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We present a rapid approach for forming monodisperse silica microcapsules decorated with metal oxide nanoparticles;
the silica–metal oxide composites have a hierarchical architecture and a range of compositions. The details of the
method were defined using titania precursors. Silica capsules containing low concentrations of titania (<1 wt. %) were
produced via an interfacial reaction using a simple mesofluidic T-junction droplet generator. Increasing the titania
content of the capsules was achieved using two related, flow-based postsynthetic approaches. In the first approach, a
precursor solution containing titanium alkoxides was flowed through a packed-bed of capsules. The second approach
provided the highest concentration of titania (3.5 wt. %) and was achieved by evaporating titanium precursor solutions
onto a capsule packed-bed using air flow to accelerate evaporation. Decorated capsules, regardless of the method,
were annealed to improve the titania crystallinity and analyzed by optical microscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), powder X-ray
diffraction (PXRD), and Fourier transform infrared (FT-IR) spectroscopy. The photocatalytic properties were then
compared to a commercial nanoparticulate titania, which the microcapsule-supported titania outperformed in terms of
rate of degradation of an organic dye and recyclability. Finally, the generality of the flow-based surface decoration
procedures was demonstrated by synthesizing several composite transition metal oxide–silica microparticle materials.
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1. Introduction

Hollow inorganic spheres and capsules are key components in
many applications including industrial fillers, adsorbents, drug
delivery vehicles, microreactors, optical technologies, and cata-
lysts [1–5]. Pure silica and titania capsules have been well-
studied and applied, but less is known about the preparation
and application of composite SiO2–TiO2 capsules [6–11].
Although composite capsules are less known, a number of
reports suggest that these mixed oxide materials have broad use
in areas ranging from waste water remediation to dye-sensitized
solar cells [12–14]. The most conventional synthetic methods to
generate hollow silica–titania materials use either hard or soft
templates. Hard templating [8, 9, 15–17] is achieved by assem-
bling layers of material onto a solid template before the solid is
removed using heat or solvents once the assembly is complete.
The hard templating approach is often used to prepare monodis-
perse capsules. Conversely, soft templating [18–22] uses a drop-
let as a template and tends to enable more rapid and scalable
synthesis of particles. While batch methods are cost-effective and
fast compared to hard-templating, the approach often yields a
broad distribution in capsule size.
On the other hand, continuous formation of droplets using

flow-based techniques is now widely used to generate mono-
disperse, micron-sized droplets that can produce monodisperse
capsules or particles via a soft-templating approach [23, 24]. We
and others have demonstrated the utility of simple devices for
the formation of droplets and microcapsules from reactive pre-
cursors [25–28]. While using tubing and T-junctions provides
an uncomplicated alternative to chip-based devices, the
approach also enables rapid device reconfiguration that can
offer new capabilities. For example, we have demonstrated that
monodisperse SiO2 capsules were readily formed using a flow-

based droplet system via tuned interfacial condensation [26].
The key in our prior system was that we used alcohol additives
to tune the interfacial condensation rate. We hypothesized, and
present work here validating this idea, that we could use a
similar approach to produce composite SiO2–TiO2 capsules.
As we describe in more detail below, we succeeded, but were
unable to identify a set of conditions that enabled direct for-
mation of composite capsules from disperse-phase solutions
containing more than 2.5 mol % Ti precursor.
We hypothesized that capsules containing higher loadings

of TiO2 could be achieved by postsynthetic functionalization
using a second flow-based device. In particular, we proposed
that pure SiO2 or 2.5 mol % SiO2–TiO2 capsules packed into
a column could be decorated with TiO2 by flowing precursor
solutions around the capsules without destroying the integrity
of the shells (whereas use of a magnetic stir bar in a batch
reactor destroys the shells). We predicted that capsules could
be decorated using two related approaches: (1) flowing reac-
tive solutions of titania through a capsule packed-bed or (2)
evaporating reactive species onto the capsules in a capsule
packed-bed.
Herein, we demonstrate that SiO2–TiO2 composite materials

can be created in flow and postsynthetically decorated with
TiO2 using a second, packed-bed flow system. These simplified
systems enabled both the rapid formation of SiO2–TiO2 micro-
capsules (seconds) and subsequent surface decoration of the
formed capsules using small-scale, continuous-flow or semi-
continuous evaporative approaches (Figure 1). Annealing the
composite capsules provided anatase crystallites on the outer
surface of the silica shells that were effective catalysts for the
photodegradation of an organic dye. We demonstrated the gen-
erality of our flow-based surface decoration technique by coat-
ing a variety of transition metal oxide nanoparticles onto silica
microparticles using the same strategy.
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2. Results and Discussion

