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12 platelets as highly active and reusable
photocatalysts
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E. Gobechiya,a C. E. A. Kirschhock,a G. Van Tendeloob and J. A. Martensa

Nanoscale TiO2 photocatalysts are widely used for biomedical applications, self-cleaning processes and

wastewater treatments. The impregnation/deposition of TiO2 nanoparticles is indispensable for facile

handling and separation as well as the improvement of their photocatalytic performance. In the present

study, ordered mesoporous COK-12 silica thin platelets with a high-aspect-ratio and rough surfaces are

demonstrated as a potential nanoporous support for homogeneous TiO2 nanoparticle coatings with high

loading up to 16.7 wt%. The photocatalytic composite of COK-12 platelets and TiO2 nanoparticles is

characterized in detail by HRSEM, SAXS, XRD, N2 physisorption analysis, solid-state UV-vis spectroscopy,

HAADF-STEM, EDX analysis, and electron tomography. HAADF-STEM-EDX and electron tomography

studies reveal a homogeneous dispersion of nanosized TiO2 nanoparticles over COK-12 platelets. The

final composite material with anatase TiO2 nanoparticles that demonstrate a blueshifted semiconductor

band gap energy of 3.2 eV coated on a highly porous COK-12 support shows exceptional photocatalytic

catalytic activity for photodegradation of organic dyes (rhodamine 6G and methylene blue) and an

organic pollutant (1-adamantanol) under UV light radiation, outperforming the commercial P25 TiO2

(Degussa) catalyst.
Introduction

Titanium dioxide (TiO2) is one of the most promising semi-
conductors for photocatalytic degradation of organic pollut-
ants, oxidation reactions, and hydrogen production owing to its
high photocatalytic activity, high chemical and photostability,
water insolubility and non-toxicity.1,2 The high efficiency of
commercially available TiO2 (P25 Degussa) is well known for
environmental remediation processes such as in the treatment
of exhaust gas3 and wastewater.4 The photocatalytic activity of
TiO2 is governed by various parameters such as particle size,
crystalline phase and reactive surface area.5–8 For instance,
anatase TiO2 nanoparticles with particle sizes of less than 10
nm are of particular interest due to their excellent photo-
catalytic activity as a result of quantum size effects.9 However,
the effectiveness of TiO2 in commercial applications is still
limited by its low surface area and nanoparticle agglomeration.
Moreover, the separation and recovery of these nanoparticles
from the reaction medium via standard techniques such as
ltration and centrifugation is very difficult.
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In order to overcome these limitations, impregnation of TiO2

nanoparticles into various solid supports has been investigated.
For instance, the ordered mesoporous silica materials like
MCM-41 (ref. 10) and SBA-15 (ref. 11) having high surface area
and uniform pore size distribution are ideal supports for
excellent dispersion and spatial connement of photoactive
nanoparticles.12–19 Over the years, different methods have been
developed for the preparation of silica supported TiO2 nano-
particles such as direct synthesis,20–24 incipient wetness
impregnation,25–27 graing28,29 and atomic layer deposition
(ALD).30–32 One of the early reports about successful incorpora-
tion of anatase nanoparticles into the pores of hexagonally
ordered mesoporous material MCM-41 was reported by Xu and
Langford via an incipient impregnation method.17 Hydrolysis of
titanium isopropoxide precursor and its condensation inside
the porous structure of silica, followed by thermal treatment
also resulted in the successful impregnation of anatase TiO2

