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particles with highly enhanced
photocatalytic activity†

Kamlesh Panwar, Manjeet Jassal* and Ashwini K. Agrawal*

Titania–silica (TiO2–SiO2) Janus particles with high photocatalytic activity were synthesized using

a Pickering emulsion method. The Janus particles were calcined at two temperatures and the effect of

the calcination temperature on photocatalysis was explored. Their morphology and structure were

characterized. The photocatalytic activity of the calcined Janus particles was compared with that of

calcined SiO2–TiO2 core–shell particles and commercially available P25 TiO2 nanoparticles. Janus

particles calcined at 450 �C (Janus@450) showed significantly higher adsorption (by almost 2–14�) and

rate of degradation (by almost 6.6–211�) of a photo-stable Solophenyl green dye compared to other

TiO2 structures. The higher activity of Janus@450 was attributed to its unique electronic structure

which showed a significantly higher average carrier lifetime of 1.98 ns compared to 0.18 ns of other

structures.
Introduction

Titania (TiO2) nanoparticles (NPs), being non-toxic, inexpensive
and chemically stable in nature, have been signicantly used for
various applications such as photocatalysis, catalyst support,
llers, cosmetics etc.1–8 TiO2 NPs in the anatase phase are re-
ported to show high photocatalytic activity. However, a recent
study9 has reported that under certain conditions even the rutile
phase shows photocatalytic activity similar to the anatase
phase. The presence of a small amount of brookite phase with
anatase and rutile is also reported to enhance the photocatalytic
activity.10 The high surface area to volume ratio of TiO2 NPs is
responsible for high photocatalytic activity. However, the high
surface area also causes aggregation leading to reduction in
their activity.11,12 Signicant research effort has been directed to
synthesize structures that can provide high surface area support
to reduce or prevent aggregation.

SiO2–TiO2 core–shell structures have been synthesized,
where SiO2 particles act as high surface area supports for TiO2

NPs.13–18 Various methods have been used to synthesize these
particles. Among these, sol–gel method has been widely
used.13,15 Lee et al.14 synthesized these particles with control-
lable shell thickness varying from 9 to 57 nm by the modied
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multistep coating process. Shen et al.16 modied the surface of
SiO2 particles with carboxyl moieties via thiol–ene click reaction
followed by the synthesis of TiO2 layer by hydrolysis and
condensation of titanium tetrabutoxide. Ullah et al.17 synthe-
sized SiO2–TiO2 core–shell particles using a low temperature
hydrothermal treatment, which have been explored for photo-
catalytic activity.17,19–21 However, one of the drawbacks of SiO2–

TiO2 core–shell particles is their inability to attach to an organic
substrate, such as a textile material, for various applications.

This drawback can be addressed by synthesizing SiO2–TiO2

Janus particles, where only half (or part) of the surface of SiO2

particles is covered with TiO2 NPs and the rest is functionalized
for attachment with suitable substrates. However, limited
studies are available in the literature on such materials. Zhang
et al.22 have carried out the synthesis of TiO2–SiO2 Janus parti-
cles via electrostatic self assembly of SiO2 particles on poly-
styrene (PS) spheres, followed by deposition of TiO2 NPs on the
exposed surface of SiO2 particles. The TiO2–SiO2 Janus particles
were obtained aer removal of PS by calcination. However, the
photocatalytic behaviour of TiO2–SiO2 Janus particles has not
been explored. In the present study, TiO2–SiO2 Janus particles
were synthesized by Pickering emulsion method, using func-
tionalized SiO2 particles and their photocatalytic activity was
evaluated by dye degradation method and compared with that
of SiO2–TiO2 core–shell particles and P25 TiO2 NPs.
Experimental
Materials

Tetraethyl orthosilicate (TEOS, �99%), tetrabutyl orthotitanate
(TBOT,�98%), hydroxyethyl cellulose (�92%) and ethanol were
purchased from Merck (Darmstadt, Germany). Ammonia (25%
This journal is © The Royal Society of Chemistry 2016
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aqueous solution), cyclohexane ($99%) and paraffin wax (with
melting point in the range of 60–62 �C) were purchased from
Merck (Bangalore, India). (3-Aminopropyl) trimethoxysilane
(APTMS, 95%) was purchased from Acros Organics (Fair Lawn,
NJ, USA). P25 TiO2 NPs were procured from Evonik India Pvt.
Ltd. (Mumbai, India). Direct dye, namely Solophenyl green (SG)
BLE was purchased from Huntsman International India Pvt.
Ltd. (Mumbai, India). All the reagents were used without further
purication. Double deionized water was used in all the
synthesis processes.

Synthesis

(a) Amine functionalized SiO2 particles. Sub-micron sized
SiO2 particles were prepared by Stöber method.23,24 The
synthesis method is already reported in our previous study.25

For functionalization with amine group, 10% (v/v) solution of
APTMS was prepared in chloroform and then added to 16 mL
liquor ammonia and SiO2 suspension.26 The reaction mixture
was stirred for 2 h. The suspension was centrifuged at 9000 rpm
to remove the unreacted reagents.

