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a  b  s  t  r  a  c  t

TiO2 hollow  structures  (HS)  were  synthesized  by carbon  sphere  template  removal  method.  Nanome-
ter  sized  carbon  spheres  (CS)  were  prepared  by mild  hydrothermal  treatment  of  ordinary  table  sugar
(sucrose).  The  size  of  these  spheres  can  be  controlled  by  the  parameters  of  the  hydrothermal  treatment
(e.g.  time  and  pH).  The  obtained  CSs  were  characterized  by scanning  electron  microscopy  (SEM),  Raman
spectroscopy,  infrared  spectroscopy  (IR),  X-ray  diffraction  (XRD)  and  thermogravimetry  (TG).  CSs  were
successfully  coated  with  TiO2 via  sol–gel  method.  The  phase  composition  of  the  TiO2 hollow  spheres  were
controlled  by  the  annealing  temperature  during  crystallization  and  CSs  template  removal.  TiO2 hollow
structures  (HSs)  were  characterized  by SEM,  XRD,  Raman  spectroscopy,  TG  and  energy-dispersive  X-ray
spectroscopy  (EDX).  Photocatalytic  performance  of the  TiO2 HSs  was  evaluated  by phenol  degradation  in
a  batch-type  foam  reactor  under  low  powered  UV-A  irradiation.  The degradation  reaction  was  followed
by high-performance  liquid  chromatography  (HPLC)  and  total  organic  carbon  (TOC)  measurement  tech-

niques.  Photocatalytic  activity  test  results  pointed  out  that  increased  rutile  content  up to  a  certain  extent
(resulting  mixed  phase  anatase-rutile  TiO2) effects  advantageously  the photocatalytic  performance  of
TiO2 HSs  and the  unique  morphology  proved  to  enhance  the photocatalytic  activity  (six times)  as  well  as
TOC  removal  efficiency  (twelve  times)  compared  to the  sample  which  was  prepared  by  the  same  method
without  the  CSs.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Since the industrial revolution the water pollution gradually
ecame more and more significant, and nowadays it is a burning
nvironmental issue [1,2]. Among the many hazardous water pol-
utants [3,4], phenol is one of the most studied because it can be
riginated from both anthropogenic and natural sources [5–7]. The
urification of this essential media is imperative. Fortunately, there
re already many effective technological and technical solutions

o achieve the elimination of various water contaminants. How-
ver, there are chemicals which are not removable from water
y conventional methods due to their stability and/or toxicity

∗ Corresponding author at: Department of Applied and Environmental Chemistry,
aculty of Sciences and Informatics, University of Szeged, Rerrich tér 1, Szeged H-
720, Hungary.

E-mail address: hernadi@chem.u-szeged.hu (K. Hernadi).

ttp://dx.doi.org/10.1016/j.cattod.2016.11.038
920-5861/© 2016 Elsevier B.V. All rights reserved.
towards microorganisms (e.g. pesticides, antibiotics, pharmaceu-
tical metabolites, etc.). Advanced oxidation processes (AOPs) are
effective methods for the neutralization of these persistent con-
taminants [8]. Heterogeneous photocatalysis is a promising branch
of AOP technologies.

Titanium dioxide (TiO2) is an n-type semiconductor transition
metal oxide possessing many advantageous properties to be con-
sidered one of the most promising photocatalyst materials [9,10]. It
is cheap, photostable, non-toxic and biocompatible. Heterogeneous
photocatalysis is a very complex photoinduced process on the
surface of semiconductor particles [11–14]. During the photoexci-
tation of a semiconductor particle with energy equal or greater than
its band gap (Eg) an electron is excited to the conduction band (CB)
from the valence band (VB) leaving a vacancy (hole; h+) behind.

