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Coating titania shells onto sub-micron sized particles has been widely studied recently, with success mainly limited to

objects with sizes above 50 nm. Direct coating on particles below this size has been difficult to attain especially with good

DOI: 10.1039/x0xx00000x

control over properties such as thickness and crystallinity. Here we demonstrate titanium-glycolate formed by reacting
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titanium alkoxide and ethylene glycol is an excellent precursor for coating titania on aqueous nanoparticles. The new

coating method is particularly useful for its ability to coat materials lacking strong polymer or ligands which are frequently

needed to facilitate typical titania coatings. We demonstrate the effectiveness of the process in coating titania on metal

nanoparticles ranging from citrate-stabilized gold and silver spheres to gold nanorods and silver nanoplates, and larger

particles such as SiO, microspheres and polymer spheres. Further the thickness of these coatings can be tuned from a few

nanometers to ~40 nm through sequential coatings. This coating can subsequently be crystallized into TiO, through

refluxing in water or calcination to obtain crystalline shells. This procedure can be very useful for the production of TiO,

coatings with tunable thickness and crystallinity as well as for further study on the effect of TiO, coatings on nanoparticles.

1. Introduction

The utilization of titanium dioxide (TiO,, titania) for
applications in photocatalysis, solar cells, sensors, etc. has
been widely studied in recent years.l'4 However, due to the
wide band gap of TiO,, 3.2 eV for anatase and 3.0 eV for
rutile,” much work has been done in order to expand the
activity to the visible region. One method under current
investigation is the addition of metal nanoparticles, such as Au
and Ag, in order to utilize their inherent surface plasmon
absorption and to improve the separation of photogenerated
charge carriers from TiOZ.G’ 7 Many methods for attachment
have been studied, however the sintering of nanoparticles at
higher temperatures and the loss of activity under reaction
conditions has been of concern. One method for avoiding this
activity loss is embedding the particles within the TiO,
materials.” ® This method for utilization is promising, however
the lack of porosity in the metal oxide shell can greatly
decrease the accessibility of reactants to the metal
nanoparticle within.? In order to better utilize the properties of
such metal-metal oxide composites, core-shell systems have
been proposed. Core-shell TiO, structures and composites
have seen significant research in recent years. Templates such
as polystyrene,w' 1 silica,u'15 iron oxide,ls‘ 7 and metal
nanoparticlesm'24 have all been utilized. These templates have
allowed for the placement of the metal nanoparticles within a
porous TiO, layer for improved accessibility, stability under
thermal treatment, and recyclability.13' =

Unfortunately a wide variety of parameters are needed to
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be carefully considered in order to coat this range of materials.
Some methods have been established for extending uniform
coatings to larger coIIoids,”‘ % however, the uniform coating
of TiO, onto small metal nanoparticles, i.e. <50 nm diameter,
has been difficult to achieve without either significant free
TiO, particle formation, 2.2 5r with a well controllable TiO,
shell thickness. 2° Recent progress has been made in the
coating of TiO, onto both silver nanoplates30 and gold
nanorods,31' 32 however a comprehensive system is still
desirable.

In order to establish a coating method for both small and
large particles alike, an ethylene glycol-titanium n-butoxide
(EG-TBOT) mixed precursor solution was established. The
mixture of titanium alkoxides with EG has been shown
previously to produce a chelated complex,33' 3 further this
particular precursor has been studied for its ability to form
highly spherical titania colloids in an acetone solution.**¥’
Complexation of Ti(lV) with EG vyields a titanium glycolate
species which is much more stable than the parent titanium
alkoxide precursor. This precursor can then undergo a more
controlled reaction, catalyzed by the acetone, to produce
uniform titanium glycolate microspheres. The role of the
acetone as catalyst has been recently uncovered, and it is of
note that the purity of the acetone, with respect to water
content, is critical to the synthesis of uniform microspheres.36
Once the titanium glycolate products have been formed,
crystallization to TiO, can be done simply through high
temperature calcination.

This study will provide a simple route for depositing a
titanium-glycolate coating on several materials including gold
and silver spherical nanoparticles (~15-20 nm in diameter),
gold nanorods, silver nanoplates, silica microspheres, and
resorcinol-formaldehyde polymer microspheres. The effect
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that this coating has on the plasmon absorption of each type
of metal nanoparticle will be detailed. Further, the
crystallization of the as-coated titanium-glycolate will be
studied through refluxing in water as well as by high
temperature calcination. Finally, the utilization of hollow TiO,
shells made by coating a silica template with titanium-
glycolate, calcination, and etching will be demonstrated by the
degradation of Rhodamine B dye under UV irradiation.

