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Higher-ordered architectures self-assembly of nanomaterials have recently attracted increasing attention. In this
work, we report a spontaneous and efficient route to simultaneous synthesis and self-assembly of 3D layered f-FeOOH
nanorods depending on a pH-induced strategy, in which the continuous change of pH is achieved by hydrolysis of
FeCl;3-6H,0 in the presence of urea under hydrothermal conditions. The electron microscopy observations reveal that
the square-prismic 5-FeOOH nanorods are self-assembled in a side-by-side fashion to form highly oriented 2D nanorod
arrays, and the 2D nanorod arrays are further stacked in a face-to-face fashion to form the final 3D layered
architectures. On the basis of time-dependent experiments, a multistage reaction mechanism for the formation of the
3D layered f-FeOOH nanorods architecture is presented, involving the fast growth and synchronous self-assembly
of the nanorods toward 1D, 2D, and 3D spontaneously. The experimental evidence further demonstrates that the
urea-decomposition-dependent pH continuously changing in the solution, spontaneously altering the driving
force competition between the electrostatic repulsive force and the attractive van der Waals force among the
nanorods building blocks, is the essential factor to influence the self-assembly of the f-FeOOH nanorods from

1D to 3D.

1. Introduction

Self-assembly of discrete nanostructures into macroscopic
higher-ordered architectures can create interesting models to
investigate the chemical and physical interactions among the
nanocrystals'? and also offers new opportunities to fabricate
functional materials and nanodevices.* '© Therefore, it has
attracted increasing attention in both fundamental research and
practical applications over the past years. In principle, the self-
assembly of nanostructures strongly depends on the nanoparticle
interactions,'""!? the particle size distribution,'* and the particle
shape."*!> In comparison with the monodisperse spherical
nanoparticles that usually form a fcc close-packing pattern,
the polyhedral nanoparticles (e.g., rods, octahedra, and cubes)
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behaving as building blocks exhibit a variety of self-assembling
fashions.'®"2° Nowadays, the prevalent self-assembly approaches
include droplet evaporation,”!' ~>* mixing nonsolvent,”>*® Lang-
muir—Blodgettry technique,?’ >’ and small-molecule or polymer
mediator-induced assembly.’*"** In addition, as an important
method for self-assembly, the surface template-assisted self-
assembly approach based on the lithographically defined physical
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template™® or self-organized chemical template® can directly
achieve assembled pattern of building blocks on substrates, and
thusit is often used in the investigation of self-assembly.***” All of
these methods above typically require to prefabricate tailor-made
building blocks with uniform shape and size by means of specific
synthetic routes or tedious size selection processes before the
self-assembly. Consequently, simultaneous synthesis and self-
assembly, by which the nascent building blocks can be spon-
taneously assembled during their growth process, are highly

desirable.*®*
p-Ferric oxyhydroxide (8-FeOOH), a useful semiconductor

with a band gap of 2.12 eV, is widely applied as pigment in
commodity industry,*’ as catalysts in oxidation/reduction reac-
tions and hydroprocessing of coal,*! as positive electrode materi-
als in lithium batteries,*>* and as raw materials for hard and soft
magnets.***> Over the recent decades, rod-shaped -FeOOH has
attracted intensive attentions as it is an ideal experimental model
for investigating self-ordering behavior of colloidal nanorods in
suspensions.** >* It has been found for a long time that uniform
B-FeOOH nanorods facilitate to be obtained by slow hydrolysis
of FeCl; and also to be spontaneously self-assembled to an
ordered architecture (i.e., Schiller layers) with the iridescence
color by long-time stewing or droplet evaporation.**~>* In recent
years, H. Maeda and Y. Maeda et al. have demonstrated by
means of various optical and electron microscopy techniques that
the Schiller layers originating from self-assembly of f-FeOOH
nanorods are of the liquid crystal nature, and they consist of
different phases, depending on the length/diameter ratio (L/ W) of
the nanorods as well as the initial density and pH of nanorod
suspension (i.e., sols).”' 7> It should be in particular pointed out
that, among these factors above, the pH plays a critical role in the
stability of colloid suspensions, which may break the balance
between interparticle electrostatic repulsive forces and van der
Waals acttractive forces by changing surface charges of the
particles.™® Even the self-assembly mechanism of S-FeOOH
nanorods has been appropriately discussed, development in the
methodology to reach high-quality assembled materials of the
B-FeOOH nanorods is relatively slow. Most of the present
synthetic methods are very time-consuming, usually lasting for
several months.**~>* Therefore, designing a simple and effective
self-assembly route is highly desirable from the viewpoint of
fundamental research.
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In this study, we propose a fast and facile one-step “bottom up”
approach to simultaneously synthesize and self-assemble 3D
layered square-prismic -FeOOH nanorod arrays in the solution.
In view of the absence of the surfactants or other external assistant
effects, the proposed process is an ideal experimental model to
investigate self-assembly of nonspherical nanoparticles with the
only driving force of interparticle interaction. The competition
between the electrostatic repulsive force and attractive van der
Waals force among the building blocks, tunable by the urea-
decomposition-dependent pH of the solution, is revealed to be
essential for constructing desired 5-FeOOH nanorods structures
from 1D to 3D.