2.1. Synthesis of Mixed Silica–Titania Shells via Interfa-
cial Condensation. Previous work in our laboratory demon-
strated that fast-reacting precursors such as SiCl4 could be used
to create microcapsules by tuning the condensation rate using
alcohol additives [26]. Formation of HCl gas upon fast hydrol-
ysis of the Si–Cl bonds served to create the void around which
the interfacial polymerization proceeded, leaving behind the
inorganic shell. Water remained in contact with the interface,
initiating further hydrolysis and subsequent condensation, lead-
ing to thicker shells as the capsules approached and exited the
tubing. We sought to apply this approach to prepare silica–
titania composite materials. Using our previously described
simple droplet maker [26], we began to study the condensation
of mixed silica and titania precursors.
To our satisfaction, mixtures of TEOS, SiCl4, and titanium

alkoxides yielded well-formed capsules when the concentration
of titanium precursors was kept below 2.5 mol % (Figure 2).
Above this concentration, self-supporting capsules did not
form; instead, unstructured precipitates formed. Visual inspec-
tion of the system showed that at higher concentrations of
titania precursor, the rate of the hydrolysis and condensation
reactions was much faster than the droplet formation step. This
is perhaps unsurprising because the rate of hydrolysis for Ti

alkoxides is more than five orders of magnitude faster than for
Si alkoxides [29]. Indeed, solution-phase 29Si nuclear magnetic
resonance (NMR) spectroscopy confirmed that rapid exchange
of chloride and ethoxy groups occurred between TEOS and
SiCl4 within 10 min after the preparation of the disperse-phase
solution (Figure S1). This is even faster than in our previous
report of purely silica microparticles that did not use titanium
alkoxides [26].
Attempts to slow down the rapid condensation reaction

through changes to the continuous phase (viscosity, water
content, etc.) or dilution of the disperse phase with ethanol,
n-butanol, or n-hexanol did not lead to the same rapid forma-
tion of capsules as in our previous studies. When the disperse
phase was diluted with these alcohols, droplet formation
became achievable, yet rapid formation of solid shells did
not occur. Instead, the droplets reached the collection bath
and readily burst without leading to self-supporting capsules.
Optical microscopy was used for initial inspection of the

transparent shells formed from up to 2.5 mol % Ti alkoxide
solutions after aging 10 min in collection bath (Figure 2).
Differences in shell morphology were apparent compared to
microcapsules made without Ti precursors [26]. The shells of
the capsules appeared to have an additional thin layer of mate-
rial. We speculated based upon these initial observations that
TiO2 could be present as a single thin layer. The variation in size

Figure 1. Illustration of the flow-evaporation method of decorating the microcapsules with titania particles. The hollow shells are loaded into the
cartridge, solutions of titanium alkoxides (or other transition metal salts) in ethanol are injected into the cartridge, and air flow is used to evaporate the
solvent, dispersing TiO2 onto the surface. The continuous-flow process follows a similar approach, but heat is applied to the cartridge to form TiO2

coatings over a period of 4–5 h (no air flow used)

Figure 2. Optical microscope images of capsules produced from disperse-phase droplets with a composition of 0.5 mL SiCl4 + 0.93 mL TEOS +
0.12 mL t-butanol + 70 μLTBOT (molar ratio: 1.0:0.93:0.06:0.05; disperse-phase flow rate = 35 μL/min) formed in a continuous phase composed of
80% glycerol + 20% deionized water (flow rate = 2.00 mL/min). The capsules were collected directly onto a clean microscope slide and imaged
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was determined for samples of capsules immediately after exit-
ing the tubing. The coefficient of variation (ImageJ software)
was observed to be 3.8 %, which is consistent with the results in
our previous work using simple tubing-based devices [26].
Scanning electron microscopy (SEM) revealed the morphol-