nanoparticles with particle sizes ranging from 3–7 nm inside
the mesopores of SBA-15. Precise control of the TiO2 incorpo-
ration into the matrix of the silica host has been reported via
various fabrication techniques. Manipulation of the synthesis
parameters, in order to obtain a uniform dispersion of TiO2 into
the mesocages of the ordered mesoporous silica aiming to
optimise its performance remains a great scientic challenge,
especially in the search for a promising supported photoactive
catalyst. Despite huge efforts, immobilised TiO2 is generally less
This journal is © The Royal Society of Chemistry 2016
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photoactive compared than the commercial P25 Degussa cata-
lyst. Oen only a small fraction of the TiO2 is successfully
incorporated into the silica host matrix or large particles/
aggregates on the external surface of the silica aer the calci-
nation process, reducing the catalytic activity. Moreover, the
transport of molecules to and from the active sites of the cata-
lyst via diffusion through the catalyst pore system is regulated
by the pore morphology of the support material. Therefore, ne
tuning of the ordered mesoporous silica pore size and pore
length in the nanometer scale range is of great scientic
interest.33–42 The preparation of ordered mesoporous silica with
desired particle size and shape in order to improve its practical
applications in adsorption,43 separation44 and catalysis have
been documented.45,46 For example, Kubo and Kosuge reported
the advantages of SBA-15 morphology, length and shape control
for longer breakthrough time and sharp breakthrough in
dynamic adsorption measurement of gaseous toluene.43 Fajula
and co-workers demonstrated the pseudomorphic trans-
formation synthesis of MCM-41 with controlled morphology for
potential fast separation processes in chromatography.44 In the
eld of catalysis, Arribas and co-workers reported on the impact
of the SBA-15 pore length on the uniform distribution of
bimetallic Ru–Co catalysts in order to improve the catalytic
performance of Fischer–Tropsch synthesis.45 The same group
also demonstrated the efficiency of amino functionalized SBA-
15 hexagonal platelets in the heterogeneous liquid phase reac-
tions of Knoevenagel and Claisen–Schmidt condensations.46

Obviously, short mesochannels play an important role in easy
diffusion and rapid mass transfer of the substrates and the
reaction products.45,46

Coating of TiO2 on either dense (e.g. glass, stainless steel,
quartz)47,48 or porous supports (e.g. activated carbon, zeolites,
polymer membrane)49–51 is an alternative option to improve the
recovery of the catalyst and its catalytic performance. Supported
catalysts are fabricated by spreading the metal precursor solu-
tion onto the surface of a support by various techniques such as
spin-coating,52 sol–gel,53 or chemical vapour deposition54 fol-
lowed by a thermal treatment. However, such synthesis
methods oen result in the formation of large particles as direct
control over the crystallization is difficult. Recently, some of us
have reported facile room temperature and quasi-neutral pH
synthesis of P6m ordered mesoporous silica nanoplatelets
having a thickness of 200–300 nm coined COK-12 (material of
Centrum voor Oppervlatechemie en Katalyse no. 12) via spon-
taneous precipitation of sodium silicate and citrate/citric acid
buffered P123 triblock copolymer solutions.55 More impor-
tantly, this simplied synthesis method also enables large scale
production of COK-12 ordered mesoporous material via
a continuous process, achieving a high synthesis yield of 30 g
min�1.56 Inspired by the high-aspect-ratio and high surface
roughness of COK-12 due to its submicron-sized thin platelet
morphology, COK-12 is exploited in the present study as
a porous support for coating of anatase TiO2 nanoparticles.
Taking into account the deposition of TiO2 nanocatalysts with
high loading on a highly porous mesostructural support, this
composite material shows outstanding photocatalytic perfor-
mance for photodegradation of organic dyes (methylene blue
This journal is © The Royal Society of Chemistry 2016
and rhodamine 6G) and organic pollutants (1-adamantanol),
and outperforms the commercial P25 (Degussa) catalyst under
UV light irradiation.

Experimental
Materials

Pluronic triblock copolymer P123 (BASF Corporation), citric
acid monohydrate ($99%, Sigma-Aldrich), trisodium citrate
dihydrate ($99%, Sigma-Aldrich), sodium silicate solution
(extra pure, Merck), titanium(IV) isopropoxide (99.999% trace
metals basis, Sigma-Aldrich), absolute ethanol (analytical grade,
Fisher Scientic), Milli-Q water (18.2 MU cm).

Preparation of TiO2–COK-12 platelets

COK-12 was synthesized according to the recipe reported by
Jammaer et al.55 For a typical synthesis, 4 g of pluronic triblock
copolymer P123 was dissolved in 107.5 g of distilled water and
3.6 g of citric acid monohydrate and 2.5 g of trisodium citrate
dehydrate were added. The solution was stirred for 24 h at room
temperature. Another solution containing 10.4 g of sodium
silicate in 30 g of distilled water was prepared and added to the
surfactant solution. The mixed solution was stirred for 10 min
and le static at room temperature for 24 h. The solid was
ltered and washed with distilled water and dried at room
temperature. The material was calcined at 550 �C for 8 h with
a heating rate of 1 �C min�1. For the synthesis of the TiO2-
COK-12 composite material, 200 mg of calcined COK-12 was
added to 1 M of titanium(IV) isopropoxide ethanolic solution
and stirred for 10 min. The suspension was le static at room
temperature for 24 h. The material was recovered via centrifu-
gation at 4000 rpm and the ethanol solution was discarded. The
sediment was dried at room temperature and followed by
calcination at 550 �C (1 �C min�1) for 8 h.