TiO2 polymorphs possess inherently different band gap energies
(Eg ∼ 3.2 eV = 388 nm;  Eg ∼ 3.0 eV = 413 nm for anatase and rutile,
respectively) [15]. The photogenerated charge carriers (e− and h+)

dx.doi.org/10.1016/j.cattod.2016.11.038
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2016.11.038&domain=pdf
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re capable to migrate to the surface of the particle or being trapped
t various sites [13]. If the charge carriers are able to reach the
urface they may  take part in redox reactions with appropriate
onor and acceptor species. In aqueous media, important donor and
cceptor molecules are OH− (H2O) and dissolved O2, respectively,
nd they form highly reactive and oxidative OH• and O2

•− radicals
16]. The overall photocatalytic activity of a material is dependent
f many factors [17]. In most cases, crystal phase composition is
eterminative regarding the photocatalytic performance. However,
ixed phase (particularly anatase-rutile) TiO2 photocatalysts may

ossess elevated activities most presumably due to their interfacial
nteractions [18–24].

There is a tremendous effort in the investigation of carbon
nano)materials since the discovery of fullerenes [25]. Researchers
repared carbon materials with various sizes and shapes (e.g. fibers,
nions, horns, (nano)tubes, etc.) [26]. Carbon spheres (CS) are
ecently regained scientific interest due to their promising appli-
ation in battery cathodes [27], fuel cells [28] and catalyst supports
29,30]. CSs can be prepared by numerous synthesis techniques:
rc-discharge, CVD, hydrothermal method etc. [31]. A convenient
oute to produce micro- or nanosized CSs is the hydrothermal
ehydration and carbonization of different carbohydrates (most
ommonly glucose) [32,33].

Titanium dioxide hollow spheres can be prepared by using the
bovementioned CSs as removable templates. Thus, the diameter of
he TiO2 hollow structures is finely tunable. These objects are inter-
sting not just because there low apparent density [34] but their
nique optical properties [35–37]. These attributes can be exploited

n either photocatalytic applications or in DSSCs [38]. As men-
ioned, the most commonly used route to prepare TiO2 (and other

etal oxide) hollow spheres is template removal method [39]. Lv
t al. studied the efficiency of surface fluorinated TiO2 HS prepared
ia hydrolysis–precipitate method (using sulfonated polystyrene
eads as templates) in brilliant red X3B photocatalytic degradation
eaction [40]. Ao et al. prepared TiO2 HSs by precipataion of TiO2
nto the surface of hydrothermally prepared CSs and demonstrated
nhanced photocatalytic activity in photocatalytic decomposition
f methylene blue [41].

Herein, we describe the preparation of carbon sphere templates
rom ordinary table sugar via facile hydrothermal method and their
se as templates for TiO2 hollow structure synthesis. We  intended
o investigate the effect of various synthesis parameters (time, pH)
n the yield and size of the CSs. The CS sample with appropriate size
istribution was selected as removable template for the prepara-
ion of TiO2 hollow structures. We  have studied the crystal phase
omposition of the hollow spheres formed during heat treatment
t different temperatures and the effect of this parameter on their
hotocatalytic activity in phenol decomposition reaction.

. Experimental

.1. Materials

All chemicals were used as received without further purification.
uring the experiments, Milli-Q water (Millipore, 18.2 M� cm)  and
bsolute ethanol was used (VWR Prolabo). Carbon sphere synthe-
is: Ordinary table sugar (sucrose, Magyar Cukor Zrt., KoronásTM)
as used as carbon source. The desired pH was  adjusted with
ydrochloric acid (37 wt%, a.r., Molar) or with sodium hydroxide
50 wt%, a.r., Molar). TiO2 hollow structure synthesis: The tita-

ium precursor was titanium(VI) butoxide (Fluka, ≥97% purum,
Ti(O-CH2CH2CH2CH3)4]). Photocatalytic test reactions: The model
ollutant was phenol (VWR, extra pure) and during the exper-

ments oxygen gas (Messer, 2.5) was used. Methanol (VWR
 284 (2017) 160–168 161

HiperSolv Chromanorm) was used during the eluent preparation
for the HPLC analysis.