2. Experimental Section

Synthesis of 3D Layered Self-Assembled S-FeOOH
Nanorods Based on the pH-Induced Strategy. Ferric chloride
(FeCls-6H,0) and urea were purchased from Sinopharm Che-
mical Reagent Co. (Shanghai, China). All reagents are of analy-
tical grade and used without further purification. In a typical
experiment, FeCl;-6H,0 (270 mg, 1 mmol) and urea (120 mg,
2 mmol) were added into deionized water (16 mL) and stirred for
several minutes until an orange transparent solution was ob-
tained. The solution was then transferred into a 20 mL Teflon-
lined stainless steel autoclave. The sealed autoclave was warmed
up at a rate of 1.5 °C min~' to 120 °C and then maintained for
10 h. Finally, the autoclave was naturally cooled to room
temperature. The brown precipitation was collected by centrifuga-
tion and washed with deionized water for three times. To investi-
gate the role of urea, in addition, a urea-free control experiment
was further carried out under the same reaction conditions.

Synthesis of Self-Assembled #-FeOOH Nanorods Based
on the Droplet Evaporation Strategy. The synthetic procedure
of monodisperse building blocks (i.e., spindlelike S-FeOOH
nanorods) is similar to the synthesis procedure for the 3D layered
self-assembled S-FeOOH nanorods mentioned above, but in the
absence of urea and changing the reaction time from 10 to 1 h.
After reaction, the spindlelike 5-FeOOH nanorods were collected
by centrifugation, washed with deionized water for three times,
and then redispersed into deionized water (0.25 mL). For the
preparation of S-FeOOH nanorod assemblies, a drop (about
10 uL) of well-dispersed suspension of 5-FeOOH nanorods was
dropped onto a clean silicon substrate in a culture dishes with a
cap. Kept at room temperature over 6 h for water evaporation,
ringlike self-assembled 3-FeOOH nanorods were obtained on the
silicon substrate.

Characterization of the Samples. The phase of the products
was characterized by X-ray powder diffraction (XRD, Panalytical
X’pert PRO diffractometer with Cu Ka radiation). The morpho-
logies of the products were observed by scanning electron micro-
scopy (SEM, Hitachi S-4800 and LEO 1530). The internal
structures of the samples were characterized by high-resolution
transmission electron microscopy (HRTEM, TECNAI F-30 with
an accelerating voltage of 300 kV). The pore size distribution plot
of the products was measured by Barrett—Joyner—Halenda
(BJH) method on a Micrometrics ASAP 2020 system. The zeta
potential and size distribution measurements were performed on
Nano-ZS&MPT-2 (Malvern), and the pH of the solution was
recorded with pH meter S20 (Mettler Toledo).

3. Results and Discussion

The pH-induced simultaneous synthesis and self-assembly of
3D f3-FeOOH nanorods was carried out through a hydrothermal
route at 120 °C by using FeCl;-6H,0 and urea as raw materials.
Designing of such a reaction system involving FeCl; and urea is
based on the following reasons. First, FeCls facilitates to hydro-
lyze in weakly acidic, neutral, or basic aqueous solutions for
synthesis of f-FeOOH nanorods.**">* Second, urea can slowly

Langmuir 2010, 26 (4 ), 2745-2750



Fang et al.

