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ABSTRACT: Visible light-active hierarchical meso−macroporous S,N-modi-
fied TiO2 has been synthesized through a precipitation and deposition method
and characterized by X-ray diffraction, field emission scanning electron
microscopy, Fourier transform infrared spectroscopy, BET surface area, X-ray
photo electron spectroscopy, and photoluminescence studies. The finding
demonstrates that N exists in the form of N−Ti−O in the crystal lattice of
TiO2; however, sulfate (S

6+) is bidentately coordinated on the surface of TiO2.
The existence of sulfate maintains the morphology as well as enhances the
surface area, decreases the crystallite size, shifts the optical absorption toward
the red end, acts as co-catalyst, and facilitates the photogenerated charge
carriers. Moreover, the presence of a hierarchical meso−macroporous frame
enhances visible light-harvesting properties as well as favors easy channelization
of electrons, which effectively reduces the charge recombination. The
photocatalytic activity has been evaluated through H2 evolution. The observed
enhancement in activity for 4SNTP-400 has been explained on the basis of a synergistic combination of anionic−cationic species,
hierarchical meso−macroporous frames with high surface area, and high crystallization of anatase phase with small crystallite size
and low PL intensity, which makes the system more potential toward visible light activity.
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■ INTRODUCTION

The development of clean energy by solar energy conversion is
one of the major strategies for solving the global energy crisis
and environmental problems.1 After the important invention of
Fujishima and Honda on photoelectrochemical water splitting
over a TiO2 electrode,

2 a lot of attention has been given to the
development of clean, economical, and environmentally
friendly production of H2 by utilizing solar energy.3,4

For this solar energy conversion process as well as for
environmental cleanup, a semiconductor-based visible light
photocatalyst has gained broad and interdisciplinary attention
for research. Among all of the oxide-based semiconductor
photocatalysts, TiO2 is considered the most appropriate
candidate for photocatalytic application due to its excellent
photochemical stability, cost effectiveness, and innocuous-
ness.5,6 However, the wide band gap, i.e, ∼3 eV, and fast
recombination of electron and hole limits its application in the
photocatalytic reaction process.7 Therefore, one of the primary
objectives in the field of photocatalysis is to make TiO2
sensitive toward visible light and/or to avoid the recombination
of photogenerated charge carriers. Therefore, a number of
effective approaches have been widely proposed to further
engineer the electronic band structure of TiO2 such as
modification with various anion and/or cation doping8−11 or
coupling with narrow band gap semiconductors.12−14

Among these methods, nonmetal doping (N, C, S, P, F) is
considered as one potential approach to narrow the band gap of
TiO2, and it may create a midgap state that lowers the energy
gap and subsequently shifts the optical absorption into the
visible light region.8,15−18 However, a tremendous success has
been accomplished through N-doped TiO2 either by mixing of
nitrogen 2p state with O 2p state on the top of the valence
band or creation of a N-induced mid-gap level that shifts the
optical absorbance toward the visible region.8,9 However, only
through nitrogen doping the photocatalytic reactivity does not
enhance very high. Moreover, it has been well reported that
incorporation of sulfur has a potential role in modifing the
electronic structure of TiO2, and it appreciably enhances light
absorption.19 The synthetic condition and precursors used in
the reaction process have important roles for the different
oxidation states of sulfur (S2−, S4+, and S6+) in TiO2.

20,21

Recently, current research has focused on the combination of
anions and cations or different anions together within the
crystal lattice of TiO2 such as C−S, N−C, N−F, and N−S,
which dramatically enhances the photocatalytic activity.22−25

Among the various reported co-doped systems, S,N-modified
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TiO2 drew a lot of interest and had better photocatalytic
activities in comparison to either S or N over TiO2.