2.2. Sample preparation

First, CSs were synthesized via hydrothermal treatment. All
hydrothermal experiments were carried out in a preheated drying
oven at 180 ◦C using a Teflon-lined stainless steel autoclave with
total volume of 275 cm3. During each CS preparations, 80 cm3 of
50 g/dm3 sucrose solution was  treated (Vfill/Vtot = 29%). The effect
of hydrothermal treatment time (3, 6, 12, 18 h) was  studied on
the resulted product. To investigate the effect of pH, the sucrose
solution was adjusted by HCl or NaOH solutions to achieve the
desired values (3, 7, 12; for the sake of notation, the unmodified
sucrose solution will be considered as pH 7 since sucrose does
not inherently change the pH when dissolved in water, thus the
pH of this solution is ∼7). After the hydrothermal treatment, the
autoclave was left to cool to room temperature naturally, then
the brownish-black product was  collected. The samples were cen-
trifuged (4000 rpm, 20 min) and redispersed in water three times.
Then, they were filtered with a membrane filter apparatus (Milli-
pore, Durapore PVDF membrane, 47 mm,  0.1 �m)  and washed with
hot water, than with three aliquot 5, 15, 45 V/V% ethanol/water
mixtures to remove residual organic contaminants. The solid prod-
uct was dried in air at 70 ◦C for 18 h. Sample labeling for the CSs
will be the following: CS-t-pH, where ‘t’ is the time of hydrothermal
treatment, ‘pH’ is the pH of the starting sucrose solution.

The CS sample with the preferred properties was used as a tem-
plate for the synthesis of TiO2 hollow structures. 2 g of the CSs was
suspended in 130 cm3 ethanol via ultrasonication and 0.64 cm3

water was  added to the suspension (named as mixture “A”). 4 cm3

titanium(IV) butoxide was added to 70 cm3 absolute ethanol under
vigorous stirring (named as mixture “B”). Mixture “B” was added
drop by drop (∼2 cm3/min) to mixture “A” under vigorous stirring.
The molar ratio was  n(Ti):n(H2O) = 1:3. After the full addition of
the two  mixtures, it was  left to be stirred for 1 h and then it was
filtered and washed with 10 cm3 ethanol three times. The product
was dried in air at 70 ◦C for 18 h. The above described process was
repeated three times and the portions were united. The whole coat-
ing process was  repeated under the same conditions expect that for
starting material was  the previously coated carbon spheres (instead
of pristine CSs) and all precursor, ethanol and water quantities were
tripled. Aliquot amount of samples were annealed in a static fur-
nace in air with a heating rate of 5 ◦C/min for 4 h at 400, 500, 600,
700 ◦C to remove the CS core and simultaneously convert the amor-
phous titania phase to crystalline TiO2. TiO2 reference sample was
prepared via exactly the same method as TiO2 HSs were, except
that during the synthesis procedure CSs were not added. Refer-
ence sample was calcinated with heating rate of 5 ◦C/min for 4 h at
500 ◦C in air. (Characterization of the reference TiO2 can be found
in Supplementary material.)

2.3. Characterization techniques

The structure and morphology of the prepared samples was
investigated with scanning electron microscopy (Hitachi S-4700
Type II FE-SEM). Crystal structure and phase composition was mea-
sured with X-ray diffractometry (Rigaku MiniFlex II Diffractometer)
using Cu K� radiation. Thermogravimetric analysis (Netzsch STA
409 PC connected to a Pfeiffer QMS  200 mass spectrometer system)
was performed in oxygen flow (40 cm3/min) with 5 ◦C/min heating
rate using ∼100 mg  sample. Raman spectrum was  taken (Thermo

Scientific DXR Raman Microscope) utilizing 532 nm laser irradia-
tion. FT-IR spectrum was  taken using a Biorad FTS-60A FT-IR device
using an ATR module on an air-dry sample. The concentration of
phenol was  measured with a HPLC technique (Merch Hitachi sys-
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Fig. 1. The effect of synthesis time on the yield of the carbon spheres.

em). LiChrospher RP-18e column and V(methanol):V(H2O) = 1:1
luent was used during the HPLC analysis. Total organic carbon con-
ent of phenol solution was determined before and after (samples
ere centrifuged first) the photocatalytic test reactions (Analytik

ena Multi N/C 3100).

