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ABSTRACT We report the shape-controlled synthesis of anisotropic Au nanostructures through Ti0,-assisted

photochemical reduction of HAuCl,. By using this method, we have successfully synthesized the platelet-like Au

nanorods and six-star Au nanoparticles. Importantly, the platelet Au nanorod exhibits the unique asymmetric five-

twinned structure. The colloidal Ti0, sols were used as both the photocatalyst to initiate the reaction and the

stabilizing agent for the produced Au nanostructures. Significantly, in this photochemical process, the tunable

irradiation intensity allows us to kinetically control the crystal evolution at various growth stages, leading to the

shape difference of ultimate gold nanostructures. Our synthetic method shows a great potential as an alternative

or supplement to the other wet chemical approaches for the shape-control of metallic nanostructures.
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old nanoparticles (AuNPs) have

been substantially explored and

widely used in catalysis, electron-
ics, photonics, and biosensing, etc.' ~3 Great
efforts have contributed to the synthesis of
AuNPs with unique chemical and physical
properties that are tunable through the
control of size, shape, and crystallinity.*>
Anisotropic Au nanostructures, such as
nanoplatelets, multipods, nanostars, nano-
belts, and nanorods,®~ ' are receiving spe-
cial attention because of their special prop-
erties. For example, the shape and size-
directed surface plasmon resonance (SPR)
in the visible and near-infrared (IR) range®'?
renders them useful in wide applications in
sensing, imaging, and cancer theropy.'*'>

The shape control has been the

focus of the synthesis of metallic
nanocrystals.”'>'°72° |n general, a symme-
try breaking event is to take place to facili-
tate the anisotropic development.'® 22
Various synthesis methods have been de-
veloped to synthesize anisotropic nano-
structures, such as the surfactant-directed
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seed-mediated method,® polyol method,®
templated electrochemical method,?*~%°
sonochemical method,"" photochemical
route,® soft-templated organic
synthesis,?” ~2° and especially the recent
graphene-templated synthesis.?° By using
these methods, anisotropic Au nanocryst-
als (AuNCs), such as triangular nano-
prisms,'” nanorods,'*2° and
nanowires,>” ~2° were synthesized with
good quality control.

As part of efforts toward the green
chemistry,' the photochemical route has
been developed to synthesize the noble
metal NPs.?32736 For example, Eustis et al.
obtained AuNPs from the photochemical
reduction of Au* in the presence of poly(vi-
nylpyrrolidone) (PVP) and ethylene glycol
(EG).>® Wang et al. synthesized Au clusters
with TiO, particles as templates by UV irra-
diation of the mixture of TiO, colloid and Au
salt.>*3> Kim et al. reported the synthesis of
short Au nanorods with UV irradiation of the
aqueous solution containing HAuCl,, cetyl
trimethylammonium bromide (CTAB), and
Ag ions.?® However, all the aforementioned
photochemical methods have not given
good controllability over the shape and size
of the synthesized Au nanostructures, com-
pared with the surfactant-assisted seed-
mediated chemical reduction® and the
polyol approach.? Herein, we developed a
facile method to synthesize anisotropic
AuNCs with controlled morphologies by
photoirradiation of an ethanolic solution
containing HAuCl, and TiO; sols without the
addition of any other surface capping mol-
ecules. By simply varying the concentra-
tions of HAuCl, and TiO,, and adjusting the
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Scheme 1. Schematic illustration of the TiO,-catalyzed photochemical synthesis of (A) Au platelet-like nanorods and (B)

six-star AuNPs.

power of the light source at different reaction stages.
AuNCs with different morphologies were synthesized.
Two unique structures obtained in our experiment,
namely, platelet-like Au nanorods, and six-star AuNPs,
were investigated in detail by using scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), and geometric phase analysis (GPA). The growth
mechanism in the shape-controlled photochemical syn-
thesis is also discussed.