Characterization

COK-12 and TiO2–COK-12 platelets were characterized using
a Nova Nano scanning electron microscope (NanoSEM450, FEI,
Eindhoven), HAADF-STEM and EDX (FEI Tecnai Osiris and
Titan “cubed” microscopes), N2 adsorption (Micromeritics
Tristar 3000), solid state UV-Vis NIR spectroscopy (Cary Series
Varian spectrophotometer), a powder X-ray diffractometer
(XRD, STOE STADI MP) diffractometer with a linear position
sensitive detector (PSD) (6� 2q window) and SAXS (SAXSess mc2,
Anton Paar GmbH, Graz, Austria instrument). For the XRD
measurements, the sample was nely ground and lled into
a 0.5 mm capillary (Hilgenberg) and the measurements were
performed in Debye–Scherrer mode at room temperature using
Cu Ka1 radiation with l ¼ 1.54056 Å selected by means of
a Ge(111) monochromator in the region 2q ¼ 0 to 60.5�, with
a step width of 0.5�, internal PSD resolution 0.01�, and a step-
time of 100 s. For SAXS measurements, the sample was loaded
into a vacuum-tight rotor cell and measured using line-
collimated Cu Ka radiation and an image plate detector.
Measurements were performed for 5 min at room temperature
(25 �C). Diffraction patterns were normalized to incident beam
RSC Adv., 2016, 6, 46678–46685 | 46679
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intensity. Background subtraction and correction for instru-
mental broadening was performed using the SAXSquant so-
ware. The scattering of the empty rotor cell was subtracted as
background. HAADF-STEM imaging was performed on a FEI
Titan “cubed” microscope, operated at 120 kV acceleration
voltage. The convergence semi-angle used was 21 mrad, the
inner ADF detection angle was 85 mrad. EDX mapping was
carried out on a FEI Tecnai Osiris microscope, operated at 200
kV and equipped with a wide solid angle “super-X” EDX
detector. The convergence semi-angle used was 10 mrad, the
inner ADF detection angle was 68 mrad.
Photocatalysis

The photocatalytic tests were carried out in a Luzchem photo-
reactor equipped with rotating sample carousel and 14 cool
white uorescent light tubes (Sylvania, 8 watts, 1200), 8 of which
were positioned at the top and 3 on both side of the reactor
compartment. Air-saturated aqueous solutions (5 mL) of
rhodamine 6G, methylene blue or 1-adamantanol (200 ppm) to
which 10 mg of TiO2–COK-12 platelets or 2 mg of TiO2 P25
(Degussa) was added into the closed Pyrex test tubes (10 mL
volume), each provided with a magnetic stirring bar. To exclude
any possible inuence of the temperature on the degradation of
the organic compound, the temperature in the reactor was set at
35 �C using a thermostat. Prior to UV-A light illumination, the
suspension was strongly magnetically stirred for 1 h in the dark
to achieve an adsorption/desorption equilibrium. The UV light
irradiation was turned on for 3 h. Aer reaction, the catalyst was
separated from the aqueous solution by centrifugation. The
percentage of methylene blue and rhodamine 6G degradation
were determined by a UV-Vis spectrophotometry (TECAN
Innite M200 PRO, with Tecan i-control soware) whereas the
concentration of 1-adamantanol was analyzed by a gas chro-
matography (Shimadzu GC-2014, 60 m long HP-1 capillary
Fig. 1 HRSEM images of (a and b) calcined COK-12 and (c and d) TiO2–

46680 | RSC Adv., 2016, 6, 46678–46685
column (Agilent) equipped with an ame ionization detector
(FID) detector).
Results and discussion