26−28 In
addition to the enhanced light-harvesting properties, bulk
diffusion and surface charge transfer are the decisive factors for
enhancing photocatalytic activity. To achieve the above key
points, in addition to electronic modification, current
researchers have developed material concerning some natural
hierarchically porous morphology with high surface area.
It has been well reported that mesoporous and doped-

mesoporous TiO2 materials along with high crystalline anatase
phase performed higher photocatalytic activity.29 However, the
combination of a meso−macroporous frame is desired for
enhanced photocatalytic activity.30 This is because a macro-
porous channel could serve as a light-transferring path for the
distribution of photon energy into the inner photoactive
mesoporous frame and allows light to absorb, reflect, and
scatter inside the porous channel and effectively enhances the
light-activated surface area within the material. In addition to
the above, easy diffusion and channelization through the
meso−macroporous material makes it highly efficient.31

Various research groups have synthesized hierarchical meso−
macroporous TiO2 by adopting different chemical synthesis
procedures.32,33 Nevertheless, without using any templating
agent, hierarchical macroporous TiO2 has been synthesized for
the first time by Collins et al.34 After that Yu et al. synthesized
hierarchical meso−macroporous TiO2 by the simple addition of
tetrabutyl-titanate to pure water.35 However, up to now, there is
no report on anionic N- and cationic S-modified meso−
macroporous TiO2.
In the present study, we have synthesized S,N-modified

hierarchical meso−macroporous TiO2 by using simple a
precipitation and deposition method. The photocatalytic
activities of all these photocatalysts were evaluated through
water splitting for the generation of H2 energy under the
irradiation of visible light. The as-prepared material has many
positive aspects toward visible light photocatalysis such as small
crystallite size, high crystalline anatase phase, enhanced light-
harvesting, and high surface area due to meso−macroporous
morphology. Besides this, a meso−macroporous frame
enhances easy channelization of electrons, and surface-adsorbed
sulfate species hinder the recombination of photogenerated
charge carriers that makes the system unique and pivotal
toward higher photocatalytic activity.

■ PREPARATION OF PHOTOCATALYST
S,N-modified hierarchical meso−macroporous TiO2 has been
synthesized through a precipitation and deposition technique.
As reported earlier, a very simple precipitation method was
adopted for the synthesis of N-modified hierarchical meso−
macroporous TiO2.

36 The precipitation reaction process takes
only 15−20 min, and the precursors, i.e, titanium tetraisoprop-
oxide (97% purity, Sigma-Aldrich) and ammonia (25 volume%
Merck) were used without further purification.
In a typical synthesis route, 2 mL of titanium isopropoxide

was added to 20 mL of 5% liquid ammonia. A white color
precipitate was formed after the immediate contact of titanium
isopropoxide with ammonia. After 20 min, the precipitate was
filtered and washed with copious amount of water and left to
dry on filter paper for 24 h, and then the samples were
collected. For further S modification, different weight
percentages of sulfate were loaded into the collected samples
by an aqueous wetness impregnation method using H2SO4 (pH
of the solution during the impregnation method lies in the

range 3.5−4.4) and calcined at 400 °C for 2 h in an air
atmosphere at a heating rate of 5 °C per minute.37 These
samples were labeled as xSNTP-T, where T denotes the
calcination temperature and x denotes the various weight % of
sulfate (For example, 2SNTP-400 and 4SNTP-400 for 2 and 4
wt % loading, respectively). As higher photocatalytic activity
was observed for the 4SNTP-400, it was further calcined at
different temperatures in the range of 500−700 °C to study the
changes in both chemical and morphological behavior as well as
catalytic activity.

■ EXPERIMENTAL SECTION
Characterizations. The structure and phase identification were

determined by powder X-ray diffraction (XRD, Philips 1710, Mo Kα
radiation with wavelength of 0.70932 Ao). Diffraction patterns were
recorded at 2θ, 6° to 39° with a step of 0.01° s−1. N2 adsorption−
desorption isotherms were performed at liquid nitrogen temperature
(77 K) on an ASAP-2020 (an automated surface area and porosity
analyzer). The surface morphology was examined through a field
emission scanning electron microscope (ZEISS SUPRA 55). The
diffuse reflectance spectra were recorded on UV−vis spectrometer
(Varian Cary 100) in the range of 200−800 nm using boric acid as the
reference. The electronic states were investigated by X-ray photo-
electron spectroscopy, and it was performed on a VG Microtech
Multilab ESCA 3000 spectrometer with a nonmonochromatized Mg
Kα X-ray source. The energy resolution of the spectrometer was set at
0.8 eV with Mg Kα radiation at a pass energy of 50 eV. The binding
energies obtained in the XPS were corrected with a reference to the C
1s peak of carbon at 284.9 eV. Fourier transform infrared (FT-IR)
spectra of the samples were taken on a Bruker ALPHA FT-IR
spectrometer with KBr as the reference sample. The acid character of
the catalysts was studied from the TPD-NH3 CHEMBET-3000
(Quntachrome, U.S.A.) analyzer equipped with a thermal conductivity
detector (TCD). About 0.1 g of powder sample was contained in a
quartz “U” tube and degassed at 250 ◦C for 1 h with ultrapure
nitrogen gas. After cooling the sample to room temperature, NH3
(20% NH3 balanced with helium) gas was passed over the sample
while it was heated at a rate of 10 ◦C min−1, and the profile was
recorded. Photoluminescence (PL) studies were carried out with a
fluorescence spectrometer (Perkin Elmer LS 55).