ogy of the shells in greater detail (Figure 3 and Figures S7–9).
The outermost portion of the shells of the capsules appeared to be
composed of aggregated particles (100 nm to 1 μm in size), and a

capsule which had split in half displayed the dense inner shell
covered with small particles on the surface (Figure 3a and b). We
speculate that this hierarchical structure formed via a mechanism
similar to our previous report using organosilane precursors [25].
Rapid hydrolysis and condensation of the most reactive precursor
molecules – namely SiCl4 – likely formed the dense inner shell
first. Subsequently, the surficial nanoparticles formed when fur-
ther silica and titania precursor molecules underwent hydrolysis,
condensation, and growth via a mechanism similar to the well-
known Stöber synthesis of silica particles [30].
Other techniques demonstrated that both silica and titania were

incorporated in the composite materials. SEM–energy dispersive
X-ray spectroscopy (EDX) elemental mapping (Figure 4) con-
firmed the presence of titanium, silicon, and oxygen on the sur-
face of the shells before subsequent TiO2 decoration steps. TEM
revealed that TiO2 nanoparticles were distributed throughout the
shells (Figure S6). Also, EDX point mapping of the undecorated
capsules was used to demonstrate that the concentration of Ti was
low (�1 atom. % by EDX), consistent with the low mole percent
of titanium alkoxide in the disperse phase (Figure S5, top).
Fourier transform infrared (FT-IR) spectroscopy experiments
(Figure S10) revealed vibrations associated with –OH, H2O,
and Si–O bonding, though bonds involving titanium species
could not be discerned given the low concentrations of Ti
[31, 32]. Lastly, powder X-ray diffraction (PXRD) studies of
the capsules with titania incorporated solely via interfacial
reaction indicated only amorphous material, even upon
annealing at 900 °C for 5 h (Figure S3b).
While hierarchically structured composite capsules produced

with the single-step, interfacial reaction in a microfluidic device
T-junction were interesting, a procedure enabling the incorpo-
ration of higher percentages of metal oxide would increase the
potential applications of these materials. With this goal in mind,
we began to seek an engineering-based solution to the problem.
Aware of spray-coating and evaporative approaches for forma-
tion of multilayered and decorated particles or substrates
[33–35], we developed a packed-bed, flow-based approach to
achieve the same result.
2.2. Decorating Capsule Packed-Beds Using a Continuous

Deposition Approach. SiO2–TiO2 capsules prepared from
2.5 mol % TBOT precursor solutions were loaded into

Figure 3. Scanning electron microscope images of a halved capsule (a;
scale bar = 20 μm), and the outer surface of the capsule which is
covered with aggregated small particles (b; scale bar = 10 μm)

Figure 4. SEM–EDX elemental mappings of capsules produced from disperse-phase droplets of 0.5 mL SiCl4 + 0.93 mLTEOS + 0.12 mL t-butanol +
70 μL TBOT (molar ratio: 1.0:0.93:0.06:0.05) prior to performing decoration procedures
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cartridges for overcoating experiments (Figure 1, Figure S13).
In the first method, the cartridge of capsules was first rinsed
with ethanol that had been made slightly basic (pH~8–9). This
treatment served to activate the surface for subsequent loading
of TiO2 by hydrolyzing some of the surficial silica, increasing
the density of reactive silanols. A solution of 0.15 M TBOT in
ethanol was then flowed through the packed-bed of capsules at
flow rates of up to 0.200 mL/min using a syringe pump. For
comparison, a second procedure was performed without first
activating with basic ethanol prior to introduction of the Ti
precursor solution. Optical microscopy of the continuously
decorated particles showed an obvious densification of the
capsule shells compared to the original, nondecorated particles
(Figure 5, b versus a).
FT-IR analysis of the continuous-flow decorated capsules from

both methods, prior to annealing, revealed similar peaks to the
unmodified capsules. After annealing, peaks corresponding to –
OH and H2O vibrations decreased in intensity and the peaks at
580 and 965/cm disappeared, becoming broad shoulders of
neighboring signals. After annealing at 600 °C, the capsules were
also analyzed by PXRD. Only small features were observed in
the patterns corresponding to the 101 and 200 facets of anatase
TiO2 (Figure 6a and Figure S2). Interestingly, the capsules
decorated without the basic ethanol prewash displayed the
most intense peaks in PXRD experiments of continuous-flow
decorated capsules. Reannealing at 800 °C for 5 h led to for-
mation of crystalline SiO2 and mixed rutile and anatase phases
for the microcapsules prewashed with basic ethanol (Figure S3a),
but the continuous-flow method without the basic ethanol