(b) SiO2–TiO2 core–shell particles. The SiO2–TiO2 core–
shell particles were prepared by method similar to reported in
the literature.14 In brief, 0.125 g amine functionalized SiO2

particles were dispersed in 20 mL ethanol, followed by addition
of 0.202 g water and 0.075 g hydroxyethyl cellulose. The
precursor solution containing 1.02 g of TBOT dissolved in 5 mL
ethanol was added dropwise to the above mixture and the
dispersion was stirred at 250 rpm for 3 h at 40 �C. The
suspension was centrifuged at 9000 rpm and washed with
ethanol. The above procedure was repeated again in order to
obtain double coating of TiO2 over SiO2 particles. The SiO2–TiO2

core–shell particles were calcined at 450 �C for 3 h.
(c) TiO2–SiO2 Janus particles. The TiO2–SiO2 Janus parti-

cles were prepared by Pickering emulsion method. Firstly, 0.3 g
amine-functionalized SiO2 particles were dispersed in 3 g
paraffin wax at a temperature of 75 �C, followed by addition of
30 mL water. The dispersion was le for stirring for 1 h at the
stirring speed of 1000 rpm. The colloidosomes, thus formed,
were cooled and ltered.

For the synthesis of TiO2–SiO2 Janus particles, 3 g colloidosomes
were dispersed in 20 mL ethanol, followed by addition of 0.202 g
water and 0.075 g hydroxyethyl cellulose. The precursor solution
containing 1.02 g of TBOT dissolved in 5 mL ethanol was added
dropwise to the above mixture and the dispersion was le for
shaking in an incubator shaker at 200 rpm for 3 h at 40 �C. The
suspension was centrifuged at 9000 rpm and washed with ethanol.
The above procedure was repeated again in order to obtain uniform
coating of TiO2 over SiO2 particles. The suspension was centrifuged
again at 9000 rpm and washed with ethanol in order to remove the
unreacted materials. Wax was removed by dissolving in cyclo-
hexane. The TiO2–SiO2 Janus particles, thus obtained, were
calcined at two different temperatures i.e. 450 �C and 750 �C for 3 h.

Characterization

Surface morphology of NPs was observed under eld emission-
scanning electron microscope (FE-SEM) model Quanta 200 F,
This journal is © The Royal Society of Chemistry 2016
FEI (Eindhoven, The Netherlands). The samples were prepared
by coating them with gold using sputter coater model Emitech
K550X, Emitech Ltd. (Ashford, UK). The measurements were
performed using Image J soware with 100 readings taken for
each sample. Elemental analysis was carried out using energy
dispersive X-ray (EDX) instrument; model X-max 80 mm2 with
INCA energy soware, Oxford Instruments (Oxford, UK). Fourier
transform infrared spectroscopy (FTIR) was done on Spectrum
BX spectrometer, Perkin Elmer (Waltham, MA, USA). Thermal
studies of functionalization of SiO2 particles were carried out on
thermogravimetric analysis (TGA) using Q500, TA instruments
(New Castle, DE, USA). The X-ray diffraction (XRD) patterns were
recorded using PANalytical X-ray diffractometer (Almelo, The
Netherlands), with Cu Ka radiation (l¼ 0.154 nm) at 40 kV. The
crystallite sizes were calculated as per the Scherrer equation,

d ¼ K � l

b� cos q

where, d is the mean size of the ordered crystalline domains, K
is the dimensionless shape factor or Scherrer constant (¼0.9), l
is the X-ray wavelength (0.1542 nm), b is the line broadening at
half the maximum intensity (FWHM i.e. full width at half
maxima) and q is the Bragg angle.

The anatase and rutile contents in NPs were calculated using
the equation,27

XA ¼ 100

1þ 1:265IR=IA

where, XA is the weight fraction of anatase in the particles, IA is
the intensity of anatase (101) peak, IR is the intensity of rutile
(110) peak.

The crystallite-size of TiO2 NPs were analyzed using high
resolution-transmission electron microscope (HR-TEM) model
Tecnai G2 F20 S-TWIN, FEI (Eindhoven, The Netherlands). The
dye degradation was evaluated using optical absorption spectra
recorded on UV Spectrophotometer model Lambda 35, Perkin
Elmer (Waltham, MA, USA). The optical band gaps of NPs were
calculated using Tauc plot.28 The absorption spectra for various
samples in the form of dispersions in water were recorded and
the absorption coefficient was calculated using the following
equation:

a ¼ 2:303� A

d

where, a is absorption coefficient, A is absorbance and d is path
length of sample (i.e. 1 cm).