RESULTS AND DISCUSSION

Synthesis and Characterization of Platelet-like Au Nanorods.
Scheme 1A shows how to synthesize the Au platelet-
like nanorods. When the mixed ethanolic solution of
HAuCl, (ca. 0.2 mM) and TiO, sol (ca. 2.1 mM) was
photoirradiated by a 150 W halogen lamp (at 80% of
the lamp power) for 2 h, the platelet-like Au nanorods
were synthesized. The length of these Au nanorods is
1.3 = 0.3 wm, and the width is 66.7 = 7.5 nm (Figure
1A). The inset SEM image in Figure 1A reveals the tip
morphology of such an Au nanorod. The top and bot-
tom planes are parallel to each other, and the thickness
is about 30 nm. Interestingly, if viewed along its basal
plane, both ends of the rod are terminated by tips with
the interplane angles of 60° as shown in Figure 1B, 1D
and Figure S1 in Supporting Information (SI). These
nanorods are different from the commonly synthe-
sized Au nanorods with pentagonal cross sections,’® or
the Au nanobelts having a rectangular tip morphol-
ogy."" The SAED pattern taken on a typical Au nano-
rod with the electron beam posed normal to its basal
plane shows a superposition of two specific crystallo-
graphic zones, that is, the (111) and (110) zones (Fig-
ure 1), indicating a mixture of crystal domains.?' Re-
flections of planes (022), (202), and (220) of the (111)
zone, and (111), (113), (222), and (220) of the {(110) zone
are labeled in Figure 1C. The two crystallographic zones
share a common reflection of (220), corresponding to
the [110] direction of the rod’s elongation. To further
understand the crystal structure of the platelet Au
nanorods, the focused ion beam (FIB) was used to cut
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a typical rod, which was then mounted on a copper
grid for TEM analysis. Although the platelet-like Au
nanorod also contains the 5-fold twins (Figure 1E, five
twin domains are numbered as T1—T5),">"* surpris-
ingly, one of the twin boundaries (i.e., the boundary of
T2 and T3, inset of Figure 1E) is longer than the others,
which is different from the Au nanorods with symmet-
ric pentagonal cross sections.'® This distortion results in
the generation of two parallel {111} planes, that is, the
top and bottom basal planes of the platelet rod (Figure
1E—G). HRTEM image of the rod'’s cross-section (Figure
1F) and the fast Fourier transform (FFT) generated selec-
tive area electron diffraction (SAED) pattern (Figure

1G) further confirm the five-twined nature of the syn-
thesized Au nanorods. Two families of planes with lat-
tice spacings of 2.0 and 2.4 A are measured in each do-
main, corresponding to the (200) and (111) planes

SEM image of the tip portion of a typical nanorod. (B) TEM image of
three nanorods with even widths and similar tip morphologies. (C)
SAED pattern of an Au nanorod with its wider basal plane normal to
the electron beam. (D) Crystallographic model of an Au nanorod. (E)
TEM image of the cross-section of a typical Au nanorod, prepared by
focused ion beam (FIB). Inset: schematic illustration of the 5-fold
twinned cross-section. (F) HRTEM image of the designated area in
panel E. (G) Fast Fourier transform (FFT) generated diffraction pattern

of panel F.
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Figure 2. (A) SEM image of star-shaped AuNPs. Inset: side view of two
six-star AuNPs. (B) TEM image of star-shaped AuNPs. (C) TEM image of
a typical six-star AuUNP. (D) SAED pattern of a six-star AUNP along the
[111] zone axis. (E and F) HRTEM images of the edge and the tip of a
six-star NP designated in panel C. (G) A crystallographic model of a six-
star AuNP.