prewash yielded only anatase TiO2 even after annealing at
800 °C for 5 h. While these methods enabled low TiO2 loadings
(0.25–0.5 wt. %) without destroying the integrity of the shells,
the time necessary to complete the process was still on the order
of most batch processes (2–5 h). We thus sought a method that
would enable a higher titania loading while also requiring less
time.
2.3. Decorating Capsule Packed-Beds Using a Flow-

Evaporation Approach. We speculated that evaporation of
titania precursor solutions directly onto capsules within a
packed bed might yield higher loadings of titania particles. To
test this hypothesis, we wet the packed-bed with TBOT in
ethanol followed by evaporation of the solutions using a flow
of air (~2 psi). We rationalized that this method would require
less material (solvent and Ti precursor) and time while achiev-
ing higher loadings of TiO2. Indeed, when the concentration of
TBOT and the number of coating steps were increased, the
particles became less transparent until very little/no light could
be observed to pass through the shells (Figure 7). The shells
remained relatively smooth, but became rough along the edges
as the concentration of Ti precursor was increased. Gratifyingly,
EDX point mapping showed a 9-fold increase in Ti content on
the microcapsule surfaces (10 atom %) compared to undeco-
rated samples after six consecutive flow/evaporation steps
(“×6 flow-evap.”) with 0.5 M TBOT (Figure S5, bottom vs
uncoated, top).
FT-IR and PXRD were again used to characterize these flow-

evaporated materials. As expected, annealing caused the peaks
corresponding to –OH and H2O vibrations to decrease in inten-
sity, and Ti bonding features were likely hidden among the large
Si–O vibrations due to low concentrations of TiO2 (Figure S10).
PXRD studies after decorating the materials using the rapid
flow-evaporation method and annealing at 600 °C revealed
features corresponding to anatase TiO2. Additionally, the
amount of TiO2 loaded onto the microcapsules using the flow-
evaporation method was influenced by both the concentration
of precursor and number of steps in the decoration process. As
the concentration of TBOT was increased from 0.075 to 0.5 M
with the number of coating steps held constant, peaks corre-
sponding to anatase TiO2 became significantly more intense
after annealing (Figure 6). The intensity and number of peaks
corresponding to anatase TiO2 were also improved as the num-
ber of coating steps was increased from 3 to 12 (Figure 8).
Therefore, this method provided control of TiO2 loadings (from
~0.2 to 3.5 wt. %) by modulating the concentration of Ti pre-
cursor or the number of decoration steps (Table S1). Importantly,

Figure 5. Optical microscope images of unmodified (a) and 0.15 M TBOT 5 h continuous-flow decorated capsules (b) after the sets were annealed at
600 °C for 5 h. Compared to the unmodified microcapsules, the shells of continuously decorated and annealed samples lost optical transparency

Figure 6. PXRD patterns (background subtracted) of 0.15 M TBOT 5 h
continuous-flow decorated (a), 0.10 M TBOT×6 flow-evap. coated (b),
0.15 M TBOT×6 flow-evap. coated (c), and 0.50 M TBOT×6 flow-
evap. coated (d) microcapsules annealed at 600 °C
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the degree of modification appeared to be consistent from top to
bottom of the cartridge, as demonstrated by PXRD data obtained
from material recovered from either the upper or lower half of a
cartridge (Figures S2 and S4). We calculated the average size of
the TiO2 crystallites by applying the Scherrer equation to the
PXRD data. The 0.15 M×12 and 0.5 M×6 TBOT decorated
capsules displayed average crystallite sizes of 28 and 25 nm,
respectively.
2.4. Photocatalytic Degradation of Methyl Orange (MO).