The morphology and surface property of calcined COK-12 and
COK-12 aer TiO2 nanoparticle coating (TiO2–COK-12) are
revealed by HRSEM as presented in Fig. 1. The COK-12 material
has a particle size of about 800 nm and is present as aggregates
of hexagonal lamellae. The average thickness of the platelets is
ca. 200 nm (Fig. 1a). The HRSEM images in Fig. 1b and d reveal
the closely packed slit-like pore structure running in a parallel
orientation to the short dimension along the z-axis of the
particle forming a cylindrical pore-mouth opening with rough
surfaces. Aer TiO2 coating, the hexagonal lamellae
morphology of COK-12 is transformed into hexagonal prisms
with a slightly increased thickness. The mesostructural
ordering of the calcined COK-12 and TiO2–COK-12 platelets is
further characterized by SAXS as presented in Fig. 2. The SAXS
pattern of the calcined COK-12 exhibits four well-resolved
diffraction peaks in the low-angle region that can be indexed
in P6m hexagonal space group symmetry as (10), (11) and (20).
The presence of an additional (21) reection at higher angle
reveals the high quality of the long range ordering. The d-
spacing of COK-12 of 9.28 nm corresponds to a unit cell
parameter a ¼ 10.7 nm (Table 1). The long range ordering and
excellent textural uniformity of the COK-12 mesostructure
material aer deposition of TiO2 are preserved as evidenced by
the SAXS pattern, although a slight shi of the rst diffraction
peak is noted (Fig. 2a, insert). A slight decrease of the d-spacing
value to 8.79 nm corresponding to a unit cell parameter of 10.4
nm is observed (Table 1) due to a structural shrinkage aer TiO2

deposition, which is in full agreement with the HRSEM results
(Fig. 1c and d). The deposition causes a global contraction of the
mesoporous silica particles.57
COK-12 platelets viewed at different magnifications.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (A) SAXS patterns of (a) calcined COK-12 and (b) TiO2–COK-12 platelets. The insert in (A) shows the corresponding enlarged view of the
d10 peak. (B) N2 adsorption–desorption isotherms of (a) calcined COK-12 and (b) TiO2–COK-12 platelets. The insert in (B) shows the corre-
sponding BJH pore size distribution. (C) XRD patterns of (a) COK-12 and (b) TiO2–COK-12 platelets. The insert in (C) shows the enlarged region
for the indexation of the TiO2 crystalline phase.

Table 1 Structural and textural properties of the COK-12 and TiO2–COK-12 platelets

Samples
d10

a

(nm)
ab

(nm)
BET surface area
(cm2 g�1)

Langmuir surface area
(cm2 g�1)

Pore volume
(cm3 g�1)

Pore diameterc

(nm)

COK-12 9.28 10.7 478 546 0.32 4.9
TiO2-COK-12 8.79 10.4 244 256 0.23 4.7

a d10 spacing of calcined material determined from SAXS. b Unit cell parameter calculated from SAXS. c Pore diameter determined from BJH
method.

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
5 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
6/

06
/2

01
6 

13
:0

2:
49

. 
View Article Online
N2 adsorption–desorption isotherms of calcined COK-12 and
TiO2-COK-12 platelets are presented in Fig. 2b. Both the
adsorption–desorption branches reveal Type IV isotherm with
an H1 hysteresis loop, typical characteristics of an ordered
mesoporous material having open tubular pores (Fig. 2b). The
steep adsorption and desorption branches conrm the narrow
pore size distribution. COK-12 has an average pore diameter of
4.9 nm according to the Barrett–Joyner–Halenda (BJH) pore size
distribution (Fig. 2b, insert). The structural and textural prop-
erties of the COK-12 before and aer deposition of TiO2 are
summarised in Table 1. The Brunauer–Emmett–Teller (BET)
surface area and pore volume of COK-12 are 478 cm2 g�1 and
0.32 cm3 g�1, respectively. Aer deposition of TiO2, it is noted
that the pore volume and pore diameter of COK-12 has
decreased (Table 1), most probably due to pore blocking of TiO2

nanoparticles on the surface of COK-12.58–60 A similar
phenomenon has been reported in earlier publications.58–60

Nevertheless, a considerable BET surface area and pore volume
of 244 m2 g�1 and 0.23 cm3 g�1, respectively, are preserved. The
wide-angle XRD pattern of TiO2–COK-12 shows ve reection
peaks at d101 ¼ 3.51, d004 ¼ 2.37, d200 ¼ 1.89, d105 ¼ 1.69 and
d211 ¼ 1.66 Å, which are assigned to the anatase phase of TiO2