2. Experimental

Titanium-glycolate preparation: Varying volumes of titanium
n-butoxide (TBOT, 97%) was added to a vial containing
ethylene glycol (EG, 99+%) to a total volume of 20 mL. For
example, to produce a 2.5 vol. % precursor solution, 0.500 mL
TBOT was mixed with 19.5 mL EG. The resulting solution was
then capped and stirred for at least 12 h before use.
Nanoparticle synthesis: Au nanoparticles were synthesized
using the Turkevich method™. Briefly 19 uL of HAuCl,*3H,0 (1
g mL'l) was added to 95 mL of water and the solution was
heated to reflux. Next trisodium citrate dihydrate (TSC, 99%,
0.034 M, 5 mL) was quickly added to the hot solution. The
refluxing was continued for 20 min then the solution was
cooled to room temperature and stored. Ag nanoparticles
were prepared from reported methods®. In a typical synthesis
TSC (13.6 mM, 5 mL) and tannic acid (1.8 uM, 5 mL) were
mixed and heated to 60 °C. Separately a solution of AgNO;
(0.74 mM, 40 mL) was also heated to 60 °C, and upon reaching
temperature, the TSC/tannic acid solution was added to it. The
mixture was stirred for 3 min, then refluxed for 20 min before
cooling and storing in dark conditions at 4 °C. Au nanorods
were prepared according to the method from Ye et al. with no
modifications®. After synthesis, the Au nanorods were
concentrated to one-tenth of their original volume and
redispersed in water. Ag nanoplates were prepared via a
standard citrate reduction without use of polymer
surfactant®. In a typical synthesis TSC (0.075 M, 2 mL) was
added to 100 mL of water. To this solution AgNO; (0.05 M,
0.200 mL) and H,0, (30 wt. %, 0.120 mL) was added with
vigorous stirring. Then fresh, iced NaBH, (99%, 0.10 M, 0.200
mL) was added and the reaction was continuously stirred for
30 min, then stored in the dark for future use.

SiO, sphere synthesis: SiO, microspheres were synthesized
using a modified Stober process. Tetraethyl orthosilicate
(TEQS, 99%, 5.16 mL) was mixed with de-ionized water (25.8
mL), ethanol (138 mL) and an aqueous solution of ammonia
(26%, 3.72 mL). After stirring for 4 h at room temperature, the
colloidal silica particles were separated by centrifugation and
washed three times with ethanol, then re-dispersed in 30 mL
of ethanol under sonication.
Resorcinol-formaldehyde Sphere Synthesis:
formaldehyde (RF) polymer spheres were made similar to
reported procedures“’ 3 Water (38 mL), ethanol (16 mL) and
aqueous ammonia (28%, 0.200 mL) were mixed for 20 min. To
this solution resorcinol (99%, 0.91 M, 2 mL) was added
followed by stirring for a few minutes, then a formaldehyde
solution (37 wt. %, 0.280 mL) was added, followed by stirring

Resorcinol-
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for 12 h. This solution was then refluxed for 3 h, centrifuged,
washed with water three times and stored in 10 mL of water.
Titanium-glycolate coating Si0,:  To Sio,
microspheres, 3 mL of the above colloid was centrifuged,
washed once with acetone, then dispersed in 25 mL of
acetone. This dispersion was added to a solution of 50 mL
acetone and 0.3 mL water with stirring. To this solution the
titanium-glycolate precursor (2.5 vol. % TBOT in EG, 3.75 mL)
was slowly injected over the course of 35 min. The solution
was then stirred for 30 min, collected by centrifugation,
washed once with acetone and twice with ethanol, then stored
in ethanol. To produce shells of a thicker coating, this process
can be repeated after washing once with acetone.
Titanium-glycolate coating on RF polymer spheres: 2 mL of
the above RF suspension were centrifuged, then washed once
with acetone, and dispersed in 25 mL of acetone. To this
solution water (0.100 mL) was added with stirring, and the
titanium-glycolate precursor (1.25 vol. % TBOT in EG, 1.25 mL)
was slowly injected over the course of 35 min. The solution
was then stirred for 30 min, collected by centrifugation,
washed once with acetone and twice with ethanol, then stored
in ethanol. To produce shells of a thicker coating, this process
can be repeated after washing once with acetone.
Titanium-glycolate coating on nanoparticles: Nanoparticles of
gold and silver, as well as silver nanoplates were all coated
using a similar method. First 10 mL of the aqueous
nanoparticle colloid was concentrated to a volume of 0.100 mL
in water. Next a solution of acetone (25 mL) and titanium-
glycolate precursor (0.25 vol. % TBOT in EG, 0.020 mL) was
prepared. To this solution the nanoparticles were added
followed by injection of more titanium-glycolate precursor
(0.25 vol. % TBOT in EG, 0.180 mL) over the course of 30 min.
The solution was then stirred for 30 min, collected by
centrifugation, washed once with acetone and twice with
ethanol, then stored in ethanol. To coat gold nanorods, 1 mL
of the products of the above synthesis was concentrated to a
volume of 0.050 mL. Then the coating procedure follows that
of the other nanoparticle systems.