Energy (hn) in eV was calculated from wavelength (l) using
the following equation,

hn ¼ 1240

l
eV

A plot of hn on abscissa and (ahn)2 on ordinate was plotted
and the tangent was drawn on the vertical linear portion of the
curve. The point of intersection of tangent at x-axis gave the
value of corresponding band gap.

The time-resolved photoluminescence was carried out using
a picosecond pulsed diode laser EPL-375, Edinburgh
RSC Adv., 2016, 6, 92754–92764 | 92755
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Instruments Ltd (Kirkton Campus, UK), with a wavelength of
377.4 nm and pulse width of 74 ps. The samples were exposed to
laser beam and the uorescence was detected at the respective
emission-maxima of the samples. The average carrier lifetimes
for the double and tri-exponential decay models were calculated
as per the following formula.

Average carrier lifetime,

t ¼
P

Aiti
2

P
Aiti

where, A indicates amplitude and t indicates lifetime.
Photocatalytic activity

Solophenyl green dye, which is known to have good photo-
stability, was used to determine photocatalytic activity of TiO2–

SiO2 Janus particles calcined at 450 �C (Janus@450), TiO2–SiO2

Janus particles calcined at 750 �C (Janus@750), SiO2–TiO2 core–
shell particles calcined at 450 �C (ST-CS@450) and P25 TiO2

NPs. In an experiment, 50 mg (6.26 � 10�4 molar) of P25 TiO2

NPs were added to 50 mL of Solophenyl green dye solution (60
mg L�1) in 150 mL beaker. In cases of Janus and core–shell
particles, an amount equivalent to TiO2 content of 50 mg was
calculated and used for the study. This translated to 173 mg of
ST-CS@450, 230 mg each of Janus@450 and Janus@750 for the
experiments. Before UV exposure, all the samples were ultra-
sonicated for 15 min in dark and then stirred in dark for 45 min
in order to complete the process of adsorption of dye on the
surface of particles. Two UVA lights (Actinic BL TL 8W, Philips)
with wavelength of 365 nm were used to illuminate the samples
from the top. Small amounts of samples were removed from the
exposed samples for UV-vis spectroscopic analysis aer a xed
duration of time. The spectroscopic analysis was carried out
using supernatant, which was obtained by centrifuging the
samples at 9000 rpm for 5 min followed by ltration using 0.45
mm millipore syringe lter.

Photocatalytic activity was determined in terms of decolor-
ation (%) using the following equation:

D ¼ Ao � At

Ao

� 100
Fig. 1 (a) SEM micrograph of SiO2 particles (b) FTIR spectra of SiO2 and

92756 | RSC Adv., 2016, 6, 92754–92764
where, D is decoloration (%) and Ao and At represent the initial
absorbance and the nal absorbance at particular time at the
wavelength of maximum absorption of the dye.

Photocatalytic experiments were also performed using 170
mg of Janus@450, which was equivalent to 0.45 times (2.82 �
10�4 molar) concentration of P25 TiO2 NPs used.
Results and discussion
Synthesis and functionalization of SiO2 particles

Sub-micron sized SiO2 particles were prepared by hydrolysis and
polycondensation of TEOS via Stöber method.20,21 Mono-
dispersed SiO2 particles of diameter 568 � 2 nm were observed
in FE-SEM analysis as shown in Fig. 1a. SiO2 particles were
functionalized with amine groups in order to uniformly deposit
TiO2 NPs over their surface.29,30 As amine functionalization
helps in maintaining the hydrophilic and lipophilic balance,
the presence of amine functionality on the surface of SiO2

particles helps in the formation of more uniform colloido-
somes. The functionalization of the SiO2 particles with amine
group was conrmed by FTIR, as shown in Fig. 1b. The char-
acteristic peaks for SiO2 were observed at 798, 960 and 1100
cm�1 due to Si–O–Si symmetric stretching, Si–OH stretching
and Si–O–Si asymmetric stretching vibrations, respectively. The
absorption band at 1463 cm�1 was attributed to C–H scissoring
vibration. The absorption band at 1558 cm�1 was attributed to
NH2 bending vibration. The peak at 1638 cm�1 was assigned to
O–H bending vibration mode of physisorbed water molecules.
The characteristic absorption bands of stretching vibration of
hydrogen bonded Si–OH and OH of physisorbed water mole-
cules and the NH2 groups were integrated into a broad peak at
3438 cm�1.