To demonstrate that these materials are suitable for catalytic
applications, we used them as a catalyst for the photodegrada-
tion of MO, a dye commonly used in such studies [36]. Impor-
tantly for photocatalysis, the TiO2 on these particles is
predominantly anatase (see above), which performs better as a
photocatalyst compared to other phases due to slower charge
recombination and greater electron mobility [36–38]. To show-
case the dimensions of the composite particles – relatively large
compared to the TiO2 nanocrystals themselves – we ran these
experiments in a miniature packed-bed reactor. The particles
were immobilized in a quartz flow cell (0.50 mm beam length)
in a photochemical reactor, and solutions of MO were flowed
over them using a peristaltic pump. For these studies, we
selected the 0.5 M TBOT×6 decorated capsules (3.5 wt. %
TiO2), and the 8.5 mg of immobilized microparticles equated
to 300 μg of TiO2 in the cell. The concentration of MO dye was
monitored by ultraviolet–visible (UV–vis) spectroscopy as the
flowing solution was exposed to UV light. We assumed that the
conditions were pseudo-first-order in [MO], and a plot of ln

([MO]t/[MO]o) vs. time yielded an apparent rate constant, k, of
7.6 ± 0.3 × 10−5/s (Figure 9, black line).

For comparison, we used commercially available P25 TiO2

nanoparticles (Degussa, ~21 nm in diameter) as a reference
material that is commonly employed in photocatalytic studies
[38, 39]. Here, we used the same flow cell setup, but the P25
nanoparticles were instead homogenously dispersed in the MO
solution. The mass of P25 TiO2, 300 μg, was the same as with
the decorated capsules, and the apparent rate constant under
these conditions was 5.4 ± 0.6 × 10−5/s (Figure 9, gray line).
Thus, the capsule-supported TiO2 appears to be more efficient
at the photodegradation of MO than the commercial P25 by a
factor of 1.4-fold on an equivalent mass basis. Importantly,
these results demonstrate that the surface-decorated TiO2 nano-
particles were accessible to solvent and reactive molecules
therein. Lastly, we explored the reusability of the immobilized
capsules by using a single sample in seven consecutive runs
spanning 7+ hours of photodegradation (Figure S11). The pho-
tocatalytic efficiency was apparently not diminished over this
time span, allowing for continuous-flow operation in a variety
of future applications. In contrast, the nanoparticulate P25,
lacking a solid support, remained inseparable from the degraded
MO solution, drastically hampering reusability unless the entire
solution was subjected to centrifugation.

Figure 9. Photodegradation of MO using 0.5 M TBOT flow-evap. ×6
decorated capsules annealed at 600 °C (circles, black) and Degussa P25
nanoparticle (squares, grey) as photocatalysts. We plotted ln([MO]t/
[MO]o) vs. time to extract the apparent rate constants, k. Error bars
represent the standard deviation of 2–3 data points at a given time, and
the dashed lines represent the 95% confidence interval in the linear
regression analyses of each data set

Figure 7. Optical microscope images of 0.5 M TBOT×6 flow-evap. decorated capsules after being annealed at 600 °C for 5 h. Compare to the
uncoated SiO2–TiO2 particles in Figure 5 (a)

Figure 8. PXRD patterns of 0.15 M TBOT flow-evap. ×12, ×9, and×3
coated microcapsule sets (top to bottom, respectively) annealed at 600 °C
for 5 h. Additionally, a pattern for unmodified microcapsules annealed at
900 °C for 5 h is included (bottom pattern)
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2.5. Flow-Evaporation Coating with Other Transition
Metal Oxides. Besides titania, many different transition metal
oxide nanoparticles have exhibited useful physical and chem-
ical properties, including CuO [40–42], Co3O4 [43, 44], Fe2O3

[45–47], and NiO [48–50]. Thus, to demonstrate the generality
of the flow-evaporation coating procedure, we used the method
to surface decorate silica microcapsules with several other tran-
sition metal oxide nanoparticles. As before, we loaded silica
microparticles – previously prepared by an interfacial reaction
in a mesofluidic device – into the cartridge system shown in
Figure 1 and Figure S13. Then, soluble metal precursors were
introduced from saturated methanolic solutions, and evapora-
tion of the solvent left transition metal salts on the micropar-
ticles. A second round of deposition and evaporation was
followed by calcination at 660 °C to yield metal oxide nano-
particles coated on the silica microparticles; we prepared
samples containing α-Fe2O3, CuO, Co3O4, and NiO nano-
particles. Unlike titania, the obvious color change induced by
the transition metal salts and their oxides provided visual
evidence of the deposition and subsequent formation of the
oxides (Figures S12 and S13). We characterized the resulting
composites by PXRD. All of the diffractograms gave well-
resolved peaks for the metal oxide nanoparticles (Figures
S14–17), and application of the Scherrer equation provided
estimated crystallite sizes of 33 nm (CuO), 38 nm (α-Fe2O3),
33 nm (Co3O4), and 27 nm (NiO), all in the size range (few×
10 nm) of catalytically active nanoparticles from the literature
[38, 40, 44]. Together, these results confirm that our flow-
based approach to decorating microparticles with metal oxide
nanoparticles is general, given that a soluble salt for that
metal is available.

