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Metallodielectric Hollow Shells: Optical and Catalytic Properties
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Abstract: Metallodielectric composites
with tunable optical properties were
prepared by layer-by-layer assembly of
gold nanorods on polystyrene (PS)
spheres and subsequent deposition of
SiO, or TiO, encapsulating shells
through a sol-gel process. The optical
properties of the core-shells were tail-
ored in the visible and the near-infra-
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aspect ratio and the gold nanoparticle
density. Removal of the PS core by dis-
solution in an appropriate solvent, such
as THF, yielded metallodielectric
hollow shells with optical properties
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identical to those of the original com-
posites. The presence of gold and the
porosity of the SiO, or TiO, shells, suit-
able to allow diffusion of reactants and
products, make these materials of inter-
est as catalysts, as demonstrated by the
reduction of potassium hexacyano-
ferrate(IIT) with NaBH,.

red region through the gold nanorod

Introduction

Research on (organic or inorganic) hollow shells has ad-
vanced dramatically during the last few years because a
large number of applications have been identified and pre-
dicted in different fields such as pharmaceuticals, medicine,
materials science, and catalysis."! A specific feature of
hollow shells is their relatively low density, which generally
makes them more attractive than the corresponding core-
shell particles. Although some template-free approaches can
be found in the literature for the fabrication of shells,*” to
date, template-mediated methods have been most popular
and still provide better control of the final morphology. One
of the first and most widely used template-mediated meth-
ods relies on the well-known layer-by-layer (LBL) assembly
technique™! and comprises the stepwise deposition onto a
colloidal template of polyelectrolytes and other materials
(such as nanoparticles) driven by electrostatic interactions
to form core-shell composites and the subsequent removal
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of the core with a solvent (dissolution)"! or by heating (cal-
cination). The main advantage of this approach is its enor-
mous versatility, as the composition can be easily tuned by
simple combination of the polyelectrolytes with appropriate
materials (polymers, nanoparticles, etc.), thus providing con-
trol over the mechanical, optical, and surface properties,
among others. The presence of silica in the layered structure
is known to improve the mechanical properties and to pro-
vide control over the permeability of the polyelectrolyte-
based nanocapsules.>"” On the other hand, the combina-
tion of a diazoresin, acting as polycation, with polyelectro-
lytes has been used to enhance resistance toward etching by
solvents.'¥ Recently, hollow colloids with novel optical
properties were obtained by the LBL-based assembly of
metal nanoparticles on spherical templates.'>!* Polyelectro-
Iyte multilayer capsules doped with metal nanoparticles are
also interesting for biomedical applications, as these can act
as radiation-absorbing centers for the remote release of en-
capsulated materials!"”?" or as delivery vehicles and sup-
ports in biosensing.”!! Catalytic applications have also been
envisaged, because metal nanoparticles are efficient cata-
lysts?? and the hollow capsules present large surface
areas.”” Another advantage of this approach is the possibili-
ty to build multifunctional capsules with different properties,
as was recently demonstrated with the incorporation of mag-
netic and luminescent properties by simultaneous doping
with CdTe nanocrystals and Fe;O, nanoparticles’® or of
magnetic and antimicrobial properties through combination
of goethite with silver nanoparticles.
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Another particularly interesting template-mediated
method to fabricate hollow capsules is based on the direct
precipitation of inorganic molecule precursors? =" onto the
template, which may have been previously functionalized
with specific groups to enhance the coating.”'**! As in the
previous method, the template is subsequently removed by
dissolution or calcination. This method is particularly useful
to obtain hollow spheres of ceramic materials such as silica,
titania, or yttria.

Herein we present a synthetic procedure for the fabrica-
tion of metallodielectric hollow shells comprising a compo-
site made of gold nanorods within a metal oxide matrix,
such as silica or titania. The procedure combines the LBL
method for controlled deposition of gold rods on polysty-
rene spheres and a sol-gel process for producing a silica or
titania outer shell. We demonstrate that the gold nanoparti-
cles can provide the capsules with optical tunability simply
by changing the nanorod morphology (aspect ratio) or by
adjusting their density. Additionally, the catalytic activity of
such composite colloids is demonstrated by using the reduc-
tion of potassium hexacyanoferrate(III) with NaBH, as a
test reaction.