.4. Evaluation of photocatalytic efficiencies

Photocatalytic degradation of the phenol model pollutant was
arried out in a cylindrical shape batch-type suspension foam
eactor equipped with thermostating jacket made from glass. The
iameter of the inner tube was 45 mm (V = 250 cm3). To pro-
ide sufficient mixing and dissolved oxygen level, oxygen gas
as bubbled though a fritted glass to the solution with flow

ate of 430–450 cm3/min. The UV-A lamp (Sylvania Blacklight
6W/T5/BL350) was immersed in the center in a quartz tube
25 mm in diameter). All photocatalytic experiments were per-
ormed at 25 ± 0.5 ◦C. The initial phenol concentration and the
hotocatalyst load was 1 × 10−4 mol/dm3 and 0.5 g/L, respec-
ively. The photocatalyst sample was added to the 200 cm3

 × 10−4 mol/dm3 phenol solution and sonicated for 5 min  then
ransferred to the photoreactor. The photocatalyst suspension was
eft to be stirred in dark for 30 min  to reach adsorption/desorption
quilibrium. At that point, the UV lamp was switched on and sam-
les were taken in regular time intervals. Total irradiation time was
0 min. Each photocatalytic experiments were done in duplicate to
heck reproducibility.

After the experiment, the acquired samples were centrifuged at
6000 RCF. Each sample was filtered by a syringe filter (Whatman,
notop 25+, 0.02 �m)  to remove even the fines particles prior the
PLC analysis (0.9 cm3/min flow rate, UV–vis detection at 210 nm).
OC content was  determined to evaluate the overall mineralization
otential of the photocatalysts.

. Results and discussion

.1. Carbon spheres

.1.1. The effect of synthesis time
First, as an important aspect of any synthetic procedure, the

ffect of the duration of hydrothermal treatment was  studied on
he yield and the size distribution of the CSs. After the preparation
f CSs, the yield (defined as mCS/msucrose) was calculated and its
ependence on the synthesis time is shown in Fig. 1. By the end of

he three hour reaction the yield was very low (1.4%), which can
e explained by the low nucleation rate of the CS seeds. Increased
eaction time leads to increased yield, but after twelve hours the
hange in yield is lessening and most probably leading to saturation
 284 (2017) 160–168

due to the consumption of the sucrose (according to our data the
estimated maximum yield is around 30%). Based on these finding,
sufficient yields are achievable by applying at least 12 h reaction
time. The morphology and size (diameter) of the CSs were investi-
gated by SEM technique (Fig. 2). After just three hours of reaction
time (CS-3-7), well-defined sphere structures were observed. The
particle size distribution was rather narrow; most of the spheres
had a diameter around 350 nm.  Six hours of hydrothermal treat-
ment resulted similar product (CS-6-7) compared to the sample
CS-3-7. The rather narrow size distribution is shifted towards big-
ger particle sizes; the average particle size was around 590 nm.
The size distribution of the CS-12-7 sample was  wider compared
to the previously mentioned one; as well as the average size of
the spheres was  increased to ∼660 nm.  In this sample joint spheres
were formed but they could be observed in a relatively low amount.
On the SEM picture of CS-18-7, CSs with greater size were also
detectable, and joint structures were more prominent. The aver-
age size of the spheres is increased to ∼700 nm and wider size
distribution could be observed. Overall, at shorter synthesis times
the nucleation of CSs was  more significant, and later on the nucle-
ation slowed down and the growth of CS became the dominant
process. Combining the experiences with the ones regarding the
yields, further experiments were done with 12 h of synthesis time.