Photocatalytic Hydrogen Production. Catalytic activity and
deactivation were studied in a batch reactor. About 0.05 g of the
catalyst was suspended in 50 mL of an aqueous solution containing 10
vol % of methanol solution. The solution was stirred with a magnetic
stirrer to prevent the sample from settling to the bottom. Prior to
irradiation, the reaction mixture was purged with nitrogen gas for
removing the dissolved gases. A 125 W medium pressure Hg visible
lamp was used as the light source, and a 1 M NaNO2 solution was used
as the UV filter. The evolved gas was collected by a water displacement
technique and analyzed on a GC-17A (Shimadzu) using a 5 Å
molecular sieve column and thermal conductivity detector (TCD). A
comparison of the retention time of the only peak that appeared on
the chromatogram with the standard confirmed that the gas was only
hydrogen.

■ RESULTS AND DISCUSSION

XRD Characterizations. The phase structures of all these
samples were studied by powdered XRD analysis. Figure 1
illustrates the XRD patterns of NTP-400 and xSNTP-400
(various wt % sulfate (2S, 4S, 6S) loaded NTP) photocatalyst.
The study revealed that all these patterns are identical with the
standard pattern of anatase phase (JCPDS-21-1272). The high
intense 101 plane along with 004, 200, 105, 211, 204, 116, 220,
215, and 224 peaks correspond to anatase TiO2. The crystallite
size of all of the as-prepared samples were calculated by using
the Scherrer formula (eq 1) listed in Table 1.
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λ β θ=D K / cos (1)

The XRD pattern in Figure 1 depicts that the as-prepared
NTP-400 sample, along with different wt % sulfate-promoted
NTP, possesses only anatase phase. The decrease in intensity of
the anatase phase with an increase in broadening of the
reflection in contrast to different wt % sulfate loadings suggests
a gradual decrease in crystallite size. The crystallite size
observed for NTP-400 is 14 nm; however, as the sulfate loading
wt % increased from 2 to 6 wt %, a drastic decrease in crystallite
size has been observed. The XRD patterns of 4SNTP with
varying calcination temperatures from 400 to 700 °C are shown
in Figure S1 of the Supporting Information. The patterns reveal
that within the calcination temperature (400 to 600 °C) there is
no obvious phase transformation occuring; however, at higher
calcinations temperatures, i.e at 700 °C, a mixture of anatase
and rutile phase has been observed. The existence of anatase
phase along with small crystallite size up to 600 °C might be
due to the presence of sulfate species. However, losses of sulfate
species at higher calcination temperature may hinder this
phenomenon, which is consistent to our earlier observa-
tion.37,38 It has been reported that an excellent activity toward
photocatalytic reaction has been found for anatase TiO2 in
contrast to rutile TiO2.