In order to measure the extent of functionalization of SiO2

particles with amine groups, TGA analysis was carried out
(Fig. 2). The initial weight loss up to 150 �C was attributed to
water desorption from the surface of the SiO2 particles. The
second loss occurring mainly beyond 300 �C is due to the
decomposition of organic moieties. In SiO2 particles, this loss is
mainly due to hydrocarbon residues, while in case of amine-
functionalized SiO2 particles, this loss is also attributed to the
oxidation and decomposition of the amine compounds present
amine-functionalized SiO2 particles.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 TGA thermograms of SiO2 and amine functionalized SiO2

particles.
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in the particles. The difference in decomposition of the two
particles can be attributed to the presence of amine function-
ality.31 The decrease in the thermal stability, shown in terms of
reduction in residue content, from 91.5% in case of SiO2

particles to 85.5% in case of amine-functionalized SiO2 particles
indicate the extent of amine functionalization of SiO2 particles
to be �6%.
Synthesis of SiO2–TiO2 core–shell particles

The amine functionalized SiO2 particles were used for making
SiO2–TiO2 core–shell particles using the method reported in the
literature.14 The morphology of SiO2–TiO2 core–shell particles
was analyzed using FE-SEM. Both the SiO2 particles (Fig. 3a) and
SiO2–TiO2 core–shell particles (Fig. 3b) exhibited a smooth
morphology, however, SiO2–TiO2 core–shell particles were
a little bigger in size due to the deposition of a uniform lm of
TiO2 on the surface of SiO2 particles.

EDX analysis of SiO2–TiO2 core–shell particles further
conrmed the presence of TiO2 on SiO2 particles. The EDX
spectrum in analysis mode showed the presence of TiO2 versus
SiO2 in the weight ratio of 1 : 0.9 (see ESI Fig. S1†). EDX
mapping showed the presence of Ti over the entire image of NPs
conrming the uniform distribution of TiO2 on the core–shell
particles as shown in Fig. 3c.
Fig. 3 SEM micrographs of (a) SiO2 particles (b) SiO2–TiO2 core–shell p

This journal is © The Royal Society of Chemistry 2016
Synthesis of TiO2–SiO2 Janus particles

The amine functionalized SiO2 particles were used for making
TiO2–SiO2 Janus particles via Pickering emulsion method. The
functionalized SiO2 particles were dispersed in molten paraffin
wax, which on addition of water formed a stable emulsion
leading to the formation of colloidosomes on cooling. Colloi-
dosomes are solidied wax droplets dispersed in water and
stabilized by SiO2 particles present at their surface. The sche-
matic of the colloidosome is shown in Fig. 4a. The SEM
micrograph of the colloidosome at a lower magnication
conrms its nearly spherical morphology with a size of�220 mm
(Fig. 4b). At higher magnication, the SEM micrograph of col-
loidosome shows presence of �550 nm sized SiO2 particles
deposited in the form of monolayer on the surface of solidied
wax droplet (Fig. 4(c)).

The TiO2–SiO2 Janus particles were prepared by hydrolysis
and condensation of TBOT in the presence of ethanol and
hydroxyethyl cellulose on the exposed surface of SiO2 particles.
Hydroxyethyl cellulose was added to avoid agglomeration of
TiO2 NPs during their formation over the SiO2 particles.

The TiO2–SiO2 Janus particles were obtained by dissolving
paraffin wax in cyclohexane. The morphology of Janus particles
was analyzed by imaging using SEM, as shown in Fig. 5a. Nearly
half of the surface area of each SiO2 particle was found to be
uniformly covered with TiO2 NPs. Nanoparticle, indicated by no.
1, clearly shows two surfaces – one smooth indicative of SiO2

and another rough, covered with TiO2. Nanoparticle numbers 2,
3 and 4 show only one of the surfaces with roughness of TiO2

deposition, while the other surface is facing away from the view.
Nanoparticle numbers 5, 6, and 7 show smooth SiO2 surface
facing up, while the rough TiO2 surface is facing away.

EDX analysis of the TiO2–SiO2 Janus particles further
conrmed the attachment of TiO2 NPs on SiO2 particles. The
EDX mapping was performed in order to see the distribution of
Si, Ti and O in Janus particles. Fig. 5b shows the presence of
four Janus particles, out of which three indicate the presence of
Si in high concentration and that of Ti in lesser concentration,
indicating that they have their SiO2 face upwards. However, the
fourth particle shows higher amount of Ti and lesser amount of
Si, indicating the presence of surface containing TiO2 upwards.
articles and (c) EDX mapping of SiO2–TiO2 core–shell particles.

RSC Adv., 2016, 6, 92754–92764 | 92757
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Fig. 4 A colloidosome (a) schematic representation, and (b and c) SEM micrographs at the magnifications of 1000� and 10 000�, respectively.

Fig. 5 (a) SEM micrograph and (b) EDX mapping of TiO2–SiO2 Janus particles.
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The EDX spectrum in analysis mode showed the presence of
TiO2 versus SiO2 in the weight ratio of 1 : 4.7 (see ESI Fig. S2†).