3.1.2. The effect of pH
After finding the most convenient but satisfactory synthesis

time, the effect of pH was investigated on the morphology of the
CSs. The pH values of the sucrose solutions were set to 3 and 12
before the hydrothermal treatment (sample with pH 7, CS-12-
7, has already been demonstrated in the previous section). The
yield of these synthesizes were 23%, 26% and 28% for the CS-12-3,
CS-12-7, CS-12-12, respectively. Only a slight increase was notice-
able with increasing pH. Fig. 3 shows conspicuously the difference
between the CS-12-3 synthesized under acidic, and the CS-12-12
under basic conditions. CS-12-3 sample prepared in acidic media
showed quite wide particle size distribution and have an average
particle size around 810 nm.  Larger, joint particles are also present
in the sample. CS-12-7 sample own  similar particle size distribu-
tion to CS-12-3, however, the average particle size was decreased
to around 660 nm.  CS-12-12 sample showed narrower size distri-
bution compared to the previously discussed samples. The average
particle size was around 400 nm and the presence of joint particles
was not prominent. According to these results it can be concluded
that the pH of the sucrose solution has significant impact on the size
of the prepared CSs. A plausible explanation of the phenomenon
can be the following: Sucrose first undergoes dehydration reaction
resulting HMF  (5-(hydroxymethyl)-2-furaldehyde) which then
take part in polymerization and aldol condensation reactions
[32,33,42]. It is reported that aldol reaction of cyclic and aromatic
ketones/aldehydes are more favorable under alkaline conditions
[43]. Thus, this may  lead to faster accumulation of polymerized
species which eventually results rapid nucleation. Subsequently,
particle growth is more decisive in the later period of the hydrother-
mal  process resulting increased number of smaller particles. In
acidic media, the nucleation is somewhat elongated, followed by
particle growth resulting larger particles and wide particle size
distribution. Since CS-12-12 sample showed good yield and quite
uniform CSs it has been studied further and used as template for
the preparation of TiO2 hollow structures.

3.1.3. Characterization of CSs

CS-12-12 sample was studied with various techniques (Fig. 4).

XRD was used to investigate the possible crystallinity of the CSs
(Fig. 4, A). Only one broad diffraction at ∼22◦ dominates the diffrac-
togram which belongs to amorphous carbon [44]. Reflection at
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ig. 2. Morphology of carbon spheres prepared via hydrothermal treatment at diffe
istributions of CSs are shown on the histograms right to the corresponding SEM pic
ue  to their same scale and formatting.

26.5◦ was not detected which would indicate well-structured
raphitic segments. No crystalline impurities were detected.

Raman spectroscopy was used to analyze the CSs (Fig. 4B). In the
aman spectra, typical Raman features of carbon materials were
resent, namely the D (∼1350 cm−1) and G (∼1580 cm−1) bands.
hile the D band can be attributed to the presence of sp3 hybridized

arbon atoms, the G band is an indicator of conjugated sp2 carbon
toms. In highly graphitic carbon materials 2D band (∼2700 cm−1)
s also present, however it is missing from the Raman spectra of
he CSs. Both D and G bands are broad, meaning a rather amor-
hous structure. The high intensity G band compared to the D band

ndicates that most of the material consists of conjugated carbon
ramework.

FT-IR technique was used to further investigate the chemical

haracteristics of the CSs (Fig. 4C). The spectrum is feature-rich
nd quite complex. Broad band appear in the 1800–3800 cm−1

hich indicates the stretching vibrations of structural OH groups
ynthesis times (indicated in the upper left corner of the SEM pictures). Particle size
. Please note that the SEM micrographs and the histograms are directly comparable

and physisorbed water. Low intensity bands at around 2922 and
2970 cm−1 can be assigned to C H stretching vibrations. The very
intense band situated at 1701 cm−1 belongs the C O stretching
vibrations. Another intense band at 1611 cm−1 is most probably
the sign of the C C vibration in aromatic ring; however, some
oxygen containing groups (e.g. cyclic ethers) could appear in the
same region [45]. Intense and broad band is present between 1100
and 1400 cm−1 which indicates C O vibration in highly conjugated,
aromatic or in various other chemical environments [46].

The thermal behavior of CSs was also investigated (Fig. 4D).
Heating the CSs in oxygen atmospheres two intense weight loss
can be seen. The first is between 220 and 250 ◦C, the second
is 410–440 ◦C and the two regions are linked with a moderate
mass-reducing period. The former is most probably due to the

decomposition of various oxygen containing functional groups
while the latter is due to the combustion of the carbon itself [47,48].
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ame  scale and formatting.

he low decomposition and combustion temperature is convenient
n case of the removal of these template materials.