Crystallization of the Titanium-glycolate shell: To crystallize
the shell via refluxing the sample is first centrifuged and
dispersed into an aqueous sodium fluoride solution (10mM, 25
mL), then refluxed for 1h. Calcination of the sample is done at

the desired temperature for 4h at a heating rate of 2.5 °C min’
1

on coat

Characterization: The morphology of each sample was
observed by transmission electron microscopy (TEM, Tecnai
T12, 120 kV). Surface plasmon resonance absorption spectra
were measured by UV-Vis spectrophotometry (HR2000CG-UV-
NIR, Ocean Optics). The Raman spectra were measured on a
Horiba LabRAM HR confocal imaging system (A., = 532 nm).
The crystalline structures were determined by X-ray diffraction
(XRD) analyses using Bruker D8 Advance Diffractometer with
Cu Ka radiation (A = 1.5406 A). The nitrogen adsorption
isotherms were obtained at 77 K using a Quantachrome NOVA
4200e Surface Area and Pore Size Analyzer. The surface area
was calculated from the adsorption isotherm using the multi-
point BET method in the pressure range of P/P, = 0.05-0.25.

This journal is © The Royal Society of Chemistry 20xx
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Photocatlytic measurments: The catalyst to be tested (5 mg)
was dispersed in an aqueous Rhodamine B solution (25 mL,
2.0 x 10° M) in a 50 mL quartz cell which was then stirred in
the dark for 30 min to ensure adsorption of the dye. The UV
lamp (300 W Hg) was used with a 365 nm filter in a commercial
reactor system (Xujiang XPA-7). The concentration of RhB was
determined by measuring the absorbance on a UV-Vis
spectrophotometer (HR2000CG-UV-NIR, Ocean Optics).
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Figure 1. (a-c) TEM images of gold nanoparticles (a) before coating, (b)
after coating with titanium glycolate, and (c) after coating and then
refluxing in water. (d-f) TEM images of silver nanoparticles (d) before
coating, (e) after coating with titanium glycolate, and (f) after coating
and then refluxing in water.

3. Results and Discussion

A generalized procedure for the coating of titanium
glycolate onto nanoparticles and microspheres has been
developed by utilizing a precursor consisting of TBOT in EG.
The procedure consists of injecting titanium-glycolate
precursor solutions of different concentrations into a colloidal
dispersion of the template particles in acetone, with a minor
amount of water present. TEM images of gold nanoparticles
made by a standard citrate reduction are shown in Figure 1a
and silver nanoparticles made by reduction using a mixture of
trisodium citrate and tannic acid are shown in Figure 1d. In
order to coat titanium glycolate onto gold and silver
nanoparticles, a 0.25 vol. % solution of TBOT in EG was
prepared and used. As shown in Figure 1, the coating on
nanoparticles of both gold (1b) and silver (1e) has a thickness
of approximately 5-8 nm. The as-coated particles were well-
dispersed in solution, however upon preparation for TEM,
some of the coated particles agglomerated slightly. In order to
convert the amorphous coating surrounding the nanoparticles
into a crystalline shell, the particles were refluxed in an
aqueous solution. Wang et al. demonstrated that amorphous
titania materials can crystallized by aging in water.** This
method has additionally been demonstrated to induce the
hydrolysis of titanium glycolate microspheres in order to form
crystalline TiO, as well.*® ** This method of crystallization is
very mild TiO,

and forms small
predominantly anatase phase with some brookite phase. The

primary particles of

This journal is © The Royal Society of Chemistry 20xx

brookite phase can be prevented by the addition of a small
amount of an inorganic fluoride source such as NaF or NH4F.44
The TEM images of titanium glycolate coated gold and silver
particles after refluxing in water are shown in Figure 1c and 1f,
respectively. The images show a marked change in appearance
from the smooth amorphous coating to a more granular state,
indicating a transition to a more crystalline nature where the
shell is made up of small primary TiO, particles. It must be
noted that after refluxing, these particles do show a more
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pronounced tendency towards aggregation.