Results and Discussion

Formation of Hollow Ceramic Microspheres Doped with
Gold Nanorods

One of the main targets of this work was the synthesis of
hollow microcapsules with optical and catalytic functionali-
ties through homogeneous doping with gold nanorods. The
optical response in the visible and near-infrared (NIR)
region can be modulated either by tuning the gold nanorod
aspect ratio or by controlling the gold nanorod concentra-
tion within the microcapsules. Although several works on
noble-metal-nanoparticle-doped hollow or core-shell micro-
spheres have been reported,™ %2203 most of them do
not focus on the study of the optical properties, and for this
reason metal nanoparticles are sometimes prepared by
chemical reduction in situ (allowing poor control of the final
nanoparticle morphology and therefore of the resulting opti-
cal properties), rather than by using preformed metal nano-
particles to obtain the nanocomposites. Our choice was a
multistep process involving the initial synthesis of the metal
nanoparticles followed by deposition onto colloidal tem-
plates, prior to shell formation, as this allows far better con-
trol over the ultimate optical properties of the composite.
Additionally, the density of gold nanoparticles can be varied
by simply changing the amount of nanoparticles during the
process (Figure 1).

The sacrificial templates used to obtain the metal-doped
capsules were polystyrene (PS) beads, 705 nm in diameter
with a surface charge of approximately —33 mV, whereas
the metal nanoparticles were gold nanorods (aspect ratio 3.1
and 4.8)* stabilized with poly-N-vinylpyrrolidone (PVP)
and thus with a negative surface charge (zeta potential =
—20 mV). Gold nanorod deposition on the PS beads was
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Figure 1. TEM micrographs of polystyrene microspheres coated with in-

creasing gold nanorod density. The Au nanorods have an aspect ratio of
3.1

carried out through polyelectrolyte-driven LBL assem-
bly,'*" which required prior assembly of a polyelectrolyte
multilayer film (PDDA/PSS/PDDA) on the PS spheres so as
to obtain uniform, positively charged surfaces onto which
the negatively charged gold rods would readily stick. Multi-
ple nanorod additions (11 additions, 10-min intervals) yield-
ed a uniform, random assembly of the metal nanoparticles
on the modified PS surface, as can be seen in Figure 1 for
rods with aspect ratio of 3.1 (experiments in which nanorods
with aspect ratio 4.8 were used showed the same trend; see
Supporting Information).

Although hollow capsules can be made of layered poly-
electrolytes,!!! coating with SiO, has been shown to provide
hollow capsules with improved long-term storability, robust-
ness, mechanical strength, and controllable permeability.!!
In the work reported herein, silica coating was carried out
on the nanorod-decorated PS spheres by using the Stober
process after coating with an extra PVP layer to enhance
the surface affinity toward silica.® This procedure allowed
the thickness of the silica layer to be tuned by varying the
amount of tetraethoxysilane (TEOS), as shown in Figure 2a
and b. Notably, after silica coating, deformation of some
core-shell particles was observed (see Supporting Informa-
tion). This effect is induced by ammonia, which is able to
dissolve the PS templates during the formation of the silica
shell, and therefore if TEOS hydrolysis and condensation is
not fast enough to form a protecting silica shell, the diffu-
sion out of the shell of the PS congregates can induce the
deformation or even the rupture of the core-shell compo-
sites.””] A similar procedure, based on the hydrolysis of a ti-
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Figure 2. a), b) TEM micrographs of Au-rod-doped PS microspheres
coated with 4- and 25-nm-thick silica shells, respectively. ¢) TEM micro-
graph of Au-rod-doped PS microsphere coated with a 12-nm-thick titania
shell. In a) and b), maximum gold nanoparticle density can be seen,
whereas in ¢) only 35% of maximum gold density was achieved.

tanium alkoxide, can be used to coat the Au-modified PS
spheres with TiO, (Figure 2¢),””) which is expected to en-
hance the versatility of this system, as the dielectric proper-
ties of titania, which is a wide-bandgap semiconductor, are
more interesting than those of silica for a number of appli-
cations.®* !