-
3 =] -
5 =
ﬁ Lol N‘_
e = -

2 e = o
§lre c) = — ob wuyg
drn &| [ T S| Bae
IR IR R

0 2 @™ 4 s @ o

Figure 1. (a) Photo of the as-obtained products in a plate. Inset of
(a): corresponding high-magnification photo. (b) XRD pattern of
the as-obtained products.

decompose under hydrothermal conditions and thus act as a
steady OH ™ source which leads to a consistent change of the pH in
the reaction solution. Third, an appropriate reaction temperature
(i.e., 120 °C), which is required to obviously accelerate the
hydrolysis of FeCl; and meanwhile ensure gently decomposing
of urea, contributes to the fast formation of f-FeOOH nanorods
taking precedence of the pH change. And finally, likely the most
important, previous studies have demonstrated that the stability
of colloid suspensions depends on the balance between the
attractive van der Waals forces and the electrostatic repulsive
forces,” which can be tuned by varying the pH of the solution.
Details of the results and discussion regarding spontaneous
formation of the 3D layered self-assembled S-FeOOH nanorods
are elaborated as follows.

Figure l1a shows that the brown precipitation collected after the
hydrothermal reaction contains some macroscopical solids. The
XRD characterization (Figure 1b) indicates that the precipitation
belongs to a tetragonal phase of f-FeOOH (JCPDS No. 34-1266).

A typical SEM image of the macroscopical solids is shown in
Figure 2a, and its corresponding local enlargement (Figure 2a and
the inset) reveals that the as-obtained macroscopic solids are
constructed by 3D multilayered substructures. The typical high-
magnification SEM image of a broken region (Figure 2b) indi-
cates that every individual layer is composed of vertically standing
self-assembled square-prismic nanorods with round ends, which
are of ~200 nm in length and of 40—50 nm in width. More
detailed morphological characteristic of the 3D self-assembled
multilayered structures are shown in Figures S1 and S2
(Supporting Information). A typical self-assembled architecture
composed of three flat layers is selected to be further investigated
on the self-assembled fashion of the building blocks in detail
(Figure 2c—f). The high-magnification SEM images (Figure 2d,e)
recorded from two different regions (marked with d and ¢ in
Figure 2c) in the same layer (layer 3) reveal that all the square-
prismic nanorods in the same layer are self-assembled by side-
by-side attachment along the same orientations (as the solid
arrows pointing to). The slight misalignment should be caused
by the unbalanced size distribution of the nanorods. It should be
pointed out that it is random for the packing between the adjacent
layers where the square-prismic nanorods are aligned along
different orientations (as marked with the solid and dashed
arrows in Figure 2f).

The more detailed structural information on the as-synthesized
self-assembled nanorods was further provided by TEM. Figure 3a
shows a TEM image of a single layer of self-assembled nanorods
with a square-ordered pattern. The corresponding selected area
electron diffraction (SAED) pattern taken along the ¢ zone axis is
analogously single-crystalline, indicating the highly oriented

(55) Derjaguin, B. V.; Landau, L. D. Acta Physicochim. URSS 1941, 14, 633.
(56) Verwey, E. J. W.; Overveek, J. T .G. Theory of the Stability of Lyotropic
Colloids; Elsevier: Dover reprint, 2001.
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Figure 2. SEM characterization of the as-obtained 3D layered
self-assembled B-FeOOH nanorods: (a) Typical solid with tens
of micrometers in size. Inset: high-magnification image corre-
sponding to the dashed region. (b) Typical broken region (side
view). Inset: vertical view. (c¢) Typical fragment composed of
three layers. Marks: regions e and f are corresponding to the
regions observed in (d)—(f). (d, e) Self-assembled nanorodsin the
same layer. (f) Self-assembled nanorods in the adjacent two
layers.
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Figure 3. TEM characterization of a single layer as-synthesized
self-assembled 3-FeOOH nanorods: (a) low-magnification TEM
image, (b) corresponding SAED pattern, and (c) high-magnifica-
tion TEM image. (d) Pore size distribution curve of the as-obtained
self-assembled -FeOOH nanorods. Inset: typical TEM image of
the channel.
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Figure 4. SEM images of the morphological evolution in the
time-dependent experiments: (a) 1, (b) 3, (¢) 5, and (d) 7 h (the
insets: typical high-magnification images).