(Fig. 2c, insert). According to the Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) analysis, the Ti
atomic concentration amounted to 10 wt%, corresponding to
This journal is © The Royal Society of Chemistry 2016
a loading of TiO2 on COK-12 of ca. 16.7 wt%. Such a loading is
comparable to other recently reported TiO2 composite photo-
catalysts such as TiO2–SiO2,61 TiO2–ZnFe2O4,62 TiO2–zeolite,63

TiO2–polymer64 and TiO2–graphene65 composites.
The successful coating of TiO2 nanoparticles on the surface

of COK-12 is further conrmed by HAADF-STEM, EDX mapping
and electron tomography. The HAADF-STEM overview image
and corresponding EDX elemental maps for Ti and Si in Fig. 3a
and b prove the presence of a Ti-containing coating at the
surface and hexagonal pore mouths of COK-12. The thickness of
the nanoparticle coating, as measured from the high magni-
cation HAADF-STEM images (Fig. 3c and d) is between 5 and 10
nm. Whereas the average diameter of the TiO2 nanoparticles
ranges from 4–6 nm according to the magnied HAADF-STEM
images (Fig. 3f). It should be mentioned that no large TiO2

agglomerates are observed. The HAADF-STEM micrographs of
TiO2-COK-12 also conrm the hexagonal long range ordering of
the mesostructures. The results clearly show that the TiO2

coating process and the consecutive thermal treatment do not
destroy the mesostructural of COK-12 host. The estimated pore
were conducted to study the elemental composition and
distribution of TiO2 throughout the COK-12 platelets. Elemental
mapping was performed using STEM-EDX. The results are
presented in Fig. 4b and e. The maps suggest a distribution of
part of the titania material within the COK-12, but do indeed
RSC Adv., 2016, 6, 46678–46685 | 46681
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Fig. 3 (a) HAADF-STEM overview showing TiO2 nanoparticle coated
COK-12 material (b) corresponding EDX elemental maps showing Si in
red and Ti in green (c) HAADF-STEM image of a COK-12 platelet
imaged perpendicular to the pore direction. The arrow indicates TiO2

material at the pore mouths. (d–f) HAADF-STEM image of a COK-12
platelet imaged along the pore direction. Bright contrast features in the
image correspond to the TiO2 nanoparticles (example indicated by
arrows).

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
5 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
6/

06
/2

01
6 

13
:0

2:
49

. 
View Article Online
indicate a clear enrichment of titania at the COK-12 surface.
Due to the two-dimensional nature of the electron micrographs,
it is impossible to ascertain the three-dimensional location of
the TiO2 nanoparticles from these micrographs. Thus, in order
to conrm the three dimensional position of these TiO2 nano-
particles, electron tomography was performed on the sample.
By combining HAADF-STEM projection images and an iterative
SIRT tomographic reconstruction, a three dimensional repre-
sentation of the composite material is obtained. Fig. 4e and f are
slices through the tomographic reconstruction tomographic
volume. The reconstructed volume clearly shows the presence
of high contrast titania material at the COK-12 surface, con-
rming the coating of the material. The favourable formation of
TiO2 nanoparticles on the outer surface of COK-12 is due to its
with one-dimensional (1D) mesoporosity which hinders the
penetration of the titanium precursor into the mesopores.31

The optical properties of TiO2–COK-12 platelets were
investigated by solid-state UV-vis spectroscopy. According to
the UV spectrum (Fig. 5a), absorption bands at 230 and 270 nm
are assigned to tetrahedral and octahedral coordination of
TiO2, respectively. No absorption is observed from the COK-12
46682 | RSC Adv., 2016, 6, 46678–46685
parent material as expected. The absorbance above 300 nm is
indicative of the presence of TiO2 nanoparticles. The band gap
energy of TiO2 was estimated from a Tauc plot of (a)1/2 versus
photo energy (hn). The intercept of the tangent to the plot can
give an approximation of the band gap energy for the in-direct
band gap of TiO2. Extrapolation of the straight line to the
photon energy axis derived a semiconductor band gap of 3.2 eV
(Fig. 5b). The larger band gap of the TiO2 nanoparticles when
compared to the reported value of 2.96 eV for bulk anatase TiO2

material can be attributed to a quantum size effect.9 A similar
value was reported for a single crystal anatase TiO2