3. Conclusions

In conclusion, we have presented a method for rapidly gen-
erating hierarchical TiO2-doped SiO2 microcapsules with low
concentrations of TiO2 nanoparticles distributed throughout the
shells using simple mesofluidic T-junction devices. The hier-
archical architecture was achieved without the use of additives
such as inorganic salts [5]. Furthermore, we provided gentle,
flow-based methods for quickly decorating the microparticles
with additional TiO2 nanocrystallites (~0.2 to 3.5 wt. %) or a
variety of other transition metal oxide nanoparticles. Dye deg-
radation experiments demonstrated that the titania nanoparticles
were active and accessible for catalyzing photochemistry. We
envision that these microcapsules have potential in various
applications, from pigments and fillers to adsorption and photo-
catalysis, which we have demonstrated here. Further efforts are
underway to investigate the formation of other composite, inor-
ganic microcapsules using this simple device and to utilize the
aforementioned coating methods to obtain hollow shells with
tunable chemical and physical properties.

4. Experimental

4.1. Materials. Silicon tetrachloride (SiCl4), tetraethyl ortho-
silicate (TEOS), titanium (IV) n-butoxide or tetrabutyl orthoti-
tanate (TBOT), absolute ethanol, isopropanol, t-butanol, and
glycerol were used as purchased without further purification.
Commercially available laboratory tubing (PVC 1/16″ or 1/32″
i.d. and PFA 1/4″ i.d), minicolumns (Promega Corp.), and
blunt-tipped needles were used as purchased.
4.2. Device Fabrication. The capsule-forming device was

constructed from PVC laboratory tubing (1/32″ i.d.). The main
channel was intersected with a 22-gauge flat-tipped needle. This
needle was positioned such that the outlet (the tip) was directly

in the center of the tubing creating a modified T-junction which
we found to be critical to the droplet formation as the disperse
phase rapidly polymerizes upon contact with the tubing walls
leading to clogging of the device. Droplet formation was
observed with the naked eye, and the interfacial reaction sol-
idified the capsules within the 45-cm long section of tubing
following the T-junction (device was used at room temperature).
4.3. Preparation of Continuous-Phase Solutions. The

80:20 glycerol–H2O continuous phase was prepared by adding
40 mL of deionized water to 160 mL of glycerol and stirring
until homogeneous (~1 h).
4.4. Preparation of Disperse-Phase Solutions. Precursor

solutions were prepared by adding the liquid components suc-
cessively to a dry glass vial under a nitrogen atmosphere. The
order of addition was performed as follows: SiCl4, tetraethylor-
thosilicate (TEOS), t-butanol, and titanium (IV) n-butoxide. For
example, a formulation containing 1.8–2.5 mol % titanium (IV)
n-butoxide was prepared by adding SiCl4 (0.5 mL,), TEOS
(0.93 mL), t-butanol (0.12 mL), and Ti (IV) n-butoxide (TBOT;
62–70 μL) to a dry glass 7-mL vial under inert atmosphere
(molar ratio: 1.0:0.93:0.06:0.05). The solutions were stirred
until homogeneous before use.
4.5. Synthesis of TiO2-Doped SiO2 Microcapsules. Con-

tinuous and disperse-phase solutions were loaded into plastic
syringes, and both materials were pumped into the reaction by
action of a syringe pump. The disperse phase (10–75 μL/min)
was introduced perpendicularly to the continuous phase (0.3–
3 mL/min), leading to the formation of monodisperse droplets.
The size of the droplets could be controlled by altering the
relative flow rates of the two phases. The microcapsules were
collected in a large beaker containing continuous-phase solu-
tion. The microcapsules were isolated and washed with several
aliquots of ethanol followed by deionized water and then
isopropanol.
4.6. Surface Decoration of TiO2-Doped SiO2 Microcap-

