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Highly crystalline anatase titanium dioxide (TiO2) nanocuboids were synthesized via a hydrothermal method

using ethylenediamine tetraacetic acid as a capping agent. The structural study revealed the nanocrystalline

nature of anatase TiO2 nanocuboids. Morphological study indicates the formation of cuboid shaped

particles with thickness of �5 nm and size in the range of 10–40 nm. The UV-visible absorbance spectra

of TiO2 nanocuboids showed a broad absorption with a tail in the visible-light region which is attributed

to the incorporation of nitrogen atoms into the interstitial positions of the TiO2 lattice as well as the

formation of carbonaceous and carbonate species on the surface of TiO2 nanocuboids. The specific

surface areas of prepared TiO2 nanocuboids were found to be in the range of 85.7–122.9 m2 g�1. The

formation mechanism of the TiO2 nanocuboids has also been investigated. Furthermore, the

photocatalytic activities of the as-prepared TiO2 nanocuboids were evaluated for H2 generation via water

splitting under UV-vis light irradiation and compared with the commercial anatase TiO2. TiO2

nanocuboids obtained at 200 �C after 48 h exhibited higher photocatalytic activity (3866.44 mmol h�1

g�1) than that of commercial anatase TiO2 (831.30 mmol h�1 g�1). The enhanced photoactivity of TiO2

nanocuboids may be due to the high specific surface area, good crystallinity, extended light absorption

in the visible region and efficient charge separation.
1. Introduction

Titanium dioxide (TiO2) has attracted tremendous attention in
the last few decades due to its potential applications in the eld
of photocatalysis for solar fuel production and environmental
remediation.1,2 Photocatalytic hydrogen production over semi-
conductors is an effective and attractive method for the
conversion of solar energy to clean and renewable hydrogen
fuel.3–6 Since the rst report by Fujishima and Honda in 1972 on
the photo-assisted decomposition of water into hydrogen and
oxygen using a TiO2 photoanode in the electrochemical cell,7,8

extensive research has been carried out to investigate various
semiconductor oxides as well as sulphides as photocatalysts for
energy and environment related applications.9,10 Among the
reported semiconductor photocatalysts, viz. ZnO, TiO2, SnO2,
Nb2O5, CdS and ZnS, TiO2 is more superior and a benchmark
photocatalyst owing to its chemical inertness, appropriate band
edge positions, high photostability, low cost and
nontoxicity.1,10–13

TiO2 mainly exists in the three different crystalline forms;
anatase, rutile and brookite. During the past years, many
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the Royal Society of Chemistry
investigations have conrmed anatase TiO2 is generally photo-
catalytically more active than rutile TiO2 because its larger band
gap (3.2 eV) compared to that of rutile (3.0 eV) corresponds to
a stronger redox ability.14 In the crystal structure of anatase, the
primary TiO6 octahedron building units are signicantly dis-
torted and interconnected via corner and edge sharing to form
zigzag chains with a screw axis. Compared with the other two
phases, such a structure offers a relatively loose atomic stacking
and less density that may be correlated with its greater
absorption capability and more abundant active sites (oxygen
vacancies).15 However, the wide band gap of the anatase TiO2

and the high recombination rate of photogenerated charge
carriers have severely restricted the efficiency of TiO2.16

Currently, several strategies such as metallic or nonmetallic ion
doping13,16–19 noble metal deposition20–22 and coupling with
other semiconductors23–25 are developed to extend its photo-
response to visible light or to improve the charge separation.
Besides these methods, morphological modication is another
adopted method.26,27 Du et al. reported that photocatalytic
performance also depends on the exposed facets of TiO2.28,29

The photoactivity of TiO2 is found to be greatly inuenced by
a variety of factors including crystalline phase, specic surface
area, crystallinity, photon absorption properties and so on.1,30