Figure 2. UV-Vis absorption spectra of (a) gold nanoparticles and (b)
silver nanoparticles before coating with titanium glycolate, after
coating, and after refluxing in water.

Figure 2 shows the UV-VIS absorption spectra of the gold
and silver nanoparticles. Figure 2a shows the spectra of bare
gold nanoparticles, coated gold nanoparticles, and coated
particles after refluxing. The bare, uncoated gold nanoparticles
show a peak near 520 nm, typical of citrate stabilized gold
surface plasmon absorption. This peak is then redshifted by
approximately 10 nm upon coating by titanium glycolate. It
should be noted here that the overall profile of the peak
changes little, indicating that the aggregation shown by the
TEM results in Figure 1 does not appear in solution. After
refluxing, the titanium glycolate coated gold nanoparticles
change in the absorption peak position;
however a significant widening of the peak can be attributed
to aggregation of the particles. Figure 2b shows the UV-VIS
absorption spectra of bare silver nanoparticles, coated silver

show minimal

nanoparticles, and coated particles after refluxing. The bare
particles show a peak near 404 nm, typical of silver
nanoparticles of the size. Much like with the coating on gold
nanoparticles, there is a redshift in the surface plasmon
absorption peak, however it is much more pronounced in the
case of silver as the peak redshifts ~¥35 nm to 440 nm. Further
the coated particles which appear aggregated by the TEM
results do not appear as such in solution as determined by the
lack of peak broadening in the spectra. The coated particles
after refluxing show both aggregation by the broadening of the
peak as well as another significant redshift of ~45 nm to 485
nm.

In order to better demonstrate the utility of this coating
methodology, it is necessary to coat titanium glycolate onto
particles of different sizes. Other methods frequently reported
are optimized for and limited to a narrow range of particle
sizes where this method can be used to coat a wide range of

J. Name., 2013, 00, 1-3 | 3
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sizes. TEM images demonstrating the extension of this coating
method to larger nanoparticles are shown in Figure 3. Figures
3a and 3b show TEM images of silver nanoplates of ~40-60 nm
in diameter before and after coating, respectively. The coating
on the silver nanoplates is less uniform than the coating on the
spherical nanoparticles, showing thicknesses between 4-10 nm
which may be partially due to the anisotropy of the
nanoplates. Figures 3c and 3d show TEM images of gold
nanorods before and after coating with titanium glycolate,
respectively. The dimensions of the gold nanorods are
approximately 60 nm in length and 20 nm in width, with some
polydispersity. The coating is approximately 7-10 nm in
thickness, and it creates a more uniform coating on individual
particles. As with the case of the spherical nanoparticles, both
the silver nanoplates and the gold nanorods showed a redshift
in the surface plasmon absorption (Figure S1). The bare silver
nanoplates show a strong peak at 830 nm which is assigned to
the in-plane dipole plasmon resonance. After coating, this
peak is redshifted considerably to 907 nm. The gold nanorods
show peaks at 514 and 710 nm which are assigned to the
transverse and longitudinal plasmon resonance of the rod,
respectively. The transverse peak is only redshifted slightly, by
~10 nm whereas the longitudinal peak displays a more
pronounced redshift to 752 nm. These two examples depict
the ease of coating metal nanoparticles of larger size and of
different morphologies without significantly changing the
procedure.

a @
pla)

"

Figure 3. TEM images of silver nanoplates (a) before and (b) after
coating with titanium glycolate, and gold nanorods (c) before and (d)
after coating with titanium glycolate.

The coating procedure is highly flexible, allowing
convenient tuning of the thickness of the titanium glycolate
coating by either changing the concentration of templates or
by sequential coating. Figure 4 shows TEM images indicating
the difference in the thickness of the titanium glycolate layer
on gold nanorods. By changing the amount of gold nanorod
templates added into the solution, the thickness of the
resulting coating can be changed. Figure 4b shows a thin, non-
uniform coating of approximately 1-2 nm which is obtained
when the amount of gold nanorods added is at its smallest.