nanomaterial.66

The preparation of an efficient TiO2 photoactive catalyst
that can photodegrade a broad range of organic molecules is
highly demanding for applications in wastewater remediation.
The photocatalytic degradation mechanism of the irradiated
TiO2 is a well-known process. During photocatalysis, TiO2 is
irradiated with light resulting in photon absorption and exci-
tation of an electron from the valence band to the conduction
band, thereby generating an electron–hole pair. The electron–
hole pair can undergo recombination and dissipate the excess
energy through nonradiative mechanisms, generating
different reactive oxygen species such as the superoxide radi-
cals or hydroperoxide radicals. These reactive oxygen species
induce the degradation of organic pollutants, whereas the
positive holes in the valence band will oxidize surface adsor-
bed water generating hydroxyl radicals to oxidise the organic
pollutants.67

Recently, Patzke and Seeger reported the deposition of TiO2

nanoparticles on silicone nanolaments for efficient photo-
catalytic decomposition of methylene blue under UV irradia-
tion.68 TiO2–graphene composite photocatalysts have also
attracted a considerable attention for photocatalytic applica-
tions.69–71 In the present study, COK-12 platelets coated with
TiO2 nanoparticles were evaluated for the photodegradation of
two model organic dyes: methylene blue and rhodamine 6G as
well as a mimic of off-avor compounds in water,72 1-ada-
mantanol under UV light irradiation. Commercial P25 TiO2

(Degussa) was used as a reference catalyst for comparison. The
photocatalytic degradation of dye and pollutant were monitored
by analysing the concentration of the target compound aer UV
irradiation. However, we should take into account that
adsorption of the pollutants on the surface of the photocatalysts
also causes a decrease in its concentration in the solution. In
order to discriminate adsorption from photodegradation, dark
tests were performed prior to UV light illumination. The
suspension was magnetically stirred for 1 h in the dark to
achieve an adsorption/desorption equilibrium. The remaining
concentration of dye in the solution aer centrifugation and
separation of the catalyst was determined and followed by 3 h of
UV irradiation to determine the photocatalytic activity of the
materials. The adsorption and photodegradation of 1-ada-
mantanol, rhodamine 6G and methylene blue are presented in
Fig. 5c. Our TiO2 coated COK-12 material absorbs a high
amount of rhodamine 6G and methylene blue up to 6.8
mgrhodamine 6G mgCOK-12

�1 and 5.3 mgmethylene blue mgCOK-12
�1,

respectively. Only a negligible amount of 1-adamantanol is
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a and d) HAADF-STEM overview images of a Ti–COK-12 crystal viewed from two distinct directions. (b and e) EDX elemental maps
acquired along the same crystal orientations showing Si in red and Ti in green. (c and f) Tomographically reconstructed volume showing the silica
porous framework in blue and the titania nanoparticles in gold.
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absorbed by COK-12. The turnover number (TON), dened as
mol of substrate degraded permol of TiO2, is calculated in order
to allow accurate evaluation of the photocatalytic activity based
on of the amount of TiO2 present in the photocatalytic reac-
tions. The amount (mol) of substrate degraded is calculated by
subtracting the amount of substrate adsorbed during the test
for 1 h in the dark from the amount of substrate degraded at the
end of the photocatalytic test (Fig. 5d). The results conrm that
the TiO2–COK-12 catalyst outperforms the commercial P25 TiO2

catalyst for all three organic pollutants. Promisingly, the TiO2–

COK-12 catalyst gives a higher TON value of 50 for the photo-
degradation of rhodamine 6G versus a TON of 8 achieved for the
commercial P25 TiO2 catalyst under similar reaction condi-
tions. The TiO2–COK-12 catalyst also shows a higher TON value
for the photodegradation of 1-adamantanol (TON ¼ 110)
compared to the commercial P25 TiO2 catalyst (TON ¼ 16). We
compared the photodegradation activity of our catalyst with
other recently reported composite catalyst such as TiO2@zeolite
4A or bifunctional hybrid photocatalyst such as ZnO@graphene
oxide for the photodegradation of methylene blue under UV
radiation. Our catalyst outperformed the commercial P25
Degussa catalyst whereas the TiO2–zeolite 4A catalyst only
showed a comparable photocatalytic activity to the commercial
P25 catalyst for the photodegradation of methylene blue under
UV light.63 Another reported TiO2–zeolite 4A catalyst was able
to photodegrade methylene blue up to 0.1 mgmethylene blue
This journal is © The Royal Society of Chemistry 2016
mgTiO2–zeolite 4A
�1 aer 100 min under oxygen rich environ-

ment.73 We also compared our catalyst to a recently reported
bifunctional hybrid ZnO@graphene oxide photocatalyst.74 It could
photodegrade 0.028 mgmethylene blue mgZnO@graphene oxide