Anatase TiO2 with higher crystallinity is preferred for photo-
catalysis, since higher crystallinity would mean fewer defects for
the recombination of photogenerated electrons and holes.31
RSC Adv., 2021, 11, 7587–7599 | 7587
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Generally, semiconductor based photocatalysis proceeds
through following three steps: (1) absorption of light; (2) sepa-
ration and transport of charge carriers; and (3) redox reactions
on the surface of the semiconductor.32 Since the photocatalytic
reactions mainly take place on the surface of photocatalysts, the
large surface area is generally favorable to enhance the photo-
catalytic activity during photocatalysis. Therefore it is crucial to
control the particle size as well as morphology of the photo-
catalyst in order to increase its applicability.1,33,34 Over the past
decades, a variety of controlled synthesis methods such as sol–
gel,35,36 hydrothermal,37,38 microwave-assisted39 and chemical
vapour deposition40 have been attempted to synthesize TiO2

nanostructures with varied morphologies. When compared to
the other methods, the hydrothermal method not only enables
obtaining materials with a large surface area and high crystal-
linity but also exibly adjust the parameters to control the
particle size and morphology of products.41

So far, numerous morphologies of TiO2 nanostructures viz.,
nanowires,42 nanotubes43 nanobelts,44 nanorods,45,46 nano-
sheets,47 nanoowers,48,49 hierarchical microspheres50 have
been effectively synthesized by hydrothermal technique. More-
over, many researchers have exploited the synthesized TiO2

nanostructures for the photocatalytic hydrogen generation. For
example, Yu et al.51 have synthesized anatase TiO2 nanosheets
by a simple hydrothermal treatment of the mixed solution of
tetrabutyl titanate and hydrouoric acid which exhibited much
higher photocatalytic H2 production activity than Degussa P25
TiO2. Flower-like anatase TiO2 nanosheets fabricated by Jitputti
et al.52 using hydrothermal process on amorphous TiO2 spheres
obtained by controlled hydrolysis of titanium isopropoxide in
ethanol also showed high photocatalytic activity for H2 evolu-
tion than that of commercial anatase TiO2 powder aer heat
treatment. Furthermore, Cheng and co-workers53 also reported
that twinned anatase TiO2 nanocrystals synthesized by a facile
hydrothermal method from hydrolysis of titanium glycolate
powder precursor exhibited signicantly larger photocatalytic
activity towards H2 production than that of commercial TiO2

(P25 Degussa). However, many studies have been focused on
improving the photocatalytic activity by fabricating TiO2 with
large specic surface area, high crystallinity, enhanced light
absorption and so on.

In this regard, herein, we demonstrate a facile synthesis
method to prepare highly crystalline 3D TiO2 nanocuboids
having high specic surface area. A titanium precursor was
prepared from commercial anatase TiO2 powder and employed
to synthesize TiO2 nanocuboids via a one-pot hydrothermal
reaction using EDTA as the capping agent. The hydrothermal
reactions were carried out at different time and temperature
conditions. The photocatalytic activities of the as prepared TiO2

nanocuboids were investigated for H2 generation via water
splitting and also compared with the commercial anatase TiO2.

2. Experimental section
2.1. Materials

Commercial titanium dioxide (TiO2) powder (99.8%, anatase)
was purchased from Sigma-Aldrich. Hydrouoric acid (HF,
7588 | RSC Adv., 2021, 11, 7587–7599
40 wt%) was obtained from S. D. Fine Chemicals Ltd, hydrogen
peroxide (H2O2, 30 wt%), ammonia (NH3, about 25%) and eth-
ylenediamine tetraacetic acid (EDTA) were all purchased from
Fisher Scientic. All the chemicals were used as received
without further purication.