4| J. Name., 2012, 00, 1-3

This thickness can be increased by decreasing the amount of
gold nanorods added as shown in Figure 4c and 4d. The
increase in the thickness of the titanium glycolate layer shows
a minimal change on the peak absorption of the surface
plasmon resonance (Figure S2). Upon coating with a thin layer,
the peak of the longitudinal mode of the gold nanorods
redshifts by ~30 nm from 710 to 741 nm; however, the
thickest measured coating only further increases the redshift
by ~10 nm. This is presumed to indicate that the initial layers
deposited form a full coating around the entire particle and
subsequent layers of titanium glycolate do not significantly
change the dielectric environment surrounding the particle,
thus there is little effect on the peak absvorption.

b

s .. N

Figure 4. TEM images of different thicknesses of titanium glycolate
coating on gold nanorod templates by changing the amount of gold
nanorods added to the coating solution.
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Figure 5. TEM images of (a) bare SiO,, and (b) single, (c) double, and
(d) quadruple coatings of titanium glycolate on SiO,.

b

Beyond these metal nanoparticle templates, coating
titanium glycolate onto larger templates can be accomplished
as well. Figure 5a shows the TEM image of an uncoated silica

This journal is © The Royal Society of Chemistry 20xx
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sphere of approximately 280 nm. Silica microspheres can be
easily coated with titanium glycolate simply by changing the
concentration of the TBOT:EG precursor to 2.5 vol. % TBOT, as
shown in Figure 5b. The coating is highly uniform with a
thickness of approximately 7 nm. In addition to adjusting the
template/precursor ratio, thicker coatings of titanium
glycolate can also be achieved by recoating the templates as
shown in Figure 5c and 5d. By collecting the templates after
coating, washing to remove the reaction solution, and
dispersing in a new coating solution, additional layers of
titanium glycolate can be deposited. The limit of this recoating
procedure, however, is approximately six coatings or ~40 nm,
after which significant self-nucleation occurs. It is our belief
that this may be further extended with further modification of
the procedure such as decreased concentration of TBOT in the
injection solution, though this has not been tested. In addition
to silica, resorcinol-formaldehyde (RF) polymer spheres can be
coated with titanium glycolate. Figure S3 shows a bare RF
polymer sphere of approximately 500 nm in diameter before
and after coating, respectively. The coating on RF, as with the
case of silica, is highly uniform with a thickness of
approximately 7 nm. Lower magnification TEM images of both
SiO, and RF template coatings show that the coating is uniform
across multiple particles and there is little to no self-nucleation
(Figure S4).

Figure 6. TEM images of titanium glycolate coatings crystallized
through refluxing in water on (a) silver nanoplates, (b) gold nanorods,
(c) SiO, microspheres, and (d) resorcinol-formaldehyde polymer
spheres.

Each of the four coated materials shown can also be
refluxed in an aqueous solution to crystallize the titanium
glycolate to TiO,. Figure 6 shows TEM images of each of these
particles after refluxing. Similar to the coating on gold and
silver nanoparticles discussed above, the titanium glycolate
becomes noticeably granulated, indicating a change from an
amorphous coating to crystalline. As mentioned above, the

This journal is © The Royal Society of Chemistry 20xx

crystallization of TiO, in an aqueous solution forms a mixture
of anatase and brookite phases; however the brookite phase
can be inhibited by the addition of fluoride. It should be noted
that in the case of refluxing titanium glycolate coated SiO,
microspheres, (NaF) vyields a basic
environment which at elevated temperature induces the

the fluoride source

dissolution of the SiO, template, as seen in Figure 6c. The
crystallization of these materials can be monitored by Raman
spectroscopy, as shown in Figure 7. This method is preferable
compared to X-ray diffraction (XRD) because when the
templates are still present, the contribution to the signal for
XRD by the template is significantly greater than that of the
crystalline TiO, due to both its relatively low percent
composition as well as its low crystallinity. Raman
spectroscopy on the other hand can better measure the
surface of the core-shell composite where TiO, is primarily
located. Figure 7 shows the Raman spectra of refluxed
SiO,@titanium glycolate, refluxed Au nanorods@titanium
glycolate, and titanium glycolate particles without a template
or refluxing. Both spectra of the refluxed core-shell particles
show peaks indicative of anatase phase TiO, at 142, 397, 510,
and 639 cm ™ which can be attributed to the Eg) Big Agg, and Eg
symmetries respectively.46 Due to the use of fluoride during
the refluxing process, there is no indication of brookite phase
in the Raman spectra. The bare, non-refluxed titanium
glycolate particles show no discernable peaks, typical of its
amorphous nature.*’