(Figure 1F), respectively, with [110] as the common
zone axis (Figure 1G, the (002) diffraction spot for each
domain is highlighted in the white circle).’® Note that
the 5-fold axis is not at the geometric center of the rod’s
cross section.>”*8 The formation of such asymmetri-
cally 5-fold twinned Au nanorods can be explained, in
part, by the tendency to minimize surface energy dur-
ing crystal growth. It is known that fcc Au nanostruc-
tures are commonly bound by mixed low index planes,
that is, the (110), (100), and (111) planes, and the sur-
face energies for them are in the order of y(10) > Y(i00)
> va11.2° Therefore, driven by thermodynamics, the
structures tend to maximize the facets enclosed by the
{111} planes. Evidently, in a platelet-like Au nanorod,
the asymmetric 5-fold twinning gives rise to two addi-
tional {111} planes as the top and bottom basal planes
of the nanorod (Figure 1D—E). This is in contrast to the
nanorods (or nanowires) with symmetric pentagonal
cross sections, grown in the CTAB-assisted seed-
mediated method and mainly covered by the {100}
side planes.'>'* In that case, CTAB double-layers prefer-
entially absorb on the {100} planes compared to the
{111} planes, which kinetically decrease the surface en-
ergies." A schematic crystal model is thus proposed in
Figure 1D. The platelet-like nanorod exhibits the asym-
metric 5-fold twins. The nanorod is bound by mixed
{111} and {100} type planes, and elongates along the
[110] direction. Based on a geometric calculation (Fig-
ure S2 in Sl), plane (111) intersects with plane (111) and
(100) at line [101] and [011], respectively. These two
lines (i.e., [101] and [011]) intersect and form an angle
of 60°, which matches with the interplane angles of the
two ends of a typical Au nanorod (60°).
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Graphic phase analysis (GPA) was carried out to fur-
ther study the crystal properties of the synthesized Au
nanorods. This technique enables one to measure lat-
tice deformations based on a given HRTEM image.3®~*’
Figure S3 in the SI shows the GPA study of an HRTEM
image taken at the edge of an Au nanorod with the
electron beam posed perpendicular to the rod’s flat
basal plane. Areas 1 and 2 were highlighted for the
analysis in Figure S3A. Their relative positions as seen
from the section view are schematically illustrated in
the inset of Figure S3A. The strain image (,,) (Figure
S3B) shows distinct red and blue colors for areas 1 and
2, respectively. Taking area 1 as the reference (0%), a
shear strain of —7% was measured in area 2. This shear
strain arises from the phase difference,*' defects, or dif-
ferent domain orientations between area 1 and 2. In-
deed, if viewed from the section view (inset of Figure
S3A), area 1 corresponds to the twinning domain of T5,
and area 2 corresponds to the overlapping of T4, T5,
and T1. Since area 1 is positioned at the grain bound-
ary of T4 and T5 (or T1 and T5), which sustains larger in-
ternal stress than the inner area of T4 (area 2),the strain
of area 1 (0%) is larger than that of area 2 (—7%).

Synthesis and Characterization of Six-Star AuNPs. The syn-
thesis of six-star AUNPs follows a seed-mediated se-
quential process (Scheme 1B). First, an ethanolic solu-
tion of HAuCl4 (ca. 0.15 mM) and TiO, sol (ca. 33 mM)
was photoirradiated at 80% of the lamp power for 40
min (step 1 in Scheme 1B). A 40 p.L portion of this solu-
tion containing the seed NPs was mixed with a fresh 2
mL ethanolic solution containing HAuCl, (ca. 0.15 mM)
and TiO; sol (ca. 33 mM) (step 2 in Scheme 1B). This
mixed solution was then photoirradiated at 30% of the
lamp power for 3 h to prepare the final products (step 3
in Scheme 1B). The obtained AuNP possesses a six-fold
symmetry axis, with six branches protruding out, like a
six-pointed-star (Figure 2), which is a platelet structure
with a size of 250—350 nm (Figure 2A—C) and thick-
nesses of 60—80 nm (inset of Figure 2A). The selected
area electron diffraction (SAED) pattern of a star lying
on its basal plane shows the [111] zone reflections (Fig-
ure 2D). The pattern also reveals the forbidden 1/3{422}
reflections, which are often observed in plates of Au or
Ag having stacking or twinning planes normal to the
electron beam.?'*?2 HRTEM images were taken at the
edge and tip portions of a star branch (Figure 2EF, des-
ignated in Figure 2C), where the lattice spacings of 1.4
and 2.5 A correspond to the {220} planes and 1/3{224}
planes, respectively. Periodic stacking faults are shown
at the tip portion of a star branch (Figure 1F) along one
of the (112) directions with a Burgers vector of 1/2[110].
Similar defects are found at other branches, which par-
tially explains the fast extension along the (112) direc-
tions and the formation of the six branches of an Au
star. On the basis of the SAED pattern and the HRTEM
images, a crystallographic model of the six-star AuNP is
drawn in Figure 2G. The flat top and bottom planes of
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a six-star AuNP are bound by the {111} type facets. The
elongation of the star branches is along the six (112)
directions, which gives a well-defined 6-fold symmetric
2-D architecture.