39 As our sample 4SNTP-400 shows
only anatase phase and small crystallite size, it might be one of
the possible factors toward higher photocatalytic activity. In
addition to this, other crucial factors toward higher photo-
catalytic activity are discussed later.
Surface Area. The specific surface area and interparticle

mesoporosity have been studied through BET surface area by

using a N2 adsorption desorption isotherm at 77 K. The
physicochemical properties of all these samples are shown in
Table 1. Figure 2 represents the sorption isotherm curve, and

the inset represents the pore size distribution curves for NTP-
400 and xSNTP-400 (different wt % sulfate-loaded NTP)
photocatalysts. The specific surface area observed for NTP-400
is 56 m2/g; however, a drastic increase in specific surface area
from 56 to114 m2/g was observed for the sulfate-promoted
NTP photocatalyst. Here, the observed-enhanced specific
surface area (for xNTP-400) has been consistent to the
crystallite size (calculated from XRD), which has a major role
toward higher specific surface area.40 All these samples exhibit
type-IV isotherms, which are characteristics of mesoporous
materials.41 The hysteresis loop indicates an H2 type, suggesting
pores with wider bodies and narrow necks. The loop shape in
NTP-400 clearly indicates diffusion of a bottleneck caused by
pore damage, and it might be due to the extensive growth of
anatase nuclei, which partly destroyed the mesoporous frame.42

However, after sulfate loading, the anatase phase is well
anchored by tetrahedral sulfate groups that hinder the
crystallite growth as well as maintain the mesoporous frame.
Figure S2 of the Supporting Information represents the
isotherm curves for the best results performed by the 4SNTP
photocatalyst with respect to different calcination temperatures.
The gradual decrease in specific surface area from 114 to 20
m2/g suggests destruction of mesoporosity, which might be due
to the intergrowth of the fundamental particles. The inset in
Figure 2 and Figure S2 of the Supporting Information
represents the pore size distribution curves that are calculated
by using the BJH equation from the desorption isotherm. From
the inset in Figure 2 (for xSNTP-400 and NTP-400), 4SNTP-
400 shows narrow and intense pore size distribution with an
average pore diameter between 18.3 and 81.7 Å. This might be
due to well-developed mesoporosity. However, at higher wt %
sulfate loading, i.e, at 6SNTP-400, an irregular pore size
distribution has been noticed in comparison to various xSNTP-
400 photocatalysts, which might be due to excess sulfate.
Sometimes an excess amount of sulfate deactivates the catalytic
activity. The inset in Figure S2 of the Supporting Information

Figure 1. XRD patterns of (a) NTP-400, (b) 2SNTP-400, (c) 4SNTP-
400, and (d) 6SNTP-400.

Table 1. Crystallite Size, BET Surface Area, Pore Size, Pore
Volume, and Band Gap of NTP and SNTP Photocatalysts

sample code
crystallite
size (nm)a

BET surface
area (m2/g)

pore
size (Å)

pore
volume
(cm3/g)

band
gap
(eV)

NTP-400 14.3 56 15.7 0.21 2.84
2SNTP-400 9.5 110 76.8 0.23 2.58
4SNTP-400 9.1 114 80.7 0.26 2.56
6SNTP-400 8.6 108 69.3 0.20 2.55
4SNTP-500 13.2 79.2 107 0.19 2.74
4SNTP-600 15.7 21.2 329.9 0.17 2.95
4SNTP-700 18.1 3.59 1039.0 0.09 3.0

aCalculated from XRD.

Figure 2. N2 adsorption and desorption study of NTP-400 and
xSNTP-400 catalysts. Inset indicates pore size distribution curves of
NTP-400 and xSNTP photocatalysts.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400551n | ACS Sustainable Chem. Eng. 2014, 2, 1429−14381431



represents the pore size distribution curve for 4SNTP with
respect to variations in calcination temperatures. From the
graph, a noticeable right shifting of pore size suggests an
increase in pore size, which might be due to the aggregation of
greater crystallite size. Among all of these, the as-prepared
photocatalyst 4SNTP-400 shows higher surface area with a
pore volume of 0.26 cm3/g, which might be due to well-
developed mesoporosity. For the catalytic point of view, the
mesoporosity frame is potentially important because channel
branching within the frame enhances the light-harvesting ability
as well as decreases the diffusion length of charge carriers.
Field Emission Scanning Electron Microscopy