The composition of TiO2–SiO2 Janus particles was further
conrmed by FTIR analysis. Fig. 6 shows a comparison of FTIR
spectra of Janus particles with P25 TiO2 NPs and functionalized
SiO2 particles. The characteristic peaks for SiO2 were observed
at 798, 960 and 1100 cm�1 due to Si–O–Si symmetric stretching,
Si–OH stretching and Si–O–Si asymmetric stretching vibrations,
respectively; while TiO2 showed a hump at 500–900 cm�1, which
Fig. 6 FTIR spectra of amine functionalized SiO2 particles, TiO2–SiO2

Janus particles, and P25 TiO2 NPs.

92758 | RSC Adv., 2016, 6, 92754–92764
was assigned to Ti–O–Ti stretching vibrations. The presence of
all the above peaks in Janus particles indicated the presence of
both TiO2 and SiO2 components.
Morphology of NPs

The morphology of TiO2–SiO2 Janus particles, calcined at two
different temperatures of 450 and 750 �C (Janus@450 and
Janus@750, respectively), was investigated using XRD and HR-
TEM. The results were compared with that of SiO2–TiO2 core–
shell particles calcined at 450 �C (ST-CS@450) and commer-
cially available P25 TiO2 NPs.

In order to obtain the baseline XRD spectrum of SiO2 parti-
cles, they were also calcined at 450 �C for 3 h (Silica@450) and
studied, as shown in Fig. 7. However, even aer calcination only
one broad peak for amorphous SiO2 with Bragg angle at nearly
22� was observed.32,33 The P25 TiO2 NPs showed both the
anatase as well as the rutile phases. The ST-CS@450 showed
peaks for only anatase phase. However, in case of Janus parti-
cles, Janus@450 showed only the anatase phase, while
Janus@750 possessed peaks for both anatase as well as rutile
phases.

As per Scherrer equation, the crystal size of TiO2 NPs present
on Janus@450 was calculated to be in the range of 10 nm, while
those on Janus@750 had larger crystal size of almost 25 nm.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra12378c


Fig. 7 XRD spectra of Silica@450, ST-CS@450, Janus@450,
Janus@750, and P25 TiO2 NPs. ‘A’ and ‘R’ represent peaks corre-
sponding to anatase and rutile phases, respectively.
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This increase could mainly be due to the increase in calcination
temperature, which facilitates growth of crystals by removing
the defects at the interface boundary.11,34 The crystal size in case
of ST-CS@450 as well as P25 TiO2 NPs was observed to be of the
Table 1 Crystallites size, anatase and rutile contents for various TiO2

NPs

Particles
Anatase
content (%)

Rutile
content (%)

Average crystallite
size, d (nm)

XRD HR-TEM

P25 TiO2 86.21 13.79 17.21 18 � 3
ST-CS@450 100 — 16.76 15 � 2
Janus@450 100 — 9.81 9 � 2
Janus@750 17.38 82.62 24.70 21 � 4

Fig. 8 HR-TEM micrographs of TiO2 nanoparticles in (a and b) P25 T
Janus@750.

This journal is © The Royal Society of Chemistry 2016
order of 17 nm. The crystallites sizes, anatase and rutile
contents of the NPs are summarized in Table 1.

HR-TEM micrographs of P25 TiO2 NPs indicated the pres-
ence of TiO2 NPs with an average diameter of 18 � 3 nm, as
shown in Fig. 8a and b. ST-CS@450 showed the TiO2 NPs of
average diameter 15� 2 nm, as shown in Fig. 8c and d. HR-TEM
micrographs of Janus@450 conrmed the presence of TiO2 NPs
of average diameter 9 � 2 nm (Fig. 8e and f), which are present
only on one-half surface of the Janus particles. Similarly,
Janus@750 showed the presence of TiO2 NPs on only one-half
surface of the Janus particles and the average size of TiO2 NPs
was observed to be 21 � 4 nm, as shown in Fig. 8g and h. The
average sizes of TiO2 NPs in various samples, as obtained from
HR-TEM analysis, were observed to be similar to those obtained
by crystal size measurement using XRD. This indicates that
most of the NPs are likely to be composed of a single crystal
(Table 1).
Photocatalytic activity

The photocatalytic activity, in the literature, is usually measured
using a photosensitive dye, such as methylene blue or methyl
orange. However, in this study, the photocatalytic activity of the
various NPs was tested against Solophenyl green dye, which is
known to have high photostability. Fig. S3 (refer to ESI†) shows
the images of samples aer different durations of UV exposure.
With increase in time of UV exposure, an increase in decolor-
ation was observed for all the four samples. In comparison,
there was no reduction in the colour of the control dye solution,
indicating the high UV stability of the dye solution used in the
experiments. As can be observed from Fig. S3,† the decoloration
was observed to be higher in the case of Janus@450 as
compared to the rest of the samples.

The absorbance values of the ltrates of the exposed samples
were measured in order to remove the interference of NPs in UV
iO2 NPs, (c and d) ST-CS@450, (e and f) Janus@450, and (g and h)

RSC Adv., 2016, 6, 92754–92764 | 92759
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Fig. 10 Images of Solophenyl green dye solutions containing P25 TiO2

NPs and Janus@450 after extended UV exposure.