According to our results, CSs were consist of amorphous carbon
ith no graphitic domains. However, Raman and FT-IR results indi-

ated significant conjugated/aromatic segments as well as various
xygen containing functional groups.

.2. Titanium dioxide hollow structures

CS-12-12 carbon sphere sample were coated with TiO2 layer via
ol-gel method. This material was then calcinated in air to remove
he CS template and to convert the amorphous titania into crys-
alline titanium dioxide. Elaboration of TiO2 HSs from as-prepared,
on-heat-treated (nht) CS-titania was studied by TG-MS technique
Fig. 5). The TG-DTG showed similar features to the TG-DTG of
ncoated CSs (Fig. 4D). The first major, well defined weight los-

ng period was at around ∼220–250 ◦C while the second was  a
ore elongated, broad region which was started right after the

rst one and was between ∼250–480 ◦C. The elongated combus-
ion of CS templates compared to uncoated CSs can be attributed
o the presence of TiO2 shell. Above ∼480 ◦C, no weight-change
an be detected. The remaining 27.4% mass is contributed to the
ncombustible crystalline TiO2. The weight loss was approximately
3% independently from the calcination temperature in case of all
iO2 HSs. Consequently, if at 700 ◦C CSs and all combustible com-
ounds are burned away; and there is no variation in the weight

oss between the calcination temperatures then no organic residue
rom the precursor/solvent or CSs is left in TiO2 HS, not even at the
owest temperature. This was further confirmed by the MS  results
Fig. 5, right panel). CO and CO2 were identified as main gaseous
roducts. The temperature range of the evolution of the two  gases

s identical to the main mass reduction regions mentioned in TG-

TG results. Thus, considering the weight losing rate and the MS

esults it can be deduced that even at 400 ◦C 4 h of calcination time
s enough to completely eliminate all carbon, not to mention higher
emperatures.
hat the SEM micrographs and the histograms are directly comparable due to their

Fig. 6 shows the morphology of the TiO2 hollow structures
annealed at different temperatures. Round forms, whole and dam-
aged structures can be seen in the pictures. Smaller, fragmented
shell particles are scattered between larger hollow spheres. Shell
thickness is between 20 and 40 nm regardless of the annealing tem-
perature. This thickness is thick enough to preserve the shape of
the template and thin enough to be permeable for the photons to
exploit the special shape of the object.

Crystallinity of the TiO2 samples was investigated by XRD
technique (Fig. 7). Diffraction intensities of the individual diffrac-
tograms were normalized to the intensity of anatase (101)
reflection. All samples show characteristic, rather sharp reflections
marked with the appropriate Miller indices. In case of the samples
annealed at 400 ◦C and 500 ◦C only anatase phase TiO2 is present. As
expected, at higher temperatures rutile phase was formed. Rutile
content of samples calcinated at 600 ◦C and 700 ◦C were calculated
according to the well-known equation determined by Spurr et al.
[49] and they contained 37 w/w%  and 65 w/w% rutile, respectively.
Full width at half maximum (FWHM) of anatase (101) reflection is
decreasing proportionally with the increasing heat treatment tem-
perature from 0.47◦ to 0.26◦, from 400 ◦C to 700 ◦C respectively.
It can be deduced that a more ordered, well-crystallized structure
provides less recombination centers for the photogenerated e−/h+

pairs. At 600 ◦C, rutile phase TiO2 appears. FWHM of rutile (110)
reflection was  decreased from 0.28◦ to 0.22◦, from 600 ◦C to 700 ◦C
respectively. Based on the X-ray diffractograms, the crystallite sizes
were determined using the Scherrer equation (see Supplementary
material Table S01). As anticipated, the crystallite sizes increased
gradually with increasing annealing temperature.