We also examined the Au seeds (Step 1 in Scheme
1B), used for preparing the six-star AuNPs, by TEM,
which shows that the obtained pseudospherical Au
seeds are about 35 nm in size (Figure S4 in Sl). Internal
defects and the SAED pattern of a typical Au seed sug-
gest that they are not single crystals (inset in Figure S4
in the SI, some defects are marked in Figure S4). It is
postulated that the internal strains of the seed AuNPs
could be slowly relieved during the slow reduction pro-
cess and the six-star AUNPs were obtained (recall that
stacking faults are observed at the six branches, Figure
2F). In addition, when less seeds were used (4 pL seed
solution in 2 mL fresh growth solution), the crystals
grew into larger platelets with a size of ca. T pm and
thickness of ca. 100 nm (Figure S5 in SI).

Role of Ti0, in Photocatalytic Reactions. To investigate the
role of TiO; sols in the photochemical synthesis, the
UV —vis spectrum was used to monitor the process. Tak-
ing the photoirradiation of an ethanolic solution of
HAuCl, (ca. 0.15 mM) and TiO, sol (ca. 33 mM) for ex-
ample (Figure S6A in Sl), before the photoirradiation (t
= 0 min), the strong UV absorption before 350 nm and
a shoulder at ca. 400 nm are attributed to the TiO, sols
and HAuCl,, respectively (UV—vis spectra of pure TiO,
sols and HAuCl, in ethanol are shown in Figure S7 and
S8, respectively, in SI). The solution color changes from
light yellow to colorless during the first 10 min of reac-
tion, indicated by the decreasing of the adsorption
shoulder at ca. 400 nm (Figure S6A), which suggests
the reduction of Au®" in the solution started. When the
reaction time increases, the intensity of the peak at ca.
550 nm, indicating the formation of AuNPs, increases
gradually, accompanied with continuous red-shifting
due to the enlargement of the NPs.

The photocatalytic reduction of AgNO; and HAuCl,
on the excited TiO, and other semiconducting metal-
oxide surfaces has been reported previously, and the re-
action mechanisms have been studied intensively.**~*°
In this work, the colloidal TiO, prepared from the hy-
drolysis of titanium isopropoxide has a strong UV ab-
sorption before 350 nm (Figure S7 in Sl), indicating the
quantum size effect arising from the TiO, particles with
size <5 nm.*** This is in agreement with the size of
TiO, particles used in our experiments, 1—3 nm mea-
sured by atomic force microscopy (AFM) (Figure 3A). In
a typical photocatalytic reaction, electron and hole
pairs are generated in the TiO, particles upon UV exci-
tation (Figure S6B in Sl and Reaction 1) (Eyg =~ 2.7 V vs
SHE, Ecg =~ —0.5 V vs SHE, at pH 7).***° The photogener-
ated electrons were transferred to and thus reduced
the surrounding AuCl,~ ions (Reaction 2), while the
holes were scavenged by the alcohols (Reactions 3 and
4) 34354446 Note that besides ethanol as the solvent,

www.acsnano.org

0 05 10 15 20 20nm

Figure 3. (A) AFM measurement of TiO, particles on a Si/SiO, sub-
strate. (B) TEM image of the tip portion of a typical Au nanorod after
being washed with ethanol once and dried in air. A layer of amorphous
TiO, with the thickness of about 9 nm is observed, which is uniformly
coated on the rod surface.

the TiO, solution contains a small amount of isopropyl
alcohol, about 20 mM, coming from the hydrolysis of ti-
tanium isopropoxide.®®

TiO, + hv — TiO,(h + e) M
TiO,(3e) + Au®™ — TiO, + Au @)

Ti0,(2h) + C,H,0H — TiO,(e) + 2H" + CH,CHO
(3)

TiO,(2h) + (CH,),CHOH — TiO,(e) + 2H" +
(CH,),CHO  (4)

As reported previously, AuCl,~ itself can be photo-
chemically reduced to Au atoms.>**” To confirm the
catalytic effect of TiO, sols in synthesizing AuNPs, con-
trol experiments were conducted by irradiation of 0.15
mM HAuCl, in ethanol or isopropyl alcohol for 2 h using
80% of the lamp full power without addition of any
TiO,. The solution color changed from light yellow to
colorless, due to the photoinduced reduction of Au®*
to Au™.*” However, no AuNPs were obtained, confirmed
by UV—vis spectrum (Figure S9 in SI). Therefore, TiO,
sols are critical in catalyzing the reduction and nucle-
ation of AuNPs.