alignment of nanorods along both a- and b-axis. The diffraction
spots are widened into narrow arcs due to the existence of
misalignments among the building blocks. In addition, many
vertical channels of 10 nm in average diameter are observed
between adjacent incompact nanorods in the self-assembled
layered structure (Figure 3c). The pore distribution diagram
(Figure 3d) based on the BJH method further displays that the
as-prepared product possesses a broad mesopore distribution
around 11 nm, well consistent with the TEM observation (inset of
Figure 3d).

To understand the simultaneous synthesis and self-assembly
process, a series of time-dependent synthetic experiments are
carried out, and the intermediate products obtained at different
time intervals are further investigated by SEM for tracking
morphological evolution (Figure 4). As shown in Figure 4a, the
products obtained at 1 h are composed of monodisperse spindle-
like nanorods of 50 nm in diameter and 180 nm in length. After
reaction for 3 h, the products evolve to square-prismic nanorods,
and correspondingly their diameters and lengths slightly increase
(Figure 4b). Interestingly, some quantities of nascent square-
prismic nanorods are found to aggregate side-by-side into some
raftlike structures. When prolonging reaction time to 5 h, bundle-
like nanorod assemblies of around hundreds of nanometers in size
are dominant in the products (Figure 4c). At this stage, the self-
assembled fashion of the 5-FeOOH nanorods evolves from the
1D mode (i.e., the raftlike structure) to the 2D mode (i.e., the
bundlelike structure). After reaction for 7 h, the rudiment of 3D
self-assemblies, the layered self-assembled 3-FeOOH nanorods of
up to micrometer scale size are formed (Figure 4d). The whole
morphological evolution reveals that the formation of the 3D self-
assembled 5-FeOOH nanorods undergoes a typical “bottom-up”
pathway, which involves a fast nucleation and growth of building
blocks followed by their 1D, 2D, and 3D self-assembly step by
step.

To monitor the real self-assembling behavior of the f-FeOOH
nanorods, the dynamic light scattering (DLS) technique that can
in situ provide the size distributions of the intermediate products
in the solution is further applied (Figure 5). After reaction for 1 h,
the hydrodynamic diameters of the intermediate products possess
a single size distribution with the peak value of 60—70 nm, which
reveals that the spindlelike intermediates as primary particles are
well dispersed in the solution at this reaction stage. After reaction
for 3 h, the hydrodynamic diameter of the intermediates presents
a mixture of size distribution, implying the existence of two
distinct diffusing species in the solution. The primary distribution
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Figure 5. Size distribution evolution of the products obtained in
the time-dependent experiments.

in the small size range should result from the dispersive primary
particles (i.e., the square-prismic nanorods), and the minor
distribution with the peak value of about 500 nm should be due
to the appearance of some small self-assemblies (i.e., the raftlike
arranged square-prismic nanorods). When the reaction lasts to
5 h, there is only a single distribution with a peak value of 700 nm
in the large size range detected by DSL. This means that all the
building blocks are self-assembled into the large aggregates at this
stage. With the prolonging of reaction time, the hydrodynamic
diameters of the products increase to a micrometer scale at
reaction time of 7 h. Such a time-dependent size distribution
evolution agrees well with the SEM observation shown in
Figure 4. As a result, it can be concluded that the formation of
3D self-assembled 5-FeOOH nanorods is indeed multistage and
takes a synchronous synthesis and self-assembly process from the
B-FeOOH nanorods building blocks spontaneously.