(FESEM). The XRD analysis and N2 sorption isotherm could
not provide any information regarding macroporous morphol-
ogy; therefore, field emission scanning electron microscopy
(FESEM) has been performed to observe directly the
macroporous frame. Figure 3 represents micrographs for
NTP-400, 4SNTP-400, and 6SNTP-400 photocatalysts. Figure
3(a,b) represents micrographs for NTP-400 where (a)
represents longitudinal parallel fibers with interior macroporous
frames that exhibit ultralong length (60 μm) and (b) represents
relatively ordered macroporous channels (2−4 μm width)
arranged parallel to each other. Figure 3 (c,d) depicts
micrographs for 4SNTP-400. Figure 3(c) confirms that the
macroporous frame is well preserved after sulfate loading as
well as maintains an ultralong length (60 μm length) and (d)
depicts an ordered macroporous frame with no obvious change
in its width (2−4 μm). In addition to this, the wall connecting
the two macroporous frames has an equivalent width (1−2 μm)
in comparison to NTP-400. Figure 3 (e,f) represents the
macrographs for the 6SNTP-400 photocatalyst that reveals the
formation of a hierarchical meso−macroporous frame even at
higher wt % sulfate loading. The macroporous frame may act as

a light-transferring and mass-transferring path that introduces
photoenergy into the interior of TiO2. The wall interconnecting
the macroporous frame is composed of small interconnected
TiO2 particles having particle sizes in the range of 200−600
nm. These aggregations of smaller particles create mesoporosity
and are confirmed from the N2 sorption isotherms.

FTIR. The bonding characteristics of the functional groups
have been identified by using FTIR spectroscopy. Figure 4
represents the FTIR spectrum of NTP-400 and xSNTP-400
photocatalysts, where as Figure S3 of the Supporting
Information represents the spectrum for 4SNTP with variation
in calcination temperatures, i.e., 400−700 °C. Both figures
exhibit broad peaks in the region of 3000−3600 cm−1 assigned

Figure 3. Micrographs for NTP-400, 4SNTP-400, and 6SNTP-400 photocatalysts.

Figure 4. FTIR spectrum for NTP-400 and various wt % sulfate-
loaded NTP photocatalysts.
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Figure 5. XPS spectra of NTP-400 and 4SNTP-400: (a) N 1s, (b) S 2p, (c) Ti 2p, and (d) O 1s.

Figure 6. (a) Optical absorbance spectra of NTP-400 and xSNTP photocatalyst and plot of (αhν)2 vs hν (eV) of NTP- 400 (b) and 4SNTP- 400(c).
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to the stretching vibration mode of adsorbed water, and
another peak at 1630 cm−1 is attributed to the bending
vibration of surface hydroxyl groups.37 In both figures, the
characteristics peak at around 1385 cm−1 suggests the existence
of hyponitrite groups, and the peaks around 1220, 1130, 1054,
and at 985 cm−1 are the characteristic peaks of the bidentate
C2v SO4

2− coordinate to Ti4+.9,25,37 It has been clearly noticed
from Figure S3 of the Supporting Information that sulfate
species are well preserved up to 600 °C; however, at higher
temperature (700 °C), no noticeable peak was found for the
sulfate group, which has been consistent to the observed XRD
results.
X-ray Photoelectron Spectroscopy (XPS). Figure 5

represent the XPS spectra for NTP-400 and 4SNTP-400
photocatalysts, including N 1s, S 2p, Ti 2p, and O 1s core
levels.
As shown in Figure 5(a), the peak for N 1s is centered at

about 400 eV. The three deconvoluted spectra for 4SNTP-400
were observed at about 398.8, 400.1, and 401.0 eV. The peak
appearing at the lower energy level, i.e., at 398.8 eV, is
attributed to the O−Ti−N linkage, which signifies substitution
of anionic N− in TiO2.

36 It has been well reported that
substitutional doping is more effective because it reduces the
band gap by 0.13 eV and forms a localized state just above the
valence band that promotes effective visible light absorption.
The peaks observed at 400.1 and 401 eV might be because of a
Ti−N−O environment or some surface oxidation state that also
plays an important role in photocatalytic activity.9,36 The atom
percentage of N has been calculated from XPS and found to be
0.86.
Figure 5(b) depicts the S 2p core level peak appearing at

about 168 eV. This peak is attributed to incorporation of SO4
2−

to the TiO2 network and exists as S6+.43 As the sulfate group
cannot enter into the TiO2 lattice, it is chemisorbed into the
system and forms a bidentate linkage with Ti4+ ions. This is also
consistent with the FTIR results. The calculated atom % for S is
36.52.
Figure 5(c) reveals XPS spectrum for the Ti 2p region. For