Intensity (a.u.)
397
510
639

Silica@TiO,

Au NRs@TiO,

Titanium glycolate

T T T T
200 400 600 800

Raman Shift (cm‘1)

Figure 7. Raman spectra of titanium glycolate coatings on gold
nanorods and SiO, microspheres after refluxing, indicating conversion
to anatase crystal phase. Aex =532 nm.

In addition to crystallization through refluxing in an
aqueous solution, the titanium glycolate coating can also be
directly crystallized to TiO, through calcination.>” *® This is best
exemplified using SiO,@titanium glycolate since the silica core
can easily be removed via etching with sodium hydroxide after
calcination to yield a hollow TiO, shell. Figure 8a-d shows TEM
images of hollow TiO, shells which were prepared by
calcination of the SiO,@titanium glycolate composite followed
by etching to remove the SiO, core. It is apparent from the
images that the morphology of the resulting TiO, shell is quite
different than the crystalline shells produced by refluxing in an
aqueous solution. When the samples are calcined at 400 °C,
the hollow TiO, shells appear to consist of smaller primary

J. Name., 2013, 00, 1-3 | §



Dalton Transactions

particles connected to form a shell. It is of note here that the
shells appear to contract in size after calcination which is
consistent with contraction seen in titanium glycolate
mit:rospheres.37 As the calcination temperature is increased,
the shells become much denser and appear to consist of larger
crystal domains. As these crystal domains grow larger, the
shells have a greater tendency to break apart into smaller
crystals (Figure S6). X-ray diffractograms of the hollow TiO,
shells, as shown in Figure 8e, show peaks at 29 = 25.3, 36.9,
37.8, 38.5, 48.0, 53.8 and 54.9° which are attributed to the
(101), (103), (004), (112), (200), (105) and (211) planes of the
anatase TiO, crystal lattice. Further the sharpness of the peaks
indicates that the samples are of a high degree of crystallinity.
The retention of anatase phase and inhibition of rutile
formation may be explained by the presence of SiO,. In our
previous studies we have seen both an inhibition of TiO,
crystal grain growth by SiO, as well as the inhibition of
transition to the rutile crystalline phase,49’ 0 even as the
individual grains grow larger than the typical size where
transition begins of ~14 nm.>t It is presumed that here,
although SiO, is present in the core and not as a shell, the
penetration of SiO, oligomers from the surface of the core into
the titanium glycolate shell layer successfully inhibits transition
to the rutile phase, even as the grain size grows larger than 14
nm.
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Figure 8. TEM images of hollow TiO, shells obtained by calcination of
SiO,@titanium glycolate, followed by base etching. Samples shown
were calcined at (a) 400, (b) 600, (c) 800. and (d) 900 °C. (e) XRD
diffractograms of hollow TiO, shells obtained by calcination and
etching of SiO,@titanium glycolate indicating conversion to anatase
crystal phase.