Once the nucleation of AuNPs starts, the TiO, sol
continues to catalyze the reaction, and the AuNPs also
harvest the light energy through plasmonic excita-
tion.*® This is confirmed by illuminating a mixture of 1
mL of 35 nm Au seed solution, 4 mL of absolute etha-
nol, and 100 pL of 10 mM HAuCl, ethanolic solution for
4 h (the Au seeds were washed with ethanol four times
to remove the residual TiO,). A 500 nm band-pass filter
was used to block the UV region of the light source. Be-
fore the reaction begins, the solution has an absorp-
tion peak at 323 nm and a shoulder at ca. 400 nm for
HAuCl,, and another peak positioned at ca. 556 nm for
the Au seeds (Figure S10 in SI). After 4 h of excitation,
the intensity of the peak at 323 nm significantly de-
creased, and the 556 nm peak red-shifted to ca. 610
nm accompanied by twice the increase in the inten-
sity, due to the enlargement of the Au seeds. This
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proves that the visible-light excited Au seeds can cata-
lyze the reduction of HAuCl,, resulting in the continu-
ous deposition of Au atoms onto the existing Au par-
ticle surfaces to form enlarged Au particles.

Besides the catalytic role, the TiO, particles have
also acted as the stabilizing/capping agent during the
synthesis of Au nanocrystals (AuNCs). In previous re-
ports, the colloidal metal-oxides have been used to sta-
bilize metal NPs through electrostatic interactions.**>°
Since the isoelectric point of TiO, is ca. 5,°' 2 in our ex-
periment, the TiO, particles are positively charged in
the acidic condition, indicated by the zeta potential of
+27.8 mV measured in the as-prepared 33 mM TiO; sols
(at pH 2). The interaction between AuCl,~ and the posi-
tively charged TiO, favors the binding of TiO, particles
onto the surface of the AuNCs. Evidently, about 9 nm
thick of TiO; is found uniformly covered on the surface
of a typical Au nanorod, which was only washed by eth-
anol once and dried in air (Figure 3B). The component
of the coating layer was confirmed by the energy dis-
persive X-ray spectroscopy (EDS) analysis, which shows
the elements of O, Ti, and Au (Figure S11 in SI. Note that
the signal of Au is also showing up because of the lim-
ited resolution of the EDS detector). The TiO, layer gave
no SAED pattern, suggesting it is amorphous. It can be
postulated that during the synthesis, the 1—3 nm TiO,
particles interact and stabilize the growing AuNPs
through the electrostatic interaction, which was previ-
ously observed in the TiO, nanorod-assisted synthesis
of spherical AgNPs.*® In our purification process, the Au
nanorods need to be washed with ethanol for at least
three times to remove the TiO, particles. Hence, when
the rods are only washed once and then dried in air, the
high density of TiO, sol particles, initially absorbed on
the rod surface, will collide and condense to gels and
eventually result in a layer of amorphous TiO, covering
the Au rod surface.>* Importantly, because the TiO, par-
ticles are so small (1—3 nm) and disperse well in the
synthesis solution, they are effective in stabilizing the
synthesized AuNPs without the addition of any other
capping agents.

pH Effect. Since HCl was added during the hydrolysis
of titanium isopropoxide to prepare the small sized
TiO, sol particles,***>>* our subsequent syntheses of
the AuNCs were carried out in acidic conditions. The as-
prepared TiO; sols (33 mM), and 16-times diluted sols
(2.1 mM) are at pH 2 and 3.5, respectively. When the pH
of the as-prepared sols was adjusted by the addition
of NaOH to ca. 5, close to the isoelectric point of TiO,,
the transparent colloidal solution turned milky white,
indicating the agglomeration of the small TiO, par-
ticles.>* A direct influence of the acidic environment
on our synthesis is the oxidative etching of AuNCs dur-
ing the synthesis, evidenced by the fact that the ob-
tained Au nanorods and six-star AuNPs do not exhibit
sharp but slightly rounded tips (Figure 1 and 2). In addi-
tion, to investigate the effect of acidity on the product
morphology, we added additional HCl to the growth so-
lution for the nanorods, from the original 0.25 mM to