Upon the growth of ceramic shells, PS cores can be re-
moved to obtain hollow Au/SiO, or Au/TiO, composite cap-
sules, which are much more lightweight materials. The core
can be removed either through dissolution with a suitable
solvent™ or through calcination,"” which was found to be
more convenient in previous works, in particular for thick
silica shells. However, in the present study calcination (300-
400°C) would lead to drastic optical changes because of the
thermal reshaping of the gold nanorods into spheres, as pre-
viously reported™®! and confirmed in Figure 3a. For this
reason, Au/SiO, and Au/TiO, hollow capsules were obtained
by core dissolution using with tetrahydrofuran (e.g. Fig-
ure 3b—d). It should be noted that for the growth of thicker
Au/SiO, capsules (Figure 3d) it was more efficient to pre-
pare thin capsules and then carry out further growth, as dis-
solution through thicker shells is hindered.

Optical and Catalytic Properties of the Nanocomposites

An analysis of the optical properties of the composites is
presented on the basis of the dielectric environment around
the rods and possible interparticle interactions. In Figure 4,
the evolution of UV/Vis/NIR spectra is shown for PS micro-
spheres coated with two different gold nanorod samples
(aspect ratio 3.1 (a) and 4.8 (b)), in which the density of
gold nanorods is increased by successive additions. It can be
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Figure 3. TEM micrographs of a) Au/SiO, capsules obtained by calcina-
tion at 400°C, b) Au/TiO,, and c), d) Au/SiO, capsules obtained by disso-
lution with THF (see text for further details). In a) and c), the PS beads
were loaded with maximum gold density, whereas in b) and d) the load-
ing is 35% of the maximum density.

seen that the longitudinal plasmon band of the gold-PS
nanocomposites (position and width, see insets) changes
when the surface density of the gold nanorods on the PS sur-
face gradually increases. This is related to increased dipole
coupling among neighboring gold nanoparticles as the sepa-
ration between nanoparticles decreases, which has been
shown to be responsible for red shifting and broadening of
plasmon resonance bands.*! Remarkably, for the same
number of additions, a much larger red shift (68 nm) was
observed for “long” nanorods (aspect ratio 4.8) than for
“short” rods (aspect ratio 3.1; 35-nm shift). Considering that
both gold nanorod samples have roughly the same gold con-
centration, for the longer rods a lower number of particles is
expected on the PS beads (which was confirmed with SEM,
see Figure 5). Nevertheless, dipole coupling seems to be
stronger, which is presumably related to the relationship be-
tween interparticle separation and nanoparticle dimensions,
which is still smaller for the longer rods, thus leading to
stronger coupling.

Upon coating of the nanorod-modified PS particles with
silica or titania, dipole—dipole interactions are expected to
be screened because of an insulating effect of the metal
oxides. For this reason, even though the refractive index of
silica is larger than that of water or ethanol, it was found
that the deposition of an outer silica shell leads to a blue
shift (Figure 6). It was previously demonstrated™®! that when
metallic nanoparticles are surrounded by an insulating mate-
rial such as silica, an electron-tunnelling barrier can be cre-
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Figure 4. UV/Vis spectra of gold nanorod/PS microsphere composites
with varying nanorod density; a) and b) correspond to experiments car-
ried out with gold nanorods of aspect ratios 3.1 and 4.8, respectively. The
insets are plots of the position of the longitudinal plasmon band versus
the number of gold-rod additions.

ated between the metal nanoparticles, thereby (partially)
screening the dipole coupling between neighboring particles.

When the gold-rod-decorated PS microspheres are coated
with TiO,, which has a much higher refractive index (2.4
versus 1.46 for silica), an additional red shift is observed,
meaning that the refractive index effect clearly overcomes
the screening effect, which on the other hand may be lower
if we take into account the semiconductor character of tita-
nia.

Finally, although the dissolution of the PS cores and the
formation of hollow shells lead to a decrease in the scatter-
ing contribution (data not shown), it does not affect the po-
sition of the longitudinal plasmon band, so that the optical
properties of the capsules are identical to those of the core-
shells. The reason for this is that the rods are essentially em-
bedded within the ceramic shells and are not affected by
any changes in the outer environment.

