large-scale structure (discussed later). This
models the intensity around the left-hand side of the structure
peak. The second term (i.e., Lorentzian function) characterizes
the interactions of particles.44,47 The peak position at Q0 is
related to the d-spacing by Q0 = 2π/D.
The spacing value D is a characteristic distance between the

scattering inhomogeneities. The model fitting (eq 3) regarding
to the structure peaks at different times is in good agreement
with the measured intensities (Figure 5b). The best-fit values of
Lorentzian screening length are ∼4 nm for t = 60−100 min,
which are close to the diameter of either the chain structure
(quasi-spherical particles) or nanorods. This analysis result
directly modeling the structure peak of SAXS profiles in oleic
acid solutions is self-consistent with that using the combined
form factors (eq 1) for the toluene solutions (particles
dispersed in the solution). The d-spacing values of arrays
according to the determined Q0 values are ∼7 nm. The d-
spacing value corresponds to the distance between the centers
of either nanorods or chain structures with a characteristic size,
ξ ∼ 4 nm (diameter).

Mechanistic Role of Lamellar Structure as Natural
Template to Assist Oriented Attachment. This (ordered)
lamellar structure formed in the oleic acid solution can be
regarded as the result exerted by spatial interaction forces
between particles and solvent molecules. In this structure, the
formation (nucleation and growth) of monomer quasi-spherical
particles, the alignment into the chain structure, and the
formation of nanorods via proximity attachment (due to only
the interfacial effect) are concurrently driven at the same
positions or with the least displacement (Figure 6). This
method of self-assembly (oriented attachment) is the most
feasible path because it takes the smallest movement in short
time (i.e., the least energy). This lamellar structure in the oleic
acid solution seems to be constructed within a naturally
nonvisible template. The hypothesis of a natural template
proposed here can explain why the anisotropic growth (in the
oriented attachment mechanism) is fast and easy. This natural
template is probably formed by the balance of interaction forces
among the anisotropic distribution of the various ligands on
particles and solvent molecules.
It is well-known that the surfactant organization into micelles

takes place when the critical micelle concentration (CMC) is
reached. According to the systematic work of Cozzoli’s group,3

the CMC of TiO2 synthesis for the self-assembly of molecules
into initial particles is estimated to be in the molar ratio of
130:1 (oleic acid:TTIP) in oleic acid solution at 80 °C. From
our TEM and SAXS results, we clearly observed the lamella
structure, indicating the microreactor is in a lamella structure
during the reaction.

Fractal Network of Nanorods Coexisting with the
Development of a Natural Template. The SAXS intensity
profiles (Figure 1) for the oleic acid solutions demonstrate two

Figure 6. Schematic representation of quasi-spherical particles that are
aligning into the chain structure and concurrently transforming to
nanorods in the ordered lamellar structure as natural template in the
solution.
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patterns of power-law scatterings with the exponents of −2 and
−1 (Q region, 0.01−0.05 Å−1). This signifies the existence of
fractal network structure (fractal dimension ∼2; with the open,
self-similarity, and branched characteristics) aggregated by
nanorods.48−51 This large-scale fractal network structure
coexists with the simple ordered (or lamellar) structure
shown in the schematic representation of Figure 7. It can be

deduced that several nanorods formed by the oriented
attachment. They were released from the lamellar template
and then aggregate into a large fractal network structure. Our
SAXS study cannot determine the real domains sizes of fractal
network and lamellar structure because of the limitation of the
Q-range. The progressive variation of SAXS intensities in the
low-Q region (20 min to 4 h; Figure 1) demonstrates that the
volume fraction of nanorods increases with reaction time
(consistent with the result in Table 1). This is contributed
mainly by the development of a lamellar structure (initially,
20−60 min) and then development of a fractal network (80
min to 4 h; with the disruption of lamellar template into a
simple ordered system). However, when the reaction time was
more than 4 h and up to 8 h, the temporal evolution of SAXS
profiles saturates. This indicates that the structural evolution
and formation of nanorods tend to stop after reaching the
maximum values. This behavior is consistent with the
observation of Cozzoli et al.3 Because of the limitation of
template size (Figure 6), large nanorods cannot be achieved.
On the other hand, it is also very likely that the large fractal
network aggregated by nanorods may assist the formation of a
long chain by connecting the ends of nanorods.52