10 mM. Longer platelet-like nanorods were obtained,
with length of 4.3 = 0.7 pum (Figure S12 in SI). However,
it took longer time, about 3 h, to complete the reac-
tion, because the increased acidity suppressed the re-
duction of Au* ions.>*

Shape control of Au nanocrystals (AuNCs). Besides the
platelet-like nanorods and the six-star AUNPs, we have
also synthesized Au triangular prisms and branched
AuNPs (Figure S13, Table S1 in SI). The morphology of
the AuNCs was controlled by tuning the concentrations
of HAuCl, and TiO,, or through a seeding procedure.
As mentioned above, the six-star AuUNPs could only be
prepared in a seeding method in our experiments. For
other syntheses without a seeding process, when the
concentration ratio of TiO,/HAuCl, increased, different
morphologies of AUNCs were obtained, that is, from
platelet-like nanorods, triangular prisms, to branched
NPs (Table S1 in Sl).

On the basis of the previous investigations, the in-
trinsic properties of the NPs (or seeds) formed at the
very early stage, that is, the absence or presence of crys-
tal defects (stacking faults and twins), partially deter-
mine the morphologies of the final structures.'”® 2" In
the thermodynamic controlled synthesis, the nucle-
ation of noble metals usually gives rise to mixed seeds
of single crystals, singly twinned, and multiply twined
structures such as pentagons and icosahedrons.*°
Other seed structures with stacking faults are frequently
observed in kinetic controlled processes, such as in
mild reducing environment where insufficient atoms
are available for the minimization of surface energy.°

One of the most direct means to slow down a reac-
tion in the wet chemical synthesis is to use a mild reduc-
ing agent, while in the photochemical synthesis, par-
ticularly in our TiO,-catalyzed synthesis, decreasing the
power of the light source can directly hinder the reduc-
ing ability of the growth solution. Therefore, a halogen
lamp with tunable intensity was used in our experi-
ment, that is, the seeding process to prepare the six-
star AUNPs. As mentioned above, we used 80% and 30%
of the lamp power to synthesize the defected seeds
and to further develop the structures, respectively
(Scheme 1B). To further elucidate the effect of light
power on the growth rate of Au nanostructures, we ex-
amined the products at different growth stages during
the synthesis of the six-star AUNPs. The seeds used in
this process as mentioned before were ~35 nm AuNPs
(Figure S14A in SI). After they were photoirradiated in a
fresh growth solution for 45 min, they grew larger with
an average size of ~65 nm, and some of them began
to show extending branches as indicated by the red ar-
rows in one NP (Figure S14B in SI). After 2 more hours
of slow growth, the branches became more regular as
the NPs grew larger, and finally six-star NPs were ob-
tained (Figure S14C in SI). For comparison, if 80%, in-
stead of 30%, of the lamp power was used to irradiate
the seed NPs in a fresh growth solution for 45 min, the
seed NPs grew into very irregularly shaped NPs with
sizes up to 100 nm (Figure S14D in SI). Among these
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big NPs, some smaller sized NPs (size of ~40 nm) were
present as well, which probably were not from the en-
largement of the ~35 nm seed NPs, but were newly
formed because the relatively higher power (80% of in-
tensity) was used. Therefore, in our synthesis method,
it is critical that during the subsequent growth, the mild
reducing environment (30% of lamp power) and longer
reaction time (ca. 3 h) should be provided to synthe-
size the well-defined six-star AuNPs.