2.2. Synthesis of titanium dioxide nanocuboids (TiO2 NCs)

Commercial TiO2 powder was employed as the starting mate-
rial. In a typical synthesis, rstly, 25.0 mmol of TiO2 powder was
dissolved in 25 mL of hydrouoric acid by heating the mixture
in Teon lined autoclave at 150 �C for 3 h. Aer cooling the
autoclave at room temperature, the reaction mass was again re-
precipitated by adding 50 mL of ammonia. The obtained white
precipitate was then washed thoroughly with deionized (DI)
water to remove excess NH4

+ and F� ions. Furthermore, this
precipitate was again dissolved in a 60 mL solution containing
50 mL hydrogen peroxide and 10 mL ammonia (5 : 1 by volume)
under continuous stirring to get a precursor. To the precursor
solution, 12.5 mmol of ethylenediamine tetraacetic acid (EDTA)
was added and this mixture was heated at 60 �C for 1 h to
promote the decomposition of H2O2 and then was transferred
into a Teon-lined stainless steel autoclave. The autoclave was
sealed, heated at 200 �C for 24 h and then cooled to room
temperature naturally. The resultant precipitate was collected
by centrifugation, washed several times with DI water followed
by ethanol and dried in an oven at 60 �C overnight. The same
procedure was followed to prepare TiO2 nanocuboids at
different reaction time and temperature conditions i.e. 48 h,
150 �C; 48 h, 180 �C and 48 h, 200 �C. The obtained TiO2

nanocuboids were named as TiO2–NCs 24 h, 200 �C; TiO2–NCs
48 h, 150 �C; TiO2–NCs 48 h, 180 �C and TiO2–NCs 48 h, 200 �C.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were obtained by using
a Bruker D8 Advance X-ray powder diffractometer with Cu-Ka
radiation in the 2q range of 20�–80�. The surface morphology of
the samples was characterized by eld-emission scanning
electron microscopy (FESEM, HITACHI S-4800). TEM micro-
graphs were recorded on a eld-emission transmission electron
microscopy (FETEM, JEOL JEM-2200FS) at an operating voltage
of 200 kV. High-resolution TEM (HRTEM) and selected area
electron diffraction (SAED) were also recorded on JEOL JEM-
2200FS. X-ray photoelectron spectroscopy (XPS) measurement
was performed on a Thermo Scientic ESCALAB 250Xi X-ray
spectrometer using an Al Ka radiation at 1486.6 eV. Fourier
transform infrared (FTIR) spectroscopy measurements were
carried out with a Jasco FTIR-6100 spectrometer over a range of
400–4000 cm�1. UV-vis diffuse reectance spectra were recorded
at room temperature in the range 200–800 nm using Shimadzu
UV-Vis-NIR spectrophotometer (Model UV-3600). The Bru-
nauer–Emmett–Teller (BET) specic surface areas of the
samples were calculated from the N2 adsorption isotherms at
liquid N2 temperature using Quantachrome NOVA touch LX1

instrument. The samples were degassed in vacuum at 150 �C for
2 h prior to BET analysis. Photoluminescence (PL) spectra were
detected with a Shimadzu RF-5301pc spectrourophotometer.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The photoconductivity experiments were carried out under
solar simulator (Photo Emission Technology, Model: #SS50AAA)
integrated with Keithley 4200SCS system.

2.4. Photocatalytic hydrogen generation test

The photocatalytic hydrogen evolution experiments were
carried out in a closed reactor system under UV-vis light irra-
diation using 400 W mercury vapor lamp. The reactor used in
the photocatalytic process was a 100 mL cylindrical quartz
vessel. The system was well sealed with septum arrangement to
remove the evolved gas through gas-tight syringe for quanti-
fying the amount of gases evolved. In a typical photocatalytic
experiment, 20mg of TiO2 catalyst powder having 1 wt%preloaded
platinum as a co-catalyst was suspended in 30 mL solution con-
taining 25 mL deionized water and 5 mL methanol. Before irra-
diation, the nitrogen gas was bubbled through the reaction
mixture in order to remove the dissolved gases. Magnetic stirring
of the solution was maintained throughout the experiment in
order to keep the photocatalyst particles in suspension status. A
0.5 mL of evolved gas was sampled intermittently through the
septum, and hydrogen was analyzed using a gas chromatograph
(Shimadzu: Model GC 2014) equipped with 5 �A molecular sieves
column. The amount of hydrogen produced was calculated
according to the tted standard curve. Cyclic stability of the most
active sample was tested by repeating the photocatalytic reaction
three times under identical conditions.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows the X-ray diffraction patterns of commercial TiO2