�1 versus
0.1078 mgmethylene blue mgTiO2–COK-12

�1 achieved by our TiO2–COK-
12 catalyst aer 2 h. Therefore, our catalyst is more photoactive
than references. Under UV light irradiation, TiO2 yields electron–
hole pairs.75 The electrons react with the dissolved oxygen to
generate superoxide radical anions, (O2c

�) which nally yield
hydroxyl radicals (OHc) via the formation of hydroperoxy radicals
(HOc

2). At the same time, holes are trapped by the water molecules
at the surface of the catalyst to produce hydroxyl radicals (OHc).75

The formation of active OHc radicals will subsequently degrade
the organic pollutant to CO2 and H2O. The enhanced photo-
catalytic activity of the TiO2–COK-12 catalyst is due to the highly
exposed nanosized anatase phase polymorph coatings at the
surface of the COK-12. The combination of photoefficient titania
and mesopores of the COK-12 carrier material concentrating the
dye molecules in the vicinity of the photocatalytic sites may
explain the superior behaviour. In previous work we showed that
geosmin, an aqueous pollutant presence at very low concentration
can be efficiently eliminated by combining an adsorbent with
titania photocatalytic.50 More importantly, this hybrid catalyst can
be reused for at least three runs without a signicant drop in
photocatalytic activity as demonstrated in Fig. 5e.
RSC Adv., 2016, 6, 46678–46685 | 46683
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Fig. 5 (a) Solid-state UV-vis absorption spectra of COK-12 (black
curve) and TiO2–COK-12 platelets (purple curve). (b) Tauc plot of (F(R)
hn)1/2 versus hn for TiO2–COK-12 coating. (c) Adsorption and photo-
degradation kinetics of 1-adamantanol, rhodamine 6G and methylene
blue under UV light illumination over TiO2–COK-12 platelets. Condi-
tions: 10 mg of photocatalyst in 5 mL of an aqueous solution of 1-
adamantanol, rhodamine 6G or methylene blue (200 ppm) at 35 �C. (d)
Turnover number (TON) of the TiO2-COK-12 in comparison to the
commercial P25 TiO2 reference catalyst in the photodegradation of 1-
adamantanol, rhodamine 6G and methylene blue. TON ¼ mol of
substrate degraded/mol of TiO2. The mol of substrate degraded is
calculated by subtracting themol of substrate adsorbed during the test
for 1 h in the dark from the mol of substrate degraded at the end of the
photocatalytic test. (e) Recycling tests for photodegradation of 1-
adamantanol, rhodamine 6G and methylene blue in the presence of
TiO2–COK-12 catalyst under UV light. After each run, the catalyst was
washed three timewith distilled water and dried in an oven at 60 �C for
the next use. Conditions: 10 mg of TiO2–COK-12 in 5 mL of 200 ppm
aqueous solution of 1-adamantanol, rhodamine 6G or methylene blue
at 35 �C. The calculated standard deviations of three tests were <5%.
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Conclusions

We have demonstrated the manipulation of COK-12 platelets as
an ideal support for anatase TiO2 nanoparticle coatings. A
combined HAADF-STEM and electron tomography study
provided detailed insight into the particle size, location and
distribution of the TiO2 nanoparticles on the surface of COK-12
at a nanometer scale. This supported catalyst showed improved
photocatalytic degradation of various organic pollutants namely
1-adamantanol, rhodamine 6G and methylene blue under UV
light irradiation, and outperformed the commercial P25 TiO2

catalyst. The results open up the opportunity for future fabri-
cation of other nanocrystalline metal oxide such as ZnO and
Fe2O3 which are of great interest for other advanced applica-
tions such as chemical sensing and light-induced drug release.
Moreover, the highly exposed anatase TiO2 nanoparticles on the
46684 | RSC Adv., 2016, 6, 46678–46685
surface of COK-12 would be ideally suited for decoration with Ag
or Au noble-metal plasmonic nanostructures, aiming for effi-
cient conversion of solar energy in photovoltaic and photo-
catalytic devices.
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