As is well-known, the stability of colloid suspensions depends
on the balance between the electrostatic repulsive forces and
attractive van der Waals forces.>>® In order to investigate the
interparticle interactions, the pH of the reaction solution and zeta
potential of the intermediate products are further detected during
the reaction (Figure 6). At the early stage, the pH of the reaction
system is acid (e.g., pH = 0.98 for 1 h). With the reaction
proceeding, the pH gradually rose and finally is maintained at
about 7 (Figure 6a, the curve of hollow dots). But, in contrast, the
zeta potential of the intermediate products first increased and
then gradually decreased to the isoelectric point (Figure 6a, the
curve of solid dots). In principle, the zeta potential reflects the
effective charge on the particles. It thus can be a probe to evaluate
the amount of surface charge of the as-prepared S-FeOOH
nanorods and the electrostatic repulsion between them.
Obviously, the surface charge of the products has a close relation
with the pH of the reaction system.

As we have designed, the pH change of the reaction system is
the essential factor for inducing self-assemble behavior of the
B-FeOOH nanorods, which results from slow decomposition of
urea under the hydrothermal conditions. As shown in the urea-
free control experiment (Figure 6b), no self-assembled nanorods
are observed after the same reaction. Interestingly, the intermedi-
ate products obtained after reaction for 1 h are already mono-
disperse 5-FeOOH nanorods, and the pH of the solution is always
maintained at about 1 during the reaction (e.g., the pH after reac-
tion for 1 and 10 h is equal to 1.06 and 0.97, respectively). So, in
our synthetic methods, urea actually acts as a steady OH ™ supply

Langmuir 2010, 26(4), 2745-2750
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through slowly decomposing. It should be pointed out that the
change speed of pH is also crucial for the self-assembly process
of the B-FeOOH nanorods. Take the sols of the spindlelike
p-FeOOH nanorods as an example, the transparent sols floccu-
lated into the loose sediment at the bottom of the solution if
rapidly raising the pH from 1 to near neutral by adding alkaline
solution (Figure 6¢). SEM observation indicates that this sedi-
ment is composed of randomly agglomerated nanospindles
(Figure 6d.e). So it can be concluded that the spontaneous
formation of 3D self-assembled 5-FeOOH nanorods is induced
by the pH of the reaction system.

On the basis of the above experimental results, we propose four
major steps in the formation of the 3D self-assembled -FeOOH
nanorods as follows: (i) formation of the building blocks; (ii) 1D
self-assembly of the building blocks; (iii) 2D self-assembly of the
building blocks; and (iv) 3D self-assembly of 2D self-assembled
building blocks. This formation mechanism can be schematically
depicted in Scheme 1.

In the step i, the building blocks, i.e., the f-FeOOH nano-
rods is formed through the hydrolysis reaction of Fe*' ions

Figure 6. (a) pH of the reaction system (hollow dots) and the zeta
potential of the intermediate products (solid dots) evolution in the
time-dependent experiments. (b) SEM image of the products
obtained after reaction for 10 h in the urea-free control experiment.
Inset: corresponding high-magnification SEM image. (¢) The
photos to illustrate the flocculation of the stable nanospindle sols
driven by adding alkaline solution. Marks: (I) the nanospindle sols,
pH = 1; (Il) the sediment, pH = 7. (d) Low-magnification SEM
image and (e) corresponding high-magnification SEM image of the
flocculation.
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as follows:
Fe** +3H,0 — Fe(OH), +3H"
Fe(OH); — FeO(OH) + H,0

(1)
(2)
These f-FeOOH nanorods with high positive surface charges are
well dispersive at this stage owing to the electrostatic repulsive force
exceeding attractive van der Waals force between the building

blocks. At the same time, the pH of reaction system begins to rises
due to the decomposition reaction of urea as follows:

(NH,),CO + H,0 — 2NHj + CO,
NH; + H,O — NI‘I4+ +OH "™

(3)
(4)