and TiO2 NCs prepared under different reaction time and
temperature conditions. As shown in gure, XRD pattern of
commercial TiO2 shows characteristic diffraction peaks located
at 2q ¼ 25.3�, 37.8�, 48.0�, 53.9�, 55.0�, 62.7�, 68.7�, 70.3�, and
75.0� corresponding to the (101), (004), (200), (105), (211), (204),
(116), (220) and (215) planes of tetragonal anatase TiO2 (JCPDS
card no. 21–1272), respectively. TiO2 NCs prepared at different
reaction conditions also show similar diffraction patterns with
a slight change in the peak position of the (101) plane.
Fig. 1 XRD patterns of commercial TiO2 and TiO2 nanocuboids
prepared under different reaction time and temperature conditions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The relatively broad XRD peaks of the as prepared TiO2 NCs
as compared to the commercial TiO2 sample reveals that the
TiO2 NCs obtained at different reaction conditions have
a smaller size. It can be seen that the intensity of the (101)
diffraction peak of as prepared TiO2 NCs increases slightly with
increasing hydrothermal reaction time and temperature.

Fig. 2 illustrates magnied (101) peak of commercial TiO2

and as prepared TiO2 NCs. As can be seen, a slight shi in the
peak position of the (101) plane to lower 2q value is noticed with
all of the as prepared TiO2 NCs compared to commercial TiO2

sample. The shi in the 2q value infers that stress has occurred
due to doping of other atoms into the lattice of as prepared TiO2

NCs and it is discussed in the XPS analysis section.54

The average crystallite sizes of the commercial TiO2 and as
prepared TiO2 NCs were estimated by the Scherrer's formula.
The average crystallite size of commercial TiO2 was found to be
17.3 nm, whereas for TiO2 NCs prepared under different time
and temperature conditions i.e. 24 h, 200 �C; 48 h, 150 �C; 48 h,
180 �C and 48 h, 200 �C, the average crystallite sizes were found
to be 10.2, 10.3, 11.2 and 11.6 nm, respectively. The relative
crystallinity of the as prepared TiO2 NCs was also quantitatively
evaluated via the relative intensity of (101) diffraction peak of
TiO2 NCs prepared at 200 �C for 24 h. The relative crystallinity of
the TiO2 samples is listed in Table 1. It was observed that the
average crystallite size and relative crystallinity of as prepared
TiO2 NCs increases with increasing reaction time and
temperature.
3.2. Morphological analysis

Fig. 3 displays the FESEM images of commercial TiO2 and as
prepared TiO2 NCs. The commercial TiO2 powder exhibits
irregularly-shaped particles with a size in the range of 50–
200 nm (Fig. 3a). However, aer hydrothermal treatment under
different time and temperature conditions and with EDTA
capping, commercial TiO2 shows a signicant morphological
transition from irregular large particles to very small sized
particles. Since the particle size of as prepared TiO2 nano-
structures is too small, its morphology and size cannot be
Fig. 2 Magnified XRD patterns of (101) plane of commercial TiO2 and
TiO2 nanocuboids prepared under different reaction time and
temperature conditions.

RSC Adv., 2021, 11, 7587–7599 | 7589
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Table 1 Relative crystallinity, band gap, specific surface area and H2 generation in mmol h�1 g�1 of commercial TiO2 and as prepared TiO2

nanocuboids

Sample Relative crystallinitya
Band gap
(eV)

Specic surface
area (m2 g�1) H2 generation (mmol h�1 g�1)

Commercial TiO2 — 3.27 29.3 831.30
TiO2–NCs 24 h, 200 �C 1 3.24 122.9 1706.40
TiO2–NCs 48 h, 150 �C 1.02 3.20 111.6 1924.31
TiO2–NCs 48 h, 180 �C 1.17 3.16 103.2 2954.78
TiO2–NCs 48 h, 200 �C 1.28 3.12 85.7 3866.44

a Relative crystallinity is calculated using the ratio of intensity of diffraction peak from the (101) plane of anatase TiO2 NCs prepared under different
reaction conditions to the intensity of the (101) peak of TiO2 NCs prepared for 24 h at 200 �C.