4SNTP-400, it appeared around 458.54 eV (Ti 2p3/2) and at
463.3 eV (Ti 2p1/2), while for NTP-400, it appeared at around
458.50 eV (Ti 2p3/2). There is a difference of 0.04 eV in the
binding energy value of Ti 2p3/2 between the NTP-400 and
4SNTP-400 samples. The upward shifting of 0.04 eV in the
case of 4SNTP-400 might be due to the strong interaction
between the bridging bidentate structures of sulfate, which
withdraws electron from the Ti.44

Figure 5(d) depicts the O 1s spectrum. The peak appeared
atabout 530 eV both for NTP-400 and 4SNTP-400. The
deconvolution of the peak for 4SNTP-400 affords two peaks in
the region at about 529.9 and at 531.5 eV. The peak at around
529.9 eV corresponds to oxygen in TiO2, and the peak
observed at 531.5 eV is due to the surface hydroxyl group.45,46

From this observation, it may be concluded that nitrogen exists
in two forms: one is substitutional and the other is interstitial
doping. However, sulfate is bidentically coordinated to the
TiO2 matrix.
Diffuse Reflectance UV (DRUV)−Vis Spectroscopy.

Figure 6 depicts the optical absorption spectra of the as-
prepared SNTP and the parent NTP-400 photocatalyst. As
shown in Figure 6(a), significant red shift in the absorption
edge was noticed for S,N-modified TiO2 in comparison to
NTP-400. The observed band gap narrowing for the SNTP
photocatalyst is directly proportional to the sulfate concen-

tration. For a crystalline semiconductor material, the optical
band gap is determined by using eq 2,47 and the band gaps of
all these samples are listed in Table 1.

α ν ν= −A h Eh ( )n
g (2)

By adopting the equation, the calculated n value is 1/2, and the
optical absorption is directly allowed in all these photocatalysts.
As shown in Figure 6(b), the estimated direct band gap
observed for NTP-400 is 2.84 eV; however, after sulfate
loading, the direct band gap energies of the photocatalyst lies
between 2.55 and 2.58 eV (shown in Figure 6(c) and Figure S4,
Supporting Information). As shown in Figure 6(c), a noticeable
absorption shift with a band gap of 2.56 eV has been noticed for
4SNTP-400. However, an increase in blue shift of the
absorbance with respect to the increase in the calcination
temperatures for 4SNTP (i.e., from 400 to 700 °C) has been
observed in Figure S4 of the Supporting Information. The
remarkable red shifting of the SNTP photocatalyst toward
visible light absorbance is attributed to the coexistence of the N
and S species. The N atom substitutes for O in the TiO2 crystal,
and the mixing of N 2p states with O 2p states creates a
localized state just above the valence band and subsequently
narrows the energy gap.9,25,36 Furthermore, it has been well
explained that in anionic and cationic S-doped TiO2, the red
shifting of the absorption band is due to the intermixing of S 3p
and O 2p states.19,48 However, a recent study reveals a
narrowing of the band gap is not actually through the anion-
modified TiO2, and the observed visible light absorption results
from the isolated impurity states located between the valence
and conduction band.49 It is also confirmed that substitutional
N doping creates an energy state 0.14 eV above the valence
band where interstitial N doping lies higher in the gap at 0.73
eV.9,25,49 Again, the cationic S doping creates an additional S 3p
level 0.38 eV above of the valence band of TiO2.

50 The
synergistic incorporation of N and S in our system creates
localized states just above the valence band of TiO2 and
narrows the energy gap. The increase in blue shift of the
absorbance band with respect to an increase in calcination
temperatures suggests losses of S and N from the SNTP
photocatalyast.9 The red end absorption ability of SNTP has
enormous importance because of further applications in direct
sunlight.