These particles are not only interesting because of their
optical properties, but can also be used as efficient catalysts
as silica or titania shells have been shown to be sufficiently
porous to allow diffusion of reactants and products.”* We
demonstrated this efficiency through analysis of the effect of
Au-SiO, hollow shells on the kinetics of the reduction of
potassium hexacyanoferrate(IIT) with NaBH, which can be
considered as a model electron-transfer reaction.*’”! In the
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Figure 5. SEM images (YAG detector) of PS microspheres coated with
the same gold density, but using nanorods with different aspect ratios:
a)3.1,b) 4.8.
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Figure 6. Maximum wavelength of the longitudinal plasmon band for dif-
ferent samples: Au nanorods, Au nanorod assembled on PS spheres, PS
coated with Au/SiO, (circles), or Au/TiO, (squares), and the correspond-
ing capsules formed upon dissolution of the PS core. Data are shown for
rods with average aspect ratio 3.1 (open symbols) and 4.8 (solid sym-
bols).

absence of metal nanoparticles, this reaction was previously
reported to behave as a zero-order reaction in
hexacyanoferrate(III),*) with an activation energy of
30 kJmol ™', whereas in the presence of colloidal gold the re-
action mechanism becomes first order and the activation
energy of the catalyzed reaction was found to be almost ten
times lower (4 kIJmol™).*"! The catalysis mechanism seems
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to involve rapid cathodic polarization of the metallic nano-
particles by sodium borohydride [Eq.(1)], followed by
transfer of excess surface electrons to ferricyanide ions
reaching the particles, which are then reduced in what
would then become the slow step of the reaction [Eq. (2)].

BH, + Au= Q" (fast) (1)
Q" + [Fe(CN)g]"™ — [Fe(CN)¢]* + Q (slow) (2)

In all runs, the concentration of NaBH, was chosen to
exceed the concentration of hexacyanoferrate(III). In this
way, the kinetics of the reduction process can be treated as
a pseudo-first-order reaction in hexacyanoferrate. The prog-
ress of the reduction was monitored through changes in the
UV/Vis spectra, as shown in Figure 7a for gold nanorod/
silica hollow spheres (see TEM image in Figure 7b). The
characteristic absorption peak of hexacyanoferrate(II) at
420 nm decreases with time (as it is reduced to ferrocya-
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Figure 7. a) Spectral evolution of a mixture of hexacyanoferrate(III) and
Au/SiO, metallodielectric capsules upon addition of sodium borohydride.
[[Fe(CN)J*"1=8.33x107*m, [BH,]=8.33x107m. The inset shows the
linearized data for first-order analysis according to Equation (3) for two
different capsule concentrations (see text for details). b) Representative
TEM image of the Au/SiO, capsules used in this study.
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nide), whereas the gold rod plasmon bands (around 520 and
900 nm for the transverse and longitudinal bands, respective-
ly) are unaffected, which shows that the electron-transfer re-
action proceeds through the pores of amorphous silica, but
the morphology and distribution of the rods remain intact
during the process.

An example of the excellent agreement of the experimen-
tal data with first-order kinetics is shown in the inset of Fig-
ure 7a for two different particle concentrations, using the
corresponding integrated kinetic Equation (3):

Al — Aoc _
In (m) = _kohsl (3)

An increase in the concentration of the capsules by a
factor of two produces a 2.9-fold increase in the observed
rate constant (from 8.63x 107 to 0.025 s™1).