Details of Formation Mechanism. On the basis of the
results of nanorod formation at 80 °C, the monomer particles
grow from ∼1 nm (in step I) up to ∼1.7 nm during step II in
spite of concurrent formation of nanorods. We propose that the
spherical monomer particles (formed in step I) result from
hydrolysis−condensations in all growth directions. The quasi-
spherical particles are further formed by the partially
anisotropic hydrolysis of primary particles growing in the
preferential direction in step II. The hypothesized reaction
mechanism of nucleation and growth of monomer particles is

described in the Supporting Information (Figure S4). With the
assistance of a natural template in the solutions, oriented
attachment occurs to form pearl-chain-like structures (step II).
Then the pearl-chain-like structure converts into a rod structure
very rapidly as step III. Figure 8 illustrates a three-step

formation mechanism clearly. Herein, the dynamic removal and
subsequent reconstruction of oleic acid molecules on the
surface of the growing titania crystals are likely face-selective,
which has been pointed out in the literature.3 Although recent
studies14,16,17 reported similar finding about steps I and II,
which are part of the mechanism, our study quantitatively
provides all the details and the assistance of a natural template
to grow into nanorods in step III. Separately, we have carried
out the synthesis of nanorods at 98 °C at different times (2, 4,
6, 8, 9 h) batch-wise. The changes of rod dimension with time
can be actually determined using XRD as shown in Table 2. We

did a linear fitting with the data. The result indicates that the
reaction is a third-order reaction with a correlation coefficient
of 0.89424 (Figure S5 of the Supporting Information). These
kinetic results also support the three-step formation mecha-
nism.
On the basis of the proposed mechanism, the spherical

monomer particles frequently tuned by reaction conditions can
affect the diameter of the rods and can be used to control the
aspect ratio of the rods. The proposed mechanism may be
applied to explain the detailed behavior of growth of diameter-
tunable TiO2 nanorods observed by Zhang et al.7 Moreover,
this working model of a nonvisible template in the solution
assisting the alignment and formation of rods can be used to
control the rod length and network structure of TiO2

Figure 7. Schematic representation of the large-scale fractal network
structure (brown) aggregated by nanorods (blue) in the oleic acid
solutions. The nanorods are released from the lamellar structure
concurrently existing with the fractal-like aggregation.

Figure 8. Schematic representation of formation of organic-capped
TiO2 nanorods via oriented attachment mechanism (R′ = −CH-
(CH3)2; R = oleic acid ligand; OH = hydrolyzed functional group).

Table 2. Size Variance of TiO2 Nanorods Prepared at 98 °C
with Different Reaction Times (As Determined by XRD
Method)

reaction time (h) width (nm) length (nm)

2 3.64 21.0
4 3.72 23.8
6 4.04 23.8
8 4.10 26.4
9 4.62 29.7

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp506780h | J. Phys. Chem. C 2014, 118, 26332−2634026338



nanowires. It is also able to interpret the behavior of growth
about the TiO2 nanowires

13 and the recent research of oriented
aggregation.14 The present study can provide insight into the
synthetic strategy of various nanoparticles and the control of
nanostructure. The SAXS study regarding the solution state
clearly addresses the details of formation mechanism of TiO2
nanorods.

■ CONCLUSIONS
The first study on the oriented attachment mechanism using
SAXS study for the formation of nanoparticles in solution is
presented herein. The template (lamellar structure) formed by
the natural balance of surface groups and solvent molecules
assisted the oriented attachment in solution. The proposed
mechanism provides insight into fundamental understanding of
oriented attachment and its driving force, which is less
investigated in this field. The SAXS analysis and TEM
observation qualitatively and quantitatively provide sufficient
interpretation on the mechanism, including the structural
evolution, interparticle interaction, and spatial orientation of
nanoparticles developed from nanodots to nanorods via the
proposed multistep mechanism. The information is helpful for
developing the strategy or synthesis parameters controlling the
particle morphology and multilength-scale structures (from
nanodot as basic unit to nanorod to wire network) by the
oriented attachment. The oriented attachment mechanism
revealed herein could provide more clues for solving the
complex and unknown processes of various nanoparticle
formations.
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