Fig. 11 Photocatalytic activity of various NPs.
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analysis. Fig. 9 represents the images of the corresponding
ltrates as obtained from the above samples. As can be observed
from these ltrates, the sample containing Janus@450 showed
completely colorless ltrate even before the start of UV expo-
sure. This can be because of complete adsorption of dye on the
surface of Janus@450, indicating good adsorption capability of
the Janus particles calcined at 450 �C. However, in the case of
Janus@750, the adsorption was comparatively much lower.

In order to conrm the photocatalytic behaviour of
Janus@450, where the ltrate was colorless even before any UV
exposure, the dye solutions containing Janus@450 and P25 TiO2

NPs were placed for UV exposure for longer duration. The green
color of the dye visible on the Janus@450 and P25 TiO2 NPs
were found to transform into white or pale colour, as shown in
Fig. 10, indicating their photocatalytic behaviour. Janus@450,
aer 6 h of UV exposure, showed a pale color, however, in case
of P25 TiO2, green color of dye was still visible. This faster
fading of the green color of dye indicated higher photocatalytic
activity of Janus@450.

The absorbance values, obtained from the ltrates of the
respective samples, were used to calculate the decoloration (%)
as a function of UV exposure time and are shown in Fig. 11.

The photocatalytic activity was found to be vastly different
for the different particles used in the study, even though
equivalent amount of TiO2 was maintained for all the cases. The
process of photodegradation mainly involved two steps, the rst
is adsorption of dye on the surface of TiO2 NPs and the second is
the photocatalytic degradation of the adsorbed dye on UV
exposure. The decoloration (%) from t ¼ �60 to t ¼ 0 min,
period without UV exposure, is only due to the adsorption of dye
on the surface of respective particles. The adsorption of the dye
was highest in Janus@450 followed by P25 TiO2, ST-CS@450
and Janus@750, in the order given. Janus@450 showed
adsorption which was almost 2–14 times compared to other
TiO2 structures. The adsorption of dye in Janus@750 was very
Fig. 9 Images of filtrates obtained from mixtures of Solophenyl green
dye solution and various TiO2 NPs after exposure to UV for different
durations.

92760 | RSC Adv., 2016, 6, 92754–92764
low possibly because of the highest size of TiO2 crystals, as
obtained from Scherrer equation, which leads to the lowest
surface area for adsorption. On the other hand, the much
smaller crystal size of TiO2 in Janus@450may be responsible for
its very high adsorption capability. Photocatalytic activity could
not be assessed for Janus@450 due to complete adsorption of
the dye, however for others, the activity increased in the order
ST-CS@450 < Janus@750 < P25 TiO2. The rate constants at the
effective TiO2 concentration of 50 mg L�1 (6.26 � 10�4 molar)
for the degradation of Solophenyl green dye were calculated to
be 6 � 10�3, 0.8 � 10�3 and 2.8 � 10�3 min�1 for P25 TiO2, ST-
CS@450 and Janus@750, as shown in Fig. S4 (refer to ESI†). In
order to study the photocatalytic behaviour of Janus@450, lower
concentrations (i.e. 0.45 times) of Janus@450 and P25 TiO2 NPs
were used.

The results are shown in Fig. 12. The decoloration curve
shows that Janus@450 possesses signicantly higher adsorp-
tion and better photocatalytic activity as compared to P25 TiO2

NPs. The adsorption by P25 TiO2 was merely at �30% as
compared to �50% in Janus@450 in the rst hour of stirring in
dark. In order to segregate the effect of adsorption and the
degradation, the comparison of the decoloration curve of
Janus@450 and P25 TiO2 without UV exposure was also studied.
Clearly, the decoloration percentages due to adsorption stabi-
lize in the rst 1 h and remain nearly constant thereaer.
Therefore, the change in decoloration of 44% (from 50% to
This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Adsorption behaviour and photocatalytic activities of P25 TiO2

and Janus@450 particles at a lower concentration (i.e. 0.45�).

Fig. 13 Tauc plot for the calculation of band gap of TiO2 NPs.
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94%) in Janus@450, during the UV exposure, is solely because
of photocatalytic degradation of the dye. In comparison, P25
TiO2 NPs could show much lower decoloration with a change of
only 23% (i.e. from 30% to 53%).

The rate constants at the lower TiO2 concentration of 22.5
mg L�1 (2.82 � 10�4 molar) for the degradation of Solophenyl
green dye were calculated to be 1.4 � 10�3 and 9.2 � 10�3

min�1 for P25 TiO2 and Janus@450, respectively, as shown in
Fig. S5 (refer to ESI†). Janus@450 showed rate of degradation
which was almost 6.6 and 211 times higher than that for P25
TiO2 and ST-CS@450, respectively. The rate constants for
various TiO2 NPs and their comparative values are summarized
in Table 2.