Fig. 3 FE-SEM images of (a) commercial TiO2 and TiO2 nanocuboids
prepared under different reaction time and temperature conditions: (b)
24 h, 200 �C; (c) 48 h, 150 �C; (d and e) 48 h, 180 �C and (f and g) 48 h,
200 �C.

Fig. 4 FE-TEM images, HRTEM images and corresponding SAED
patterns of commercial TiO2 and as prepared TiO2 nanocuboids: (a–c)
commercial TiO2, (d–f) TiO2 nanocuboids prepared for 48 h at 150 �C;
(g–i) TiO nanocuboids prepared for 48 h at 200 �C.
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clearly determined from Fig. 3b–d and f. However, slightly high-
magnication FESEM images (Fig. 3e and g) distinctly shows
that the TiO2 nanostructures are composed of cuboid-like
particles having a thickness of �5 nm (as marked in the
Fig. 3e and g) and size in the range of 10–20 nm. Further, the
FETEM was used to conrm the morphology and size of nano-
particles as well as to examine the crystal structure of the TiO2

nanoparticles.
7590 | RSC Adv., 2021, 11, 7587–7599
Fig. 4 shows the FETEM images, high resolution TEM
(HRTEM) images and the corresponding selected area electron
diffraction (SAED) patterns of the commercial TiO2 and as
prepared TiO2 NCs. FETEM image (Fig. 4a) conrms the irreg-
ular shaped morphology of commercial TiO2. The size of the
particles is in the range of 50 to 200 nm as observed by FESEM
analysis. The HRTEM image indicate an equal lattice spacing of
0.35 nm corresponding to the (101) and (�101) planes of
anatase TiO2. The selected area electron diffraction (SAED)
pattern (Fig. 4c) shows single crystalline nature of commercial
TiO2 along with (101) and (�101) planes.

Fig. 4d and g shows the FETEM images of TiO2 NCs prepared
for 48 h at 150 and 200 �C respectively. FETEM images clearly
show that the as prepared TiO2 nanostructures are composed of
cuboid shaped particles. However, as seen from Fig. 4d and g,
the increase of the reaction temperature from 150 to 200 �C,
leads to increase in the particle size range from 10–20 nm to 10–
40 nm. Fig. 4e and h shows the HRTEM images of TiO2 NCs
2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prepared for 48 h at 150 and 200 �C respectively. As shown in the
inset of Fig. 4h, a magnied view of the selected region of single
cuboid TiO2 nanocrystal displays visible lattice fringes with
d spacings of 0.35 nm, which can be indexed to (101) plane of
anatase TiO2. A similar d spacing of 0.35 nm observed at an
angle of 136.6� to (101) plane can be indexed to (�101) plane.55

According to the crystallographic knowledge and imaging
theory of TEM, the exposed facet (010) of TiO2 is perpendicular
to these two crystal facets so that TiO2 nanocrystal is faced with
{010} crystal facet, with {001} and {100} facets forming the
lateral sides. Also as shown in the inset of Fig. 4h, the edge to
the {010} facet is marked with d spacing of 0.24 nm that can be
indexed to (004) planes of exposed {001} facet. This indicates
that anatase TiO2 nanocrystals are exposed with high energy
{010}, {100} and {001} facets.56,57