sules. Washed capsules were loaded into a small cartridge
constructed from a segment of PFA tubing (Figure 1) capped
with Wizard® minicolumn filters (Promega Corp.). Capsule
decoration was achieved by first activating surface hydroxyl
groups by passing ethanol, made basic (pH~8–9) by addition of
1 M NaOH, through the packed bed (1 mL/min; total volume,
~10 mL). The capsules were then washed with fresh ethanol.
Decoration with additional TiO2 was achieved by passing a
0.15-M solution of TBOT in ethanol through the cartridge at
75 °C (0.200 mL/min; 4 h). Next, the capsules were rinsed with
20:1 ethanol–deionized water before being washed with isopro-
panol, collected, and dried at 120 °C. An alternative continu-
ous-flow procedure was performed without pretreating the
capsules with basic ethanol. Here, the flow rate of the 0.15 M
TBOT solution was lowered to 0.100 mL/min (total reaction
time of 5 h). Additionally, the capsules were annealed at tem-
peratures up to 900 °C for 5 h to generate crystalline phases
desirable for various applications. For low–evaporation surface
coating, the cartridge of capsules was subjected to rinsing with
2 mL of 0.075–0.5 M TBOT in ethanol (repeated rinse, flowing
the opposite direction of first rinse) followed by evaporation of
solvent using air flow (~5 min; 2.5 min in each direction). This
process was repeated 3–12× before rinsing with deionized water
(5 mL) and isopropanol (5 mL), and then drying using air flow
(~2 psi).
4.7. Characterization. The morphology of the microcap-

sules was examined by optical and scanning electron micro-
scopy (SEM) using a Leica DL IM and LEO/ZEISS microscope
model GEMINI 1530VP (30 kV) equipped with a low vacuum
VPSE detector, respectively. Elemental analysis was performed
using the EDX detector from Bruker with Software pack Esprit
1.9.4. Room temperature powder X-ray diffraction (PXRD) was
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carried out on a PANalytical X'Pert Pro diffractometer with an
X'Celerator detector using Cu Kα radiation (λ=1.54187 Å).
Infrared spectroscopy of the microcapsules was performed
using a Nicolet 380 FT-IR spectrometer and KBr pellets
(30 mg per pellet; 2 wt. % sample). NMR spectroscopy was
performed on an Agilent Technologies 400-MR DD2 400 MHz
spectrometer using a 5-mm OneNMR probe.
4.8. Photochemical Degradation of Methyl Orange (MO).

Full experimental details are in the supporting information.
Briefly, reactions were run in a quartz, demountable flow cell
(Starna Cells, Inc, 8 × 38 mm, 0.50 mm path length). Flow was
achieved using a peristaltic pump attached to the cell with PVC
laboratory tubing (1/8″ i.d., 90 cm total). UV radiation was
supplied by a 1.0-kW Xe lamp (Oriel Labs) focused into the
flow cell by a dichroic mirror and lens assembly (Oriel Labs)
with a total beam length of 45.7 cm. For all experiments, the
initial concentration of MO was 2.75 × 10−4 M. Titania-coated
microcapsules (8.5 mg total, 300 μg TiO2) were immobilized to
the flow cell via sticky tape, or commercial TiO2 (300 μg,
Degussa P-25, 85% anatase, 15% rutile) was suspended in the
aqueous solution (10.0 mL). The concentration of MO was
measured versus time of irradiation via UV–vis spectroscopy
(ε480 = 22,177/M/cm).

4.9. Synthesis of Other Transition Metal Oxide Compo-
sites. Full experimental details are in the supporting informa-
tion. Briefly, saturated methanolic solutions of each salt were
passed through a cartridge loaded with pure silica (undecorated)
microcapsules. Then, the solvent was evaporated under a flow
of air at room temperature and for 1 h at 350 °C. The deposition
of soluble precursors was repeated, and then the samples were
calcined at 660 °C for 5 h to yield the metal oxide–silica
composites.
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