CONCLUSION

We present the shape-controlled synthesis of aniso-
tropic Au nanocrystals (AuNCs) by photoirradiation of
the mixture of TiO, sols and HAuCl, in ethanol. By
changing the concentrations of TiO, and HAuCl, and us-

MATERIAL AND METHODS

Chemicals. Titanium isopropoxide (99.999%, Sigma-Aldrich,
Milwaukee, WI, USA), hydrogen chloride (fuming, 37%, Merck,
Germany), ethanol (99.9%, absolute, Merck, Germany), isopropyl
alcohol (HPLC grade, Fisher, Singapore), and hydrogen tetra-
chloroaurate (Ill) (ACS, 99.99%, Alfa Aesar, USA) were used with-
out further purification. Ultrapure Milli-Q water (Milli-Q System,
Millipore, Billerica, MA, USA) was used in all experiments.

Preparation of Ti0, Sol. All glassware was washed with Aqua Re-
gia, HCI:HNO; = 3:1 (v:v), and rinsed with ethanol and Milli-Q wa-
ter (CAUTION: Aqua Regia is a very corrosive oxidizing agent,
which should be handled with great care). Colloidal TiO, was pre-
pared as follows: 0.4 mL of 0.2 mM HCl was diluted in 18 mL of
ethanol (solution 1); 0.2 mL of titanium-tetraisopropoxide was
dissolved in 1.9 mL of ethanol (solution 2). After solution 2 was
added slowly dropwise to solution 1 with vigorous stirring at 0
°C, the mixed solution was further stirred for 5 h to give a trans-
parent TiO, sol, with concentration of ca. 33 mM.

Photochemical Synthesis of Platelet-like Au Nanorods. The as-
prepared 33 mM TiO, sol was diluted 16 times with absolute eth-
anol to be used for the synthesis of platelet-like Au nanorods. A
2 mL portion of ethanolic solution of HAuCl, (ca. 0.2 mM) and
TiO; sol (ca. 2.1 mM) in a 3 mL capped quartz reactor was photo-
irradiated with a 150 W quartz halogen fiber optic illuminator
(mode MI-150, Fiber-Lite, USA), at 80% of the lamp power for 2 h.
The reactor was placed 2 cm away from the light source. It was
monitored that the temperature of the solution increased to
about 35 °C during the reaction.

Photochemical Synthesis of Six-Star AuNPs. One miilliliter of ethan-
olic solution of HAuCl, (ca. 0.15 mM) and TiO, sol (ca. 33 mM)
was photoirradiated at 80% of the lamp power. A UV spectro-
photometer (UV-1800, Shimadzu, Japan) was used to monitor
the evolution of AuNPs during the photoirradiation process.
After 40-min photoirradiation, the reaction was stopped (step 1
in Scheme 1B), and the solution was used as a seed solution. A 40
wL portion of this seed solution was mixed with 2 mL of ethan-
olic solution of HAuCl, (ca. 0.15 mM) and TiO, sol (ca. 33 mM)
(step 2 in Scheme 1B), and then this mixture was slowly irradi-
ated at 30% of the lamp power for 3 h (step 3 in Scheme 1B). The
final solution was centrifuged and washed with ethanol for three
times and then washed with and redispersed in Milli-Q water.

Characterizations. A drop of the solution containing Au nano-
materials was placed on silicon, glass, and holey carbon-coated
copper grid, and naturally dried in air prior to characterization by
field-emission scanning electron microscopy (FE-SEM, JSM-
6340F, Japan), X-ray diffraction analysis (XRD, Rigaku, Japan),
and transmission electron microscopy (TEM, JEM-2010F, Japan),
respectively. FE-SEM, XRD, and TEM were performed at 5 keV in
the secondary electron mode, theta/2-theta mode with the scan
rate of 0.1°/min and 200 kV, respectively.
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ing a seeding procedure, AuNCs with different mor-
phologies can be obtained, which include two unique
structures, that is, the platelet-like Au nanorods and the
six-star AuNPs. Importantly, the platelet-like rods are
the asymmetric 5-fold twinned structures. In addition,
the colloidal TiO; acts as the photocatalyst as well as the
stabilizing agent for the synthesized AuNCs. We have
also demonstrated that in such photochemical synthe-
sis, the ability to manipulate light intensity allows one
to adjust the light power for the photochemical reac-
tion and kinetically control the crystal evolution at dif-
ferent stages. Our method might be extended to shape-
controlled photochemical synthesis of other metallic
nanostructures.
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