The corresponding SAED patterns of the as prepared TiO2

NCs exhibit a polycrystalline nature. The distinct diffraction
rings of the SAED patterns conrm the presence of well-
crystallized anatase as shown in Fig. 4f and i. The diffraction
ring spots can be indexed as (101), (004), (200) and (204) crystal
planes of anatase TiO2 which is in accordance with the XRD
results (Fig. 1).
Fig. 5 XPS spectra of TiO2 nanocuboids prepared at 200 �C for 48 h
(a) the wide scan (b) C 1s, (c) N 1s, (d) Ti 2p, (e) O 1s and (f) F 1s.
3.3. XPS analysis

The X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to study the surface chemical composition of TiO2 NCs
prepared at 200 �C for 48 h and the results are presented in
Fig. 5. The wide scan survey spectrum (Fig. 5a) showed that the
TiO2 NCs contain C, N, Ti, O and F elements, with photoelectron
peaks appearing at binding energies of 285.82 (C 1s), 400.09 (N
1s), 458.92 (Ti 2p), 530.15 (O 1s) and 683.88 eV (F 1s)
respectively.

The high-resolution C 1s spectrum (Fig. 5b) indicated one
broad peak, which can be well tted to three peaks, located at
284.58, 285.95 and 287.90 eV. The strongest peak at the binding
energy of 284.58 eV corresponds to graphitic or sp2 carbon
atoms (sp2 C]C)58,59 and is thought to signal the presence of
elemental carbon including the coke-like carbonaceous species
at the surface of titania nanoparticles as well as adventitious
carbon.60,61 Whereas the peak at 285.95 eV can be assigned to
sp2 carbon–nitrogen bondings (N–sp2 C).58,62 The nitrogen
atoms in the C–N bonds might be from the precursor or from
capping agent EDTA. Further, the small peak at 287.90 eV is
attributed to C]O bond63,64 Several studies have attributed the
C dopants to carbonate species present on the TiO2 surface in
the form of Ti–O]C linkages.65 However, the absence of a peak
around 281–282 eV intrinsically resulting from a Ti–C bonding
(O–Ti–C linkage) indicates that carbon does not substitute the
oxygen atoms in the lattice of TiO2 (substitutional C-doping).66

Also, no peak at around 288.6 eV suggests that there is no
possibility of carbon replacing titanium atom in the lattice of
TiO2 to form a Ti–O–C structure (interstitial C-doping).67,68

Thus, all C is adsorbed onto the surface but do not entered into
the lattice of TiO2.

Fig. 5c shows a high-resolution N 1s spectrum. Aer
deconvolution, a single broad peak was observed at 400.21 eV
© 2021 The Author(s). Published by the Royal Society of Chemistry
which can be assigned to pyrrolic nitrogen.69,70 In general N 1s
peak around 400 eV is typically assigned to the interstitial
nitrogen dopant while the peak around 396 eV is associated to
the substitutional nitrogen dopant. The N 1s peak at 400.21 eV
arises due to the nitrogen species bonded to oxygen sites (N–O–
Ti linkage); i.e. an interstitial N-doping mode formed by N-
atoms bonded to one or more lattice oxygen atoms. The
absence of peak around 396–397 eV due to Ti–N bonding (O–Ti–
N linkage) exclude the possibility of substitutional N-doping for
oxygen atoms in the TiO2 lattice.71,72 These results indicate
that N is only interstitially incorporated into the lattice of TiO2.
The origin of this N doping was either from the used NH3 or
EDTA during the synthesis of TiO2 nanocuboids.

Fig. 5d shows the XPS spectrum of Ti 2p doublet peaks. The
binding energies of Ti 2p3/2 and Ti 2p1/2 are located at approx-
imately 458.45 eV and 464.16 eV, respectively. The splitting
between the Ti 2p1/2 and Ti 2p3/2 core levels is 5.71 eV, indi-
cating a normal state of Ti4+ in the TiO2.66,73

As shown in Fig. 5e, the high-resolution O 1s spectrum is
composed of two peaks. The major peak located at 529.68 eV is
ascribed to lattice oxygen (Ti–O–Ti),74,75 whereas the small peak
centered at 530.59 eV is due to the contributions from C]O or
O]C–OH.76