Specific surface area of TiO2 HS samples was  determined by
BET method (see Supplementary material Table S01). Also, detailed
measurement was  executed on a representative sample of TiO2
HS (annealed at 600 ◦C) in order to investigate not just the spe-
cific surface area but also the pore structure (Fig. 8). The specific

surface area and the total pore volume were found to be 26 m2/g
and 0.14 cm3/g, respectively. The obtained specific surface area val-
ues of TiO2 HSs are rather small compared to porous metal oxide
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Fig. 4. X-ray diffraction pattern, Raman and FT-IR spectra and TG curve of CS-12-12
are  shown from top to bottom, labeled A–D, respectively.
 284 (2017) 160–168 165

materials [50]. The specific surface area can be roughly approxi-
mated to gain information on the magnitude of the specific surface
area of spherical hollow objects. Assuming non-porous, perfectly
spherical shell of anatase which can be elaborated on the surface
of D = 400 nm CSs with thickness of 30 nm, the specific surface area
is calculated 17 m2/g which is in reasonable agreement with the
obtained specific surface area values of TiO2 HSs (see Table S01).
The N2 adsorption measurement revealed the presence of meso-
and macropores; however, the order of magnitude of these pore
volumes is rather small (10−4 cm3 nm−1 g−1). Thus, they have only
small contribution to specific surface area. There is a decreasing
trend in the specific surface area of the TiO2 HSs with increasing
annealing temperature. This is due to the consolidation, densifica-
tion and sintering of the TiO2 particles/crystallites and TiO2 HSs as
well.

Briefly, crystalline TiO2 hollow structures were prepared via
complete removal of CS templates at different temperatures. Inde-
pendently from the annealing temperature, the hollow spheroid
shape was  preserved; however, in some extent the spheres were
fragmented. The TiO2 HSs does not show well-defined pore struc-
ture and it can be considered as rather solid/dense shell of TiO2
with a hollow inside.

3.3. Photocatalytic activity

Photocatalytic performance of the prepared TiO2 HSs was inves-
tigated with the photocatalytic decomposition reaction of phenol
under low powered UV-A irradiation. The photocatalytic activity
was represented by the apparent rate constant (kapp). This was
calculated from the first 40 min  irradiation period by linear fitting
of the −ln(c/c0) vs t relation assuming pseudo first order reaction
kinetic. Phenol photocatalytic degradation curves as well the pho-
tocatalytic activities are summarized in Fig. 9. All prepared TiO2
HS samples have shown considerable photocatalytic activity in
phenol degradation reaction. Since no carbon contamination orig-
inated from the used titanium precursor, solvents and CSs were
detected the effect of such impurity on the photocatalytic activity
is improbable. N2 adsorption measurements showed the specific
surface area of the TiO2 HSs is decreasing with increasing calci-
nation temperature which indicates that TiO2 HS 700 ◦C has high
photocatalytic activity despite of its rather low specific surface area.
Photocatalytic activity was increased parallel to the calcination
temperature which can be explained by the crystallization of the
samples. With the appearance of rutile phase the photocatalytic
activity has increased further to a certain limit. Light absorption
properties of the TiO2 HS samples were investigated by diffused
reflectance spectroscopy (see Supplementary material Fig. S08). In
case of titanium dioxide hollow structures, the results indicated
increased light harvesting feature in the most of the UV region com-
pared to the dense reference sample. This higher light absorption
(appear as lower reflectance in Fig. S08) can contribute to the ele-
vated photocatalytic efficiency of TiO2 HS contrary to dense TiO2
reference sample.

It is well-known that the coexistence of anatase and rutile phase
can enhance the photocatalytic activity. The increased photocat-
alytic activity of mixed anatase/rutile phase TiO2 is due to the
difference in the band position of anatase and rutile as well as
to the solid-solid interface can greatly influence the photogener-
ated charge carrier separation. This interface is responsible for fast
charge carrier diffusion to the surface of the particle thus influ-
encing the charge transfer and recombination processes [51,52].
Also, it is believed that rutile phase is able to accept electrons from

anatase phase, thus acting as an “electron sink” since this process
is thermodynamically favorable to their band positions [53].