A similar catalytic effect was observed with gold-doped ti-
tania hollow shells. Figure 8a shows a representative spec-
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Figure 8. a) Spectral evolution of a mixture of hexacyanoferrate and Au/
TiO, metallodielectric composites upon addition of sodium borohydride
[[Fe(CN)eJ’"1=8.33x107*M, [BH,]=833x10"*m. The inset shows the
linearized data for first-order analysis according to Equation (3) for two
different concentrations (see text for details). b) TEM image of the Au/
TiO, capsules used in this study.
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tral evolution of the reaction. As in the case of the silica
shells, an increase in the amount of the titania capsules by a
factor of almost two produces an increase in the pseudo-
first-order of the reaction by a factor of 2.6 (from 0.024 up
to 0.063 s7"). Interestingly, although the amount of particles
per capsule is lower (35% of the maximum gold density) in
the case of the titania shells (relative to 100% for silica
shells), as can be deduced from the intensity of the longitu-
dinal plasmon band located around 925 nm (0.21 versus
0.08) and confirmed by TEM (see Figures 7b and 8b), kinet-
ic experiments were consistently faster when using titania
shells (0.063 s vs. 0.025 s7"). Therefore, gold-doped titania
shells seem to display a higher catalytic efficiency than that
of the analogous silica shells, but further evidence is needed
to understand this result, and experiments in this direction
are currently underway.

The advantage of using these composite particles, rather
than free gold nanoparticles lies on the stability toward fac-
tors such as ionic strength or solvent exchange provided by
the outer silica shell, or the easy removal (by centrifugation)
upon completion of the catalytic process. It should be also
pointed out that the pore size as well as the thickness of the
silica shell should play an important role in modulating the
catalytic properties of these composites, which is currently
under investigation and will be reported elsewhere.

Conclusions

Metallodielectric hollow shells with tunable optical proper-
ties can be easily obtained by a three-step process consisting
of a) LBL assembly of gold nanorods, b) deposition of SiO,
or TiO, through a sol-gel process, and c) removal of the PS
core by dissolution with an appropriate solvent. The optical
properties of the hollow shells are due to the presence of
gold nanoparticles, hence they can be tuned in the visible
and the NIR regions by simply varying the gold nanorod
aspect ratio or by controlling the nanoparticle density. Al-
though the ceramic layer can provide mechanical stability,
their porosity allows the use of the metallodielectric shells
as catalysts for the reduction of potassium hexacyanoferrate-
(IIT) with NaBH,.

Experimental Section

Materials

Polystyrene beads (diameter 705 nm) were purchased from Ikerlat Poly-
mers (Spain). Tetrachloroauric acid (HAuCl,;3H,0), sodium borohy-
dride, ascorbic acid, sodium chloride (NaCl), HCl, NH,OH (32 %), cetyl-
trimethyl ammonium bromide (CTAB), tetracthylorthosilicate (TEOS),
and tetrahydrofuran (THF) were purchased from Aldrich. PVP (MW =
10000, 40000, and 360000) and tetraisopropyl orthotitanate (TTIP) were
supplied by Fluka. Poly(styrenesulfonate) (PSS, MW =70000), poly(dial-
lyldimethylammonium  chloride) (PDDA, MW =200000-350000,
20 wt %) was procured from Sigma. Potassium hexacyanoferrate(IlI) was
purchased from Scharlab. All chemicals were used as received. Pure
grade ethanol and Milli-Q grade water were used to make up all solu-
tions.

Chem. Asian J. 2006, 1, 730-736
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Particle Synthesis

Gold nanorods were synthesized according to the protocols proposed by
Nikoobakht et al.*! and Liu et al.’” First, a gold seed solution was pre-
pared by reduction of HAuCl, (0.25 mM, 5 mL) with sodium borohydride
(0.01m, 0.3 mL) in an aqueous surfactant solution of CTAB (0.1m). The
average particle size measured from TEM was 2.8 £0.7 nm. For the syn-
thesis of gold nanorods with aspect ratio 3.1, seed solution (60 uL) was
added to a growth solution containing CTAB (0.1m), HAuCl, (0.5 mm),
ascorbic acid (0.75 mm), and silver nitrate (0.075 mm). For the synthesis
of gold nanorods with aspect ratio 4.8, seed solution (24 uL) was added
to a growth solution containing CTAB (0.1 M), HAuCl, (0.5 mm), ascorbic
acid (0.8 mm), HCl (0.019m), and silver nitrate (0.12mm). After the
excess CTAB was removed by centrifugation (8500 rpm), the particles
were transferred into ethanol for surface functionalization with PVP
(MW =40000).°" Sufficient PVP to coat the particles with 60 monomers
per nm® of surface area was added to the gold nanorods. The mixture
was stirred overnight, excess PVP was removed by centrifugation, and
the particles were redispersed in ethanol.