Fig. 5f shows the high-resolution XPS spectrum of the F 1s
region. A single peak observed around 684 eV is due to the
surface uoride (^Ti–F) formed by ligand exchange reaction
RSC Adv., 2021, 11, 7587–7599 | 7591
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Fig. 6 (a) UV-visible diffuse reflectance spectra and (b) Tauc plots of
commercial TiO2 and as prepared TiO2 nanocuboids.
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between F� and the surface hydroxyl group on the surface of
TiO2.77,78 TiO2 sample exhibited this peak, despite being washed
the titanic acid precipitate several times with distilled water (and
additionally with ethanol), indicating that the F� ions (from HF)
are bound to the surface. The peak around 688.5 eV is not observed
indicating the absence of F� ions in the lattice of TiO2.77,79 This
indicates that F is only adsorbed on the surface of TiO2.

The overall XPS results indicate that the C and F are adsor-
bed on the surface of TiO2 whereas N is doped at the interstitial
sites of TiO2 lattice.

The shi of the (101) XRD peak toward lower 2q value may be
due to the presence of Ti–O–N–O linkages formed by interstitial
doping of nitrogen in the lattice of TiO2. The presence of
oxidized nitrogen is due to the nitrogen substitution for tita-
nium in TiO2 lattice.80 Hsu et al. reported that N chemical states
of the positively charged nitrogen species (N2+ or N3+) corre-
spond to Ti–O–N–O linkage. Interstitial doping affects the
lattice structure of N-doped TiO2.81

3.4. FTIR analysis

Fourier transform infrared (FTIR) spectra of commercial TiO2

and TiO2 NCs prepared at 200 �C for 48 h are shown in Fig. S1
(ESI†). The bands located from 400–1000 cm�1 are attributed to
Ti–O stretching and Ti–O–Ti bridging stretching modes. A broad
band observed in between 3000–3600 cm�1 is due to the O–H
stretchingmode of hydroxyl group. The band at 1659 cm�1 for TiO2

Ncs prepared at 200 �C for 48 h can be attributed to the O]C–O–Ti
bond of the carbonate structure, further conrming that doped
carbon substituted surface Ti atoms to form a carbonate structure,
while the band at 1645 cm�1 for commercial TiO2 is due to the O–H
bending vibrations of the adsorbed water molecules.82,83

The band at 1535 cm�1 is assigned to the N–H in-plane
bending vibration and C–N stretching vibration and the band
at 1179 cm�1 is due to C–N stretching.84 No such nitrogen
related bands are observed for commercial TiO2, suggesting
that the N species have been incorporated into the lattice of
TiO2 nanocuboids.

3.5. UV-visible-DRS spectra

The UV-vis diffuse reectance spectra of commercial TiO2 and
as prepared TiO2 NCs are shown in Fig. 6a. The commercial
TiO2 shows the typical optical absorption in the UV part of the
spectrum whereas all of the as prepared TiO2 NCs show higher
UV absorption intensity with a distinct new absorption tail in
the visible light region (400–750 nm). Park et al.79 have been
reported that surface uoride species are responsible for higher
UV absorption whereas the absorption edge region is unaffected
by the surface uorination when F–TiO2 is prepared around pH
3–4. However the enhanced absorption in the visible region (the
tail) could be attributed to the interstitial N-doping as reported
in the previous article61 as well as the presence of carbonaceous
and carbonate species on the surface of TiO2 NCs. The carbo-
naceous and carbonate species can act as a photosensitizer and
could cause a long-tailed absorption in the visible-light
region.65,85–87 Thus TiO2 NCs can absorb more number of
photons and can increase the number of photogenerated
7592 | RSC Adv., 2021, 11, 7587–7599
electrons and holes to participate in the photocatalytic reaction.
All these would enhance the photocatalytic activity of TiO2 NCs.