Total organic carbon removal capability was  also studied. The
change of TOC removal efficiency and the photocatalytic activity
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Fig. 5. TG-DTG curve (left) and MS results (right) of non-heat-treated titania coated CSs.

Fig. 6. Morphology of the TiO2 hollow structu

F
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n
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ig. 7. X-ray diffraction pattern of TiO2 hollow structures annealed at different
emperatures.

as in good agreement. High percentage of TOC removal indicates

ot just efficient phenol degradation but also potent mineralization
roperties. A small drop of TOC removal efficiency was  noticed in
ase of the TiO2 HS annealed at 700 ◦C which can be explained by the
ifferent photodegradation pathway of mineralization of phenol
res annealed at different temperatures.

on anatase and rutile phase TiO2 [54]. Thus, for applications where
efficient mineralization of organic contaminants is desired mixed
phase TiO2 can be used advantageously.

As a reference, a TiO2 sample was prepared with the same
method as the TiO2 HSs but without CS template. The photocat-
alytic activity of this sample could be compared to the TiO2 HS
calcinated at the same temperature (500 ◦C). As a result, TiO2 HS
showed 6 times higher photocatalytic activity and 12 times higher
TOC removal efficiency during 90 min  UV-A irradiation compared
to its counterpart prepared without CS template. Thus, addition
of CS template to an existing TiO2 preparation method makes huge
difference in photocatalytic activity that is definitely worth exploit-
ing as the results indicated.

4. Conclusion

In this work, we report the successful preparation of titanium
dioxide hollow structures by removal of carbon sphere templates
synthetized via hydrothermal treatment of sucrose solution using
ordinary table sugar. Firstly, hydrothermal synthesis parameters

of CS preparation were investigated emphasizing on the reaction
time and the pH of the sucrose solution. Both factors have determi-
native effect on the size distribution of the CS product. Increasing
reaction time resulted increased yield and particle size as well. The
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Fig. 8. N2 adsorption measurement (left) and pore size distribution (

Fig. 9. Phenol photocatalytic degradation curves of the different TiO2 hollow struc-
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ure samples (top). Photocatalytic activity [striate column] and total organic carbon
ontent removal efficiency [dense column] of the TiO2 hollow structure samples
bottom).

tudy on the effect of initial pH of the sucrose solution revealed that
nder acidic conditions larger CSs are formed; however, in alkaline
edia smaller, more homogeneous particle size was achieved and

he average particle size was around 400 nm with acceptable yield.
haracterizations of the CSs revealed that these spheres consist
f amorphous carbon. However, they contain significant amount
f conjugated/aromatic segments and various oxygen containing
unction groups which is advantageous for the preparation of TiO2
hells on their surface. CSs were coated with TiO2 via sol-gel method
nd calcinated at different temperatures to remove the inner car-
on sphere core and to convert the amorphous titania layer into
rystalline TiO2. TiO2 hollow structures were obtained and their
orphology was investigated. After annealing, the spherical char-

cteristic was preserved and TiO2 shells with 20–40 nm thickness

ere formed. As expected, some imperfect and fragmented shell

tructures were also present. Photocatalytic activity of the TiO2 HS
as studied by phenol degradation reaction under low-powered
V-A irradiation. All TiO2 HS samples showed significant photocat-

[

[

right) of representative TiO2 HS sample (calcinated at 600 ◦C).

alytic activity as well as good mineralization efficiency measured
by TOC technique. TiO2 HSs containing rutile phase (along with
anatase) showed even higher photocatalytic activity compared to
only anatase containing ones most probably due to synergic effect
between the two polymorphs. TiO2 hollow structure photocata-
lyst proved to have six times higher photocatalytic activity (and
twelve times higher TOC removal efficiency) than its counterpart
prepared by the same method without the application of CS tem-
plate. Detailed investigation of the optical properties (measured
and simulated) of the TiO2 HS will be the topic of our next report.

Hopefully, our work contributes to the application of renew-
able, biomass based materials as well as their utilization in effective
photocatalytic or energy harvesting processes.
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