The formed OH™ ions can neutralize the positive surface charge of
the 8-FeOOH nanorods, leading to the change of the surface
charge. With the decrease of the surface charge, the interparticle
interactions gradually evolve from repulsive to attractive, and the
dispersive square-prismic 5-FeOOH nanorods tends to be self-
assembled with each other to reduce the surface energy. As
depicted in the step ii of Scheme 1, these freestanding 5-FeOOH
nanorods first form the 1D raftlike self-assemblies in the solution
because the side-by-side assembling mode is energetically more
favorable than the end-to-end assembling mode. To further
reduce the surface energy, the raftlike self-assemblies will con-
tinuously attract those nearby freestanding nanorods or raftlike
self-assemblies and assemble with them in the tetragonal-like
packing mode. At this stage (i.e., step iii), the assembling of the
[-FeOOH nanorods evolves from 1D to 2D. With the increase of
the pH to near neutral, the electrostatic repulsive force between
self-assemblies is negligible. Finally, some layers of adjacent square
self-assembled nanorod arrays tend to be stacked up with each
other and form a layered 3D architecture under the attractive van
der Waals force, as shown in step iv. From the above presented
mechanism, it can be found that the speed for pH changing in
the reaction system is the key to achieve 3D self-assembly of /-
FeOOH nanorods, which requires an appropriate dosage of urea
in the synthetic procedure. In addition, because the self-assembly
of the f-FeOOH nanorods take place simultaneously accompa-
nying with the formation of nanorods in a closed reaction vessel,
our proposed synthetic route is tolerant of external influence, such
as environmental temperature and humidity.

According to the above discussion, the competition of the
interparticle interactions (i.e., the electrostatic repulsive forces
and attractive van der Waals force in the building blocks) is the

Scheme 1. Schematic Illustration for the Formation of the 3D Self-Assembled f-FeOOH Nanorods
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Figure 7. Self-assembly of monodisperse spindlelike S-FeOOH
nanorods through a droplet evaporation route. (a) Schematic
illustration for the droplet-evaporation-induced formation of
self-assembled S-FeOOH nanorods. Marks: b—e (from the edge
to the center) correspond to the regions observed in (b)—(e). Four
typical self-assembling fashions of the f-FeOOH nanorods ob-
served from the h—e regions: (b) nematic phase, (c) a mixture of
nematic phase and smectic-A phase, (d) smectic-A phase, (e)
disordered aggregation.

direct driving forces for self-assembly of the colloidal f-FeOOH
nanorods, which can be tuned by the continuous pH change
of the reaction system. Compared with the previously reported
droplet evaporation,”*** such a self-assembling strategy is more
simple and time-saving and facilitates the formation of nano-
structures with high quality. In the droplet evaporation
(schematically depicted in Figure 7a), apart from the interparticle
interactions, both evaporation speed and various interfacial (e.g.,
solution—substrate, solution—gas, and solution—substrate—gas)
forces also can greatly influence the self-assembling behavior
of colloidal nanoparticles. The self-assembling behavior of colloi-
dal nanoparticles is therefore more complex and uncontrollable
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in the synthetic systems of solution evaporation. The additional
experiment provides the evidence that the self-assembled
patterns of the -FeOOH nanorods in different regions are
dissimilar. The nematic phase is dominant in the region b
(i.e., the edge of the droplet) where closely packed chains of the
B-FeOOH nanorods through the end-to-end self-assembly are
lying on the substrate (Figure 7b). In the region d neighboring to
the center of the droplet, however, the main assembled pattern is
the smectic-A phase where the standing upright S-FeOOH
nanorods are side-by-side self-assembled together to form 2D
nanorod arrays on the substrate and finally to a 3D layered
architecture (Figure 7d). In addition to these uniform liquid
phases, there are some disordered aggregated patterns in region
¢ (i.e., the center of the droplet) and region d (i.e., the neighbor-
hood of the edge of the droplet), as shown in parts ¢ and e of
Figure 7, respectively.

4. Conclusion

In summary, we have developed an effectual route to fabricate
3D layered self-assembled S-FeOOH nanorods based on a pH-
induced strategy. Urea is critical in the proposed method, which
can continuously change the pH of the reaction system, tune the
interparticle interaction, and further induce the spontaneous self-
assembly of the colloidal f-FeOOH nanorods through its slow
decomposition. Despite that it is very simple and straightforward,
the proposed simultaneous synthesis and self-assembly method is
remarkably effective and reproducible to obtain high-quality
2D and 3D structures of nanorods building blocks. We believe
that the present strategy will be very useful for the funda-
mental research and practical application on the self-assembled
B-FeOOH nanorods and meanwhile provides an alternative
pathway to assemble 3D structural analogues of other functional
nanoparticles.
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