The mechanism of the dye degradation by photocatalysis is
explained using electron–hole pair generation in TiO2 particles
on UV irradiation. The density of active species is controlled by
combined rates of electron–hole pair generation and recombi-
nation. The electrons in the conduction band reduce the O2

present in the vicinity of the particles into superoxide radical
anion O2

�c and the holes in the valence band oxidize H2O into
OHc, which can eventually degrade the dye molecules. There-
fore, the photocatalytic activity of TiO2 is dependent on the
number of such active species that can be created by electron–
hole pairs in their lifetime. The average carrier lifetime, in turn,
is dependent on the rate of recombination of electron–hole
Table 2 Rate constants for various TiO2 NPs

Particles
Concentration of
TiO2, mg L�1 (molar, �10�4)

Rate constant,
k (min�1)

Rat
(exp

P25
(22.

P25 TiO2 50 (6.26) 6.0 � 10�3 —
ST-CS@450 50 (6.26) 0.8 � 10�3 —
Janus@750 50 (6.26) 2.8 � 10�3 —
P25 TiO2 22.5 (2.82) 1.4 � 10�3 1
Janus@450 22.5 (2.82) 9.2 � 10�3 6.6

This journal is © The Royal Society of Chemistry 2016
pair, which is the function of electronic structure of the
nanomaterial.

In order to understand the difference among various NPs
prepared in this study, their optical properties were investi-
gated. The optical band gaps for the various NPs were calculated
from Tauc plot, as shown in Fig. 13. P25 TiO2 NPs showed a high
band gap of 3.15 eV, which corresponds to that reported in the
literature.35 Janus@450 showed an equally high band gap of
3.08 eV, which reduced to 2.50 eV in Janus@750 and 2.69 eV in
ST-CS@450. The decrease in band gap of Janus@750 and ST-
CS@450 as compared to Janus@450 could be attributed to
their larger crystal size. It is reported that the band gap is
a function of crystal size as a decrease in crystal size below
10 nm leads to an increase in band gap due to quantum
connement.31,36

The carrier life-time of different TiO2 NPs used in this study
was calculated from time-resolved photoluminescence, as
shown in Fig. 14. The excited state intensity decays of P25 TiO2,
ST-CS@450, and Janus@750 could give best t to a double-
exponential decay model, whereas, in case of Janus@450, it
could be best t to a tri-exponential decay model. The adjusted
R square, also known as coefficient of determination, was found
to be nearly one, conrming the good t of the data.

P25 TiO2, ST-CS@450, and Janus@750, being best tted to
the double-exponential decay model, showed two carrier life-
times and Janus@450, due to its tri-exponential decay model,
showed three lifetimes. The carrier lifetimes for various
samples are summarized in Table 3.
io of rate constants
erimental) w.r.t.

Ratio of rate constants (calculated)
of Janus@450 w.r.t. respective particles

TiO2

5 mg L�1)
P25 TiO2

(50 mg L�1)

1.00 28.2
0.13 211
0.47 60
0.23 6.6
— 1

RSC Adv., 2016, 6, 92754–92764 | 92761
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Fig. 14 Excited state intensity decay measurement using time-
resolved photoluminescence (dots indicate the measured values and
the solid lines represent the best fit for various samples).
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Based on the measured values of band gaps and carrier life-
times, a model (Scheme 1) is proposed to explain the possible
electronic structure of various TiO2 NPs. P25 TiO2 has anatase
and rutile phases in a ratio of 80 : 20. It has been suggested that
one of the reasons for the high photocatalytic activity of P25 TiO2

is lower rate of recombination of charges due to migration of
Table 3 Optical properties of various TiO2 NPs

Particles
Band gap
(eV)

Lifetime (ns), relative amplitude (%)

t1 t2

P25 TiO2 3.15 0.16 (99.70%) 1.04 (0.30%)
ST-CS@450 2.69 0.96 (0.50%) 0.15 (99.50%)
Janus@450 3.08 1.58 (46.50%) 7.59 (1.88%)
Janus@750 2.50 1.01 (0.42%) 0.15 (99.58%)

Scheme 1 A proposed model of electron–hole pair generation and its m

92762 | RSC Adv., 2016, 6, 92754–92764
electrons from the conduction band of anatase phase to the
conduction band of rutile phase. However, the measured values
of carrier lifetime do not support this hypothesis for P25 TiO2. It
appears that anatase phase in P25 TiO2 has a principal role and
the shown electronic structure in Scheme 1 contributes to a lower
degree. Another factor for high activity of P25 TiO2 is the lower
degree of crystalline defects due to its preparation by aerosil
method at high temperature.37,38 Better formed crystalline struc-
tures in P25 TiO2 may help in generation of larger number of
charge carriers in comparison to TiO2 nanostructures formed
using sol–gel method, i.e. Janus@750 and ST-CS@450.