NH3 TPD. To know the acidic properties of the photo-
catalyst, NTP-400, 4SNTP-400, and 6SNTP-400 are subjected
to NH3 TPD analysis. The total acidity observed for NTP-400
is 0.68 mmol/g, and it is found to be lower in comparison to
those of 4SNTP (2.98 mmol/g) and 6SNTP (3.9 mmol/g).
From the observed result, increasing wt % of the sulfate on
NTP enhances the total acidity in the catalyst, which suggests
that sulfate could contribute to the total acidity of the catalyst.

Photocatalytic Activity. Photocatalytic Hydrogen Pro-
duction. To evaluate the photocatalytic activities of all these
photocatalysts (NTP-400 and xSNTP-400), photocatalytic
hydrogen evolution has been carried out under visible light
irradiation (λ ≥ 400 nm). The reaction was performed by
taking 0.05 g of catalyst in 50 mL of 10 vol % methanol
solution. Before the photocatalytic reaction process, a blank
experiment was carried out without the catalyst as well as with
the catalyst in the absence of light. Both experiments confirmed
no hydrogen evolution. The H2 evolution for the NTP and
xSNTP photocatalyst is shown in Figure 7. All these
photocatalysts are active toward H2 evolution under visible
light irradiation. Among them, 4SNTP-400 shows the highest
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photocatalytic activity (762.52 μmol/3h) in comparison to
others as-prepared photocatalysts (xSNTP and NTP-400). It
has been confirmed from the experiment that small amounts of
sulfate incorporation (up to 4 wt %) steadily enhances the
photocatalytic activity. However, further sulfate incorporation
hinders the photocatalytic reaction. The recyclability test has
been performed for the best result observed photocatalyst (i.e.,
4SNTP-400). It has been carried out by purging N2 gas every 3
h of the reaction and repeated for three cycles. Almost the same
activity has been observed in three successive runs as shown in
Figure 8.

In the present study, the enhanced photocatalytic activity of
4SNTP-400 can be attributed to several factors discussed as
follows. It is well known that heterogeneous photocatalysis is a
surface-based phenomenon; thus, larger specific surface area
can provide more adsorption sites and photocatalytic reaction
centers.51 In the present case, in comparison to pure NTP-400,
various wt % sulfate-loaded NTP shows enhanced specific
surface area. However, a high surface area with pronounced
mesoporosity (observed from pore size distribution curve) has
been noticed for 4SNTP-400. It does not only introduce more
reactant sites for adsorption, but also, the presence of interior
macroporous channels with interconnected mesoporous frames
has the basic potential role to suppress the electron−hole
recombination. The presence of hierarchical macroporous
morphology makes the material an artificial leaf. The

morphology of an artificial leaf effectively mimics the
photosynthesis of a natural leaf.52 When the light enters
through the macroporous frame, it becomes highly scattered
and increases the light absorption and the optical path length.
Concurrently, the light escaping from the macroporous frame is
also reflected by other porous networks. The cyclic scattering
and reflection enhances the light-harvesting ability.53In addition
to the light-harvesting ability, the interconnected TiO2
nanoparticle arrangement in the mesoporous wall may permit
transportation of the highly photogenerated electron through
the macroporous network. The effective light-harvesting ability
as well as the inhibition of the electron−hole recombination
play vital roles toward higher photocatalytic activity. As the
4SNTP-400 photocatalyst has the highest specific surface and
pronounced mesoporosity, it might be the cause for the higher
photocatalytic activity.
Another most crucial factor for enhanced photocatalytic

activity is the incorporation of sulfate to the TiO2 network,
which extensively suppresses the anatase to rutile phase
transformation as well as hinders the crystal growth during
calcination. In the photocatalytic reaction process, coupling of
the smaller crystallite size and high crystallinity anatase phase
enhances the easy diffusion of photogenerated charge carriers
toward the surface and rapidly reacts with the adsorbed
reactant, which can contribute to improved photocatalytic
activity. Moreover, the presence of surface acid sites may trap
the photogenerated electrons. This phenomenon effectively
separates the photogenerated charge carriers and prevents the
recombination process, which leads to enhancing the water
reduction reaction.54 In our present study, 6SNT-400 contains
100% anatase phase and has a small crystallite size as well as the
same specific surface area in comparison to 4SNTP-400, which
has irregular pore size distribution and a large amount of sulfate
content (i.e., 3.9 mmol/g); this might be responsible for
hindering photocatalytic activity. The present result also
confirms that at higher calcination temperature (500 °C),
existence of sulfate species may also promote better visible light
photocatalysis. However, destruction of mesoporosity due to
loss of sulfate species may retard photocatalytic activity.
Considering the observed findings, a possible visible light

mechanism over the 4SNTP-400 photocatalyst has been
proposed and is shown in Scheme 1. Incorporation of N into
the crystal lattice of TiO2 successfully reduced the band gap by

Figure 7. Time course of H2 evolution over NTP-400 and SNTP
photocatalysts.