Polyelectrolyte Coating

Positively charged PDDA (1 mgmL ™" in water containing NaCl (0.5m);
1.8 mL) was added to an aqueous suspension of negatively charged PS
particles (10 wt %; 0.1 mL) with a diameter of 705 nm. After 15 min (to
allow the polyelectrolytes to adsorb onto the PS nanoparticle surface),
the non-adsorbed polyelectrolyte was removed by three cycles of centri-
fugation (6000 rpm for 5 min), and the particles were redispersed in
water. In the last cycle, the particles were redispersed in water (0.1 mL).
The negatively charged PSS was then subsequently adsorbed onto the
particles by adding PSS (1 mgmL~' in water containing NaCl (0.5m);
1.8 mL) to the PDDA-coated PS suspension, allowing 20 min for PSS ad-
sorption, and removing excess PSS by three cycles of centrifugation. The
particles were resdispersed in water. An additional layer of PDDA was
deposited by using the same conditions and procedure.

Gold Coating

The PVP-coated gold nanorods were deposited onto the polyelectrolyte-
coated PS particles in a multistep process. In each step, a solution of Au
nanoparticles in ethanol (6.63 mum in gold; 2 mL) was added to PS beads
(1 mg) dispersed in ethanol (1 mL) under sonication. The mixture was
stirred for 10 min to allow equilibration. Prior to each addition of gold
nanoparticles a cycle of centrifugation and redispersion in ethanol was
carried out to remove the non-adsorbed gold particles.

Silica Coating

The gold coated PS particles (1 mg of the polyelectrolyte-coated spheres)
were redispersed in ethanol (2 mL). A solution of ammonia in ethanol
(containing 300 uL of concentrated aqueous ammonia (33 wt % ); 1.2 mL)
was added under stirring, and then a solution of TEOS in ethanol
(2.0 vol %; 0.10 mL) was added under gentle stirring. The mixture was al-
lowed to react for 6 h. At this point the beads present a 4-nm thick silica
shell. Further additions of TEOS were carried out to allow growth of the
silica shells.

Titania Coating

An aqueous solution of NaCl (5mm; 32 uL) was added to ethanol
(1.34 mL) containing PVP (MW =360000; 13.5 mg). Ethanol (0.1 mL)
containing the gold-coated PS particles (1 mg of the polyelectrolytes-
coated particles) was added dropwise. Finally, TTIP (14.5 pL) in ethanol
(0.193 mL) was added under vigorous stirring. After 1 min, stirring was
stopped, and the suspension was allowed to stand for 15 min. The parti-
cles were centrifuged and redispersed in ethanol to remove any residual
small titania nanoparticles as well as PVP, which is no longer necessary
for stabilization.

Hollow Spheres

The hollow capsules were prepared by either calcination (at 450°C for
1h) or by treatment with THF, that is, exposure of the silica- or titania-
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coated PS particles (1 mg) to THF (4 mL) for 24 h. After this treatment
the hollow spheres were centrifuged at 6000 rpm for 10 min and redis-
persed in ethanol. Exposure to THF was repeated twice to ensure the
complete core removal.

Characterization

A JEOL JEM 1010 transmission electron microscope operating at an ac-
celeration voltage of 100 kV was used for low-magnification imaging.
SEM characterization was carried out with a JEOL JSM-6700F FEG-
SEM operating at an acceleration voltage of 10 kV in backscattering-
electron image (YAG). UV/Vis/NIR spectra were measured with a Cary
5000 UV-Vis-NIR spectrophotometer. The zeta potential was determined
by electrophoretic mobility measurements with a Malvern Zetasizer 2000
instrument.

Kinetic Measurements

The reactions were carried out at room temperature in a diode-array
UV/Vis spectrophotometer Agilent 8453. All solutions were previously
deaerated, and the reaction mixtures were maintained at pH11.5 to
avoid decomposition of NaBH,."?! Kinetic data were always satisfactorily
fitted by the first-order integrated rate equations in hexacyanoferrate
concentration. Experiments were reproducible to within 5%.
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