TiO2 NPs formed in combination with SiO2 have signicantly
different electronic structures. It has been reported in the
literature that TiO2 on attachment with SiO2 changes from its
octahedral state to tetrahedral state, which is considered better
for photocatalytic activity.39,40 The presence of tetrahedral
structures at the interface with Ti–O–Si linkage pushes the band
gap to �4 eV.41 The presence of higher band gap interface next
to TiO2 may allow migration and entrapment of carriers.42 In
cases of ST-CS@450 and Janus@750, since the band gaps were
observed to be very small, i.e. 2.69 and 2.50 eV, respectively, the
migration of charge carriers to the interface would not be
possible as shown in Scheme 1. Therefore, both ST-CS@450 and
Janus@750 exhibited similar time resolved photoluminescence
behaviour and photocatalytic activity. On the other hand,
Janus@450 possessed a band gap of 3.08 eV, which could create
Average lifetime t (ns) Adjusted R squaret3

— 0.18 0.99866
— 0.18 0.99900
0.76 (51.62%) 1.98 0.99952
— 0.17 0.99850

igration in various TiO2 NPs.

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 A proposed mechanism for activation of charge carriers in (a) Janus@450, and (b) ST-CS@450.
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an electronic structure shown in Scheme 1. The holes in the
valence band of TiO2 could easily migrate to the valence band of
Ti–O–Si at the interface, and thus, facilitating electron–hole pair
separation, leading to higher carrier lifetime and photocatalytic
activity observed in Janus@450.

Asmentioned earlier, the other important factor for enhanced
photocatalytic activity is the higher rate of generation of charge
carriers. The density of charge carriers created at the interface
with SiO2 is of prime importance in the hybrid structures. It has
been reported that SiO2, being a wide band gap material, shows
very high transmittance for UV-visible radiations.43 However,
TiO2 shows absorption in this region, leading to reduced trans-
mittance. Thus, in case of Janus@450, UV-visible radiations can
reach the interface through the SiO2 half as shown in Scheme 2
and generate enough active species near the interface for high
photocatalytic activity. It may be argued that ST-CS@450 being
very similar to Janus@450 may have similar electronic structure,
which should result in carrier lifetime and photocatalytic activity
similar to Janus@450. Even if such a scenario is considered to be
true the interface in ST-CS@450 is not expected to be accessible
to UV-visible radiations as the particles are entirely covered with
TiO2 (depicted in Scheme 2). This would allow the interaction of
UV radiations mostly with the outer layers of TiO2 resulting in
carrier lifetime and photocatalytic behaviour similar to that of
TiO2. Similar could be the case with P25 TiO2 NPs, where due to
lesser transmittance of TiO2 particles, UV radiations are unable to
reach the anatase and rutile interface exhibiting carrier lifetime
typical of TiO2. However, the lower amounts of crystalline defects
in P25 TiO2may help in generation of higher number of electron–
hole pairs leading to its higher photocatalytic activity than ST-
CS@450 and Janus@750. The different photocatalytic activities
observed for P25 TiO2, ST-CS@450 and Janus@750, while
exhibiting similar carrier lifetimes, are likely be due to their
difference in the rates of generation of charge carriers and the
rates of adsorption of dye molecules on the active sites.

From the results it may be inferred that the unique structure
of Janus@450, where only half of SiO2 surface is covered with
small sized of anatase crystallites of TiO2, is responsible for its
high photocatalytic activity.
Conclusions

In the present study, the synthesis of TiO2–SiO2 Janus particles
via Pickering emulsion method is demonstrated. First, SiO2
This journal is © The Royal Society of Chemistry 2016
particles, prepared by Stöber method, were amine functional-
ized using (3-aminopropyl) trimethoxysilane (APTMS). Subse-
quently, Pickering emulsion method was used to deposit TiO2

NPs on one half of SiO2 particles. The analysis of Janus particles
revealed uniform presence of small sized TiO2 NPs over nearly
half of the SiO2 particles. Among the various TiO2 nano-
structures investigated, Janus@450 exhibited both the highest
rate of adsorption and photodegradation of a photostable dye.
Janus@450 showed 2 times higher adsorption and 6.6 times
higher rate of degradation even as compared to commercially
available P25 TiO2 NPs, which are reported to be efficient pho-
tocatalyst. The high activity of Janus@450 was attributed to its
unique morphology. It is expected that this could create an
electronic structure at the interface, where the holes generated
in the valence band of TiO2 could easily migrate to the valence
band of Ti–O–Si present at the interface. This may facilitate
electron–hole pair separation leading to high carrier lifetime
observed by time resolved photoluminescence studies. In
addition, its unique structure permitted UV-visible radiations to
reach the interface through the SiO2 half and facilitate genera-
tion of large number of active species near the interface for the
high photocatalytic activity.
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