From the XRD data, the increase in the sharpness of the peaks
indicates an increase in the size of the crystal grains of the TiO,
hollow shells which can be approximated using the Scherrer
equation. Figure 9a summarizes the increase in the calculated
grain size versus the calcination temperature. The
SiO,@titanium glycolate samples calcined as low as 400 °C still
show a remarkably high degree of crystallinity, with grain sizes
of approximately 11 nm. Once calcined above 500 °C, the 14
nm threshold is passed while the TiO, shells produced are still
pure anatase phase. Calcination at 600 °C results in calculated
grain sizes of ~18nm, and once the SiO,@titanium glycolate
samples have been calcined to 800 °C, the grain size plateaus
at ~23 nm. It is interesting to note that as the calcination
temperature is increased to 900 °C, the grain size does not
change appreciably. This is attributed to the fact that above
800 °C, the shell morphology significantly degrades and the
shells break apart. As this occurs it can then be hypothesized
that the broken shells do not fuse together and as such do not
grow further. The surface areas of the hollow TiO, shells after
calcination were measured using the multi-point Brunauer-
Emmett-Joyner (BET) method from the adsorption branch in
the relative pressure range of 0.05—-0.25, which is summarized
in Figure 9b. The typical isotherm shows a type IV isotherm
with hysteresis indicating presence of mesopores (Figure S7).
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Figure 9. (a) Summary of grain sizes of crystalline TiO, hollow shells as
calculated by the Scherrer equation versus the calcination
temperature. (b) Summary of the surface areas measured by the multi
point BET method of hollow TiO, versus the calcination temperature.
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Since the hollow TiO, shells display such a high degree of
crystallinity, the application of the hollow shells towards
photocatalysis becomes of interest. The photocatalytic activity
of the hollow TiO, shells produced after calcination and
etching of the SiO,@titanium glycolate composites was
demonstrated by measuring the degradation of Rhodamine B
(RhB) dye under UV irradiation over time. Figure 10a displays
the change in concentration of the dye versus time as
measured by the decrease in absorption of the characteristic
RhB peak at 533 nm. The blank sample without catalyst shows
minimal degradation over the one hour time period measured
whereas all hollow TiO, samples showed at least 90%
degradation in the same timeframe. The best sample was the
hollow TiO, shells produced after calcination at 700 °C, which
showed a photocatalytic activity comparable to P25 TiO,. This
activity is attributed to the high degree of crystallinity of the
sample, which showed a grain size of ¥~20 nm. The samples
calcined at higher temperatures were lower in activity even
though, by calculation from the XRD data, the grain sizes of
both were ~23 nm. The difference in the photocatalytic activity
of these samples may be attributed to the fact that the sample
calcined at 700 °C has a surface area of approximately 56 m? g
! where the samples calcined at 800 and 900 °C have surface
areas of 33 and 25 m? g'l, respectively (Figure 9b). In addition
to the surface area difference, the sample calcined at 700 °C
retains the hollow shell morphology which allows it to be more
easily dispersed in the photocatalysis reaction solution. The
sample calcined at 600 °C also shows a higher photocatalytic
activity despite a lower grain size than the samples calcined at
800 and 900 °C, which indicates that there is a midpoint
between the benefits of an increased grain size and surface
area.” Figure 10b shows the linear relationship of plotting
In(C/C,) versus reaction time while irradiated, indicating first
order reaction kinetics. Each sample tested matches first order
kinetics with R* values of at least 0.99. Using the formula
In(C/Cy) = -kt, we can determine the apparent rate constant, k.
From this data it is noticed that the sample calcined at 700 °C
and P25 are quite similar in activity with k values of ~0.086
min™ for each. As expected the k values then decrease to
0.046, 0.038, and 0.035 min* for the samples calcined at 600,
800, and 900 °C, respectively. The reaction kinetics further
show that the sample calcined at 700 °C has an optimal grain
size, surface area, and morphology which allow it to have a
photocatalytic activity close to that of P25 TiO,.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. (a) Photocatalytic degradation of Rhodamine B dye by the
prepared hollow TiO; shells under UV irradiation with a 366 nm filter.
(b) Apparent reaction rate versus UV irradiation time for the same
catalysts.

4. Conclusions

We have developed a method which allows for easy coating of
a titanium glycolate layer onto nanomaterials covering a wide
range of sizes, from nanoparticles to microspheres, by simply
changing the concentration of the titanium alkoxide in the
precursor solution. The coatings can be controlled in thickness
from only a few nanometers to approximately 20 nm in a
single step, and up to 40 nm with multiple times of coating.
The titanium glycolate coating can then be crystallized to
anatase TiO, by either refluxing in an aqueous solution or by
calcination. Calcination yields larger grain size anatase TiO,
which, after removal of the SiO, template, can be converted to
hollow TiO, shells. By controlling the calcination temperature,
it has been possible to optimize the catalyst and achieve
photocatalytic activity comparable to commercial P25 TiO,.
With the main merits of its simplicity and generality, this
method may be an alternative method to the conventional sol-
gel process for the synthesis of metal@TiO, composite
materials which can be used for applications in sensors,
photovoltaic cells, and catalysis.
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Calcination
or
Refluxing

Ethylene glycol can complex with titanium alkoxide to yield a
chelated and stabilized titanium glycolate species that can be
used as an excellent precursor for coating nanoscale colloidal
objects. The titanium glycolate coating can be converted to
crystalline TiO, either through high temperature calcination or
refluxing in water, yielding core@shell TiO, composites or
hollow TiO, shells.
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