Figure 8. Reusability study over 4SNTP-400 for H2 evolution under
visible light irradiation.

Scheme 1. Mechanism of Photocatalytic Hydrogen
Production over 4SNTP-400 Photocatalyst
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forming a localized N 2p state just above the valence band of O
2p and helps to shift the optical absorbance toward the visible
region. Incorporation of N into the crystal lattice of TiO2 (as
N−Ti−O) makes a partial conversion of Ti4+ to Ti3+ and
effectively contributes to visible light absorption. Moreover, the
sulfate bidentically is attached to the TiO2 and exists as Ti−O−
S. The adsorbed sulfate species enhances surface acidity and
creates Bronsted and Lewis acid sites on the TiO2 surface as
well as accepts electrons and behaves as a co-catalyst.9,25,55 The
surface adsorbed co-catalyst after the light excitation acts as an
antenna and collects photogenerated charge carriers from the
Fermi level, which effectively enhances photocatalytic activity.25

Here, sulfate exists as Ti−O−S in the form of S6+ and acts as
the center to capture photo-induced electrons. The surface-
adsorbed S6+ cation trapped photoexcited electrons from the
conduction band and easily reduces the system from S6+ to
S4+.56 The transferred electrons facilitate the water reduction
process for the formation of H2 gas on its surface. Scheme 1
illustrates the mechanism of light absorption, easy channeliza-
tion and separation of photogenerated charge carriers through
the meso−macroporous frame and the presence of favorable
surface structures enhance the photocatalytic activity toward H2
evolution. So overall, synergetic combination of small crystallite
size, crystalline anatase phase, high specific surface area, narrow
pore size distribution, meso−macroporous frame, enhanced
light harvesting ability, and easy channelization of photo-
generated charge carriers makes the system more potential
towards visible light water-splitting.
Photoluminescence (PL). To further confirm the above

mechanism, photoluminescence spectra have determined and
are shown in Figure 9. The PL spectra show major peaks at

around 380, 420, 440, 460, 484, and at 531 nm. The observed
peak at around 380 nm is ascribed to band to band transition.57

The peak at around 420 nm is due to self-trapped excitation
delocalized on TiO6 octahedra, whereas the peak at 440 nm is
due to band edge free excitons.9,58 The peaks at around 460,
484, and at 531 nm are due to oxygen vacancies.9,57 In
comparison to the xSNTP photocatalyst, a strong intense
emission peak possessed by NTP-400 indicates rapid
recombination of photogenerated charge carriers. However,
after sulfate loading, lower intense peaks suggest less
recombination of photogenerated charge carriers. The presence
of sulfate ions on the surface of the TiO2 sample favors
migration of photo-induced electrons, thus improving the

electron−hole separation phenomenon and exhibiting higher
photocatalytic activity.

■ CONCLUSIONS
A sulfate-anchored N-doped meso−macroporous TiO2 photo-
catalyst has been fabricated by using a precipitation and
deposition method. The as-prepared photocatalysts are
meticulously characterized by various structural, textural, and
microscopic methods. In our system, the substitutional and
interstitial N incorporation as well as cationic S incorporation
have played pivotal roles toward visible light absorption.
Moreover, the existence of a meso−macroporous frame
enhances the light-harvesting ability as well as channelizing
the photogenerated charge carriers and effectively suppressing
the electron−hole recombination. The excellent activity has
been well supported by low PL intensity, hierarchical meso-
macroporosity, smaller crystallite size, and a high crystallinity
anatase phase. This study supports that S,N-modified meso−
macroporous titania is a promising visible light-active photo-
catalyst that may have potential for effective utilization of solar
light.
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