Band gap energies (Eg) of the commercial TiO2 and as
prepared TiO2 NCs can be estimated by using Tauc plots. Fig. 6b
shows the plot of (ahn)2 versus hn, where a is the absorption
coefficient and hn is the photon energy. The intercept of the
tangent to the X axis gives the bandgap value. The band gap of
commercial TiO2 was found to be 3.27 eV and for TiO2 NCs
prepared at different reaction conditions, i.e. 24 h, 200 �C; 48 h,
150 �C; 48 h, 180 �C and 48 h, 200 �C, the band gap values were
3.24, 3.20, 3.16 and 3.12 eV respectively (Table 1).

It has been reported that, surface carbonaceous and
carbonate species as well as interstitial nitrogen species (Ti–O–
N) may not cause signicant change of TiO2 band gap.60,65,88 In
the present report also, as compared to the band gap of
commercial TiO2, there was no considerable decrease of the
band gap for as prepared TiO2 NCs and the band gap values are
slightly lower than commercial TiO2.
3.6. BET surface areas

The Brunauer–Emmett–Teller specic surface areas (SBET) of the
commercial TiO2 and TiO2 NCs are listed in Table 1. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A proposedmechanism for the formation of TiO2 nanocuboids.
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specic surface area of commercial TiO2 powder was measured
about 29.3 m2 g�1. The measured surface areas of the TiO2 NCs
prepared at different reaction conditions i.e. 24 h, 200 �C; 48 h,
150 �C; 48 h, 180 �C and 48 h, 200 �C were 122.9, 111.6, 103.2
and 85.7 m2 g�1 respectively. As can be seen from Table 1, the
BET surface areas of the as prepared TiO2 NCs decrease with the
increase of reaction time and temperature.

Fig. S2† shows the nitrogen adsorption–desorption
isotherms and their corresponding pore size distributions of
commercial TiO2 and as prepared TiO2 NCs. As shown in the
Fig. S2a (ESI†), all of the samples exhibited isotherm of type IV
(Brunauer–Deming–Deming–Teller (BDDT) classication) at
relative pressure range of 0.7–1.0, associated with capillary
condensation of gases within mesopores (2–50 nm). The
isotherms show high adsorption at high relative pressure
approaching 1.0, indicating the formation of large mesopores.
Commercial TiO2 has lowest N2 volume adsorption indicating
lower surface area as compared to other prepared TiO2 NCs.
With increasing hydrothermal time and temperature, the
hysteresis loops gradually became smaller with decrease in
surface area of TiO2 NCs. The hysteresis loop is of type H3,
which is consistent with slit shaped pores resulted from
aggregates of plate-like particles.89 Since the TiO2 nanocrystals
themselves do not have any mesopores, these mesopores could
be attributed to the aggregation of nanocrystals. These kind of
organized porous structures might be useful in photocatalysis
as they possess efficient transport pathways to reactant and
product molecules. The corresponding pore size distribution of
the samples is shown in Fig. S2b (ESI†). The pore size distri-
bution of the samples is calculated from desorption branch of
the nitrogen isotherm using the BJH (Barrett–Joyner–Halenda)
method. Specic surface area, pore volume and average pore
size of commercial TiO2 and as prepared TiO2 NCs are listed in
Table S1 (ESI†). With rise in reaction time and temperature, the
decrease of specic surface area is observed for TiO2 NCs. This
may be due to the growth and coarsening of TiO2 NCs during
the synthesis process.
Fig. 8 Cumulative amount of hydrogen generated from the
commercial TiO2 and TiO2 nanocuboids in 4 h of irradiation.
3.7. Formation mechanism of the TiO2 nanocuboids

The possible mechanism for the formation of TiO2 NCs is
illustrated in Fig. 7. Commercial titanium(IV) oxide rst react
with hydrogen uoride to produce dihydrogen hexa-
uorotitanate (hydrourotitanic acid, H2TiF6)90 and water
which is then neutralized with aqueous ammonia to give
hydrated titanium oxide i.e. titanic acid (H2TiO3) as shown in
eqn (S1) and (S2) (ESI†). When TiO2(H2O) i