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To incorporate new functionalities, various oxide-based
materials are being combined with metal nanoparticles to
form metal-oxide hybrid nanostructures for a wide range of
promising applications, including labeling/sensing,!!l cataly-
sis, >3 and surface-enhanced Raman scattering.! Over the
years, many efforts have been devoted to the growth of inert
protective SiO, shells onto metal cores to form concentric
core—shell nanostructures.>® It is of great interest to couple
metal nanoparticles with other oxides (e.g., TiO,,! CeO,,”
Fe;0,®) to form non-centrosymmetric metal-oxide nano-
structures with combined optical, catalytic, and magnetic
properties. In particular, the Janus/heterodimer geometry is
gaining importance because it couples two or more dissimilar
components at a small junction, exposing the other regions for
optimal expression of their combined functionalities.”!
Common strategies used to achieve the Janus/heterodimer
geometry include cation exchange,!'” site-selective nuclea-
tion," direct epitaxial growth,*!? and nonepitaxial growth
due to lattice mismatch.'¥ However, many of the Janus
structures reported in the literature are chalcogenide-based,
and studies on the growth of oxide-based materials onto metal
cores to form Janus nanostructures are still very limited."”
Herein, we have report the successful control of the
anisotropic growth of TiO, onto spherical gold nanoparticles,
short gold nanorods, and long gold nanorods, and the three
different resulting geometries for each of them, namely, Janus,
eccentric core—shell, and concentric core-shell geometries. By
using theoretical energy calculations to study the balance
between interfacial and elastic energies, we have provided the
first understanding that the Janus and concentric geometries
are both energetically stable structures formed by varying the
volume and mode of addition of the precursor, whereas the
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eccentric geometry represents a metastable state. The unique
advantage of the energetically stable Janus geometry lies in
the exposure of the gold core on one side, which provides
direct access to reactants for high catalytic rates. We have
demonstrated that the Janus TiO,-coated spherical gold
nanoparticles showed a catalytic activity as fast as that of
bare gold nanoparticles during the first cycle of use. More-
over, the Janus Au-TiO, nanostructures possessed long-term
stability over multiple cycles due to the presence of protective
TiO, coatings, unlike bare gold nanoparticles, which suffered
from irreversible aggregation.

Experimentally, spherical gold nanoparticles approxi-
mately 50 nm in size were prepared using seed-mediated
growth in the presence of citrate ions (Figure S2a, Supporting
Information),'* and they were subsequently stirred over-
night with a stabilizing agent (hydroxypropyl cellulose, M,, ~
370000) prior to TiO, coating. Short and long gold nanorods
(aspect ratios ca. 3.5 and 16, respectively) were also synthe-
sized using seed-mediated growth in the presence of cetyl
trimethylammonium bromide (CTAB, Figure S2b,c, Support-
ing Information).'*>< The as-synthesized gold nanorods were
purified by centrifugation to remove free CTAB and spherical
side products, hydroxypropyl cellulose solution was subse-
quently added. After stirring overnight, CTAB on the gold
nanorods was successfully exchanged with hydroxypropyl
cellulose, as evidenced by Fourier transform infrared spec-
troscopy (Figure S3, Supporting Information). To control the
coating of TiO, onto the hydroxypropyl cellulose-capped gold
cores, we used a titanium diisopropoxide bis(acetylacetonate)
precursor, which has a much slower hydrolysis rate than
conventional precursors such as titanium tetrabutoxide. This
procedure helps to separate nucleation and growth of TiO,,
leading to the geometry-controlled synthesis of uniform Au-
TiO, nanostructures.

First, we examined the growth of TiO, onto short gold
nanorods because their shapes and dimensions are more well-
defined as compared to spherical nanoparticles and long
nanorods. The geometry of the TiO,-coated short gold
nanorods can be tuned by controlling the volume and mode
of addition of the titanium diisopropoxide bis(acetylaceto-
nate) precursor (TDAA, 10 mMm in isopropyl alcohol). Typi-
cally, the TDAA precursor solution was added to a reaction
mixture (pH 9-10) containing ammonia (25 wt%, 3 mL),
isopropyl alcohol (100 mL), and as-prepared gold nanorods
(25 mL), with subsequent shaking for 20 h at room temper-
ature. When 3 mL of the TDA A precursor solution was added
in one portion, TiO, was found to grow anisotropically on one
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Figure 1. a—c) TEM images of TiO,-coated short gold nanorods with

a) Janus, b) eccentric, and c) concentric geometries, which were pre-
pared by adding TDAA (3 mL) in one portion, TDAA (3 mL) in three
portions, and TDAA (9 mL) in three portions, respectively. The inset in
(b) shows a thinner TiO, shell on one side and a thicker one on the
opposite side (scale bar=25 nm). d) Schematic representations of the
TiO,-coated short gold nanorods with various geometries.

side of the nanorods, leaving the other side exposed, forming
Janus TiO,-coated short gold nanorods (Figure 1a). In
comparison, when 3 mL of the precursor solution was added
in three portions (3 x 1 mL) at one-hour intervals, the nano-
rods were encapsulated by a thinner TiO, shell on one side
and a thicker one on the opposite side, forming the eccentric
geometry (Figure 1b; see also Figure S4, Supporting Infor-
mation). Finally, when a larger volume (9mL) of the
precursor solution was added in three portions (3 x3 mL) at
one-hour intervals, concentric Au-TiO, nanostructures, with
uniformly thick shells on both sides of the gold nanorods,
were formed instead (Figure 1c). We also note that when
9 mL of the precursor solution was added in one portion, the
Janus geometry was formed, accompanied by a large amount
of free TiO, nanoparticles in solution. In all cases, the TiO,
coatings on the gold nanorods were found to be amorphous.

To further investigate the anisotropic growth of TiO,, long
gold nanorods were used for TiO, coating as well. We can also
tune the geometry of TiO,-coated long gold nanorods from
Janus (Figure 2a) to eccentric (Figure2b) to concentric
(Figure 2c¢), using the same volume and mode of addition of
the TDAA precursor as in the case of short gold nanorods. In
the Janus geometry, the TiO, coating is not thick enough to
cause noticeable bending of the long gold nanorods (Fig-
ure 2a). As the thickness of the TiO, coating is increased in
the eccentric case, we can see clearly that the nanorods are
bent towards the side with the thicker TiO, shell (Figure 2b),
indicating the presence of elastic energy in the nanorods. On
the other hand, in the concentric case, we only observed slight
bending of the nanorods (Figure2c), indicating minimal
elastic energy. By using the same volume and mode of
addition of the TDAA precursor as in the case of short gold
nanorods, we can also synthesize TiO,-coated spherical gold
nanoparticles with Janus (Figure 2d), eccentric (Figure 2e),
and concentric (Figure 2 f) geometries.
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Figure 2. a—c) TEM images of TiO,-coated long gold nanorods with

a) Janus, b) eccentric, and c) concentric geometries. d—f) TEM images
of TiO,-coated spherical gold nanoparticles with d) Janus, e) eccentric,
and f) concentric geometries. The various geometries were prepared
using the same volume and mode of addition of the TDAA precursor
as in the case of short gold nanorods. Insets in (b) and (e) show the
thinner TiO, shell on one side of the gold core (scale bars=5 nm).

Using theoretical energy calculations, we investigated the
geometry-controlled synthesis of the various Au-TiO, nano-
structures, which is highly dependent on the volume and
mode of addition of the TDAA precursor. The formation of
the three different Au-TiO, geometries can be understood by
examining the competition between interfacial energy and
elastic energy. The geometry of the Au-TiO, nanostructures is
influenced by the balance between the gold surface energy
(Vgora)> TiO, surface energy (yro,) and gold-TiO, interfacial
energy (Ygoatio,; Figure 3a). We let the length of the TiO,
shell be L, and L, on each side of the gold nanorod of length L
(Figure 3a). The growth of TiO, on the gold nanorod can
either be on one side (Janus, L,/L, =0), distributed equally on
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Figure 3. a) Schematic representation of the model of a TiO,-coated
gold nanorod used for theoretical energy calculations. b) Plots of
normalized total energy (sum of interfacial and elastic energies) of the
system versus L, /L, for various values of V/V,= (L, +L,%) /2 L%, which
is related to the volume of TDAA precursor solution added.
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both sides (concentric, L,/L, =1), or distributed unequally on
both sides (eccentric, 0 < L,/L, <1). When the TiO, shell is
distributed unequally on either or both sides of the gold
nanorod, the unbalanced forces would cause bending of the
nanorod, thus leading to an increase in elastic energy. Using
theoretical calculations, we studied the normalized total
energy (sum of interfacial and elastic energies) of the
system as a function of L,/L, for various values of V/V| (0.2,
0.6, and 1.0), where V/V,=(L?+ L,%)/2L* represents the
normalized total volume of TiO, formed on the gold nanorod,
which is related to the volume of TDAA precursor solution
added (see the Supporting Information for details).

From the results of the theoretical calculations in Fig-
ure 3b, we see that when V/V,=0.2, the minimum in total
energy occurs at L,/L,=0, which corresponds to the Janus
geometry. This finding indicates that when a smaller volume
of the TDAA precursor solution is added (e.g., 3 mL in one
portion), the Janus geometry is the most energetically stable
configuration, which is consistent with experimental obser-
vations. Since the partially hydrolyzed TDAA precursor is
hydrophobic in nature, it does not have good wettability on
the hydrophilic surface of the hydroxypropyl cellulose capped
gold nanorods. As a result, the TiO, would nucleate and grow
on one side of the gold nanorods to reduce the Au-TiO,
interfacial area, thus enabling minimization of interfacial
energy at the expense of elastic energy due to bending of the
nanorods. The results of the theoretical calculations also
indicate that, while the Janus geometry is an energetically
stable structure, the eccentric geometry represents a meta-
stable state (Figure 3b). To confirm this point, the eccentric
TiO,-coated short gold nanorods were synthesized using the
same conditions, except that the reaction was allowed to
continue for a longer period of time (100 h instead of the
usual 20 h). It was found that the thinner side of the TiO, shell
became thinner while the thicker side became thicker
(Table S1, Supporting Information), which
indicates that the metastable eccentric geom-
etry approaches the energetically stable Janus
geometry as a result of ripening.

In contrast, when V/V, is increased to 0.6
or 1.0, the minimum in total energy occurs at
L,/L,=1, which corresponds to the concen-
tric geometry (Figure 3b). This finding indi-
cates that when a larger volume of the TDAA
precursor solution is added (e.g., 9mL in
three portions), the concentric geometry
becomes the most energetically stable config-
uration, which is consistent with our exper-
imental results as well. The addition of a
larger amount of precursor in three rather
than one portion reduces the amount of

a)
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formed, bending of the nanorods does not occur, allowing
minimization of elastic energy at the expense of interfacial
energy. Finally, we note that when 9 mL of the TDAA
precursor solution was added in one portion, a large amount
of the precursor self-nucleated and grew in solution to form
free TiO, nanoparticles because of the high initial super-
saturation, and the rest of the precursor with lower effective
concentration nucleated and grew on one side of the gold
nanorods to form the Janus geometry, as in the case when
3 mL of the precursor solution was added in one portion (V/
V,=0.2, Figure 3b).

The unique advantage of the Janus geometry lies in the
exposure of the gold core on one side, which provides direct
access to reactants for high catalytic rates. To study the
catalytic activity of Janus TiO,-coated spherical gold nano-
particles (Figure 2d), we used the reduction of 4-nitrophenol
to 4-aminophenol by sodium borohydride,*>% which is known
to be catalyzed in the presence of gold (see the Supporting
Information for details). In the absence of Au-TiO, catalysts,
4-nitrophenol was not reduced even after a period of 24 h.
When the Janus TiO,-coated spherical gold nanoparticles
were added, the absorption intensity of 4-nitrophenol at
400 nm decreased quickly with time, accompanied by the
formation of the reduction product 4-aminophenol (1=
300 nm), achieving 99% conversion in 6 min (Figure 4a).
The rate constant was determined from the slope of the linear
fit of In(C/C,) versus time, where C,/C, represents the ratio of
4-nitrophenol concentrations at time ¢ and 0 as determined
spectroscopically (Figure 4b). The Janus nanostructures were
found to catalyze the reaction at a rate as fast as that of bare
spherical gold nanoparticles during the first cycle of use
(Figure 4b), because the exposed gold core on one side of the
Janus catalysts provides direct access to 4-nitrophenol. More-
over, the Janus catalysts can be reused over five cycles with no
obvious reduction in activity due to the presence of TiO,
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precursor that would self-nucleate and grow
to form free TiO, nanoparticles. This
approach helps to maintain a high concen-
tration of the precursor in solution, making it
equally possible for TiO, to nucleate and
grow on both sides of the gold nanorods to
form the concentric geometry. In this case,
although an additional Au-TiO, interface is
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Figure 4. Catalytic reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride
during the first cycle of use. a) Time-dependent evolution of UV/Vis absorption spectra
using the Janus TiO,-coated spherical gold nanoparticles. b) Plots of In(C,/C,) versus
time and the rate constants for bare and TiO,-coated spherical gold nanoparticles with
various geometries. The concentration of catalysts used was kept constant at approx-
imately 5.0x 10" particlesmL™" for all experiments.

Angew. Chem. Int. Ed. 2011, 50, 10140-10143


http://www.angewandte.org

coatings that protect against aggregation (Figure S5a,b,
Supporting Information). In contrast, the catalytic activity
of unprotected bare gold nanoparticles was reduced to almost
zero at the end of five cycles due to irreversible aggregation
(Figure S5a,c, Supporting Information). Upon comparing the
catalytic activities of TiO,-coated spherical gold nanoparticles
with various geometries, we found that the rate constant for
the Janus catalysts was twice that of the eccentric catalysts and
4.5 times that of the concentric ones (Figure 4b). This is
because in the eccentric and concentric structures, 4-nitro-
phenol needs to diffuse through the encapsulating TiO, shell
to reach the gold core for catalysis. We also demonstrate that
the eccentric and concentric catalysts can be reused over five
cycles with no obvious reduction in activity (Figure S6,
Supporting Information). Further work is ongoing to inves-
tigate the catalytic rates and reusability of TiO,-coated gold
nanorods with various geometries.

In conclusion, we have introduced a facile method to tune
the anisotropic growth of TiO, onto various gold nano-
structures through a fine control of interfacial energy versus
elastic energy. Using theoretical energy calculations, we have
provided the first understanding that the Janus and concentric
geometries are both energetically stable structures formed by
varying the volume and mode of addition of the precursor,
whereas the eccentric geometry represents a metastable state.
Out of all three geometries, the energetically stable Janus
nanostructures exhibited the highest catalytic activity because
the exposed gold core on one side offers high accessibility to
reactants, while the TiO, coating on the other side imparts
protection against aggregation. This work provides us with
insight on tuning the geometry of various Au-TiO, nano-
structures, which can be extended to other metal-oxide
composites to achieve optimal catalytic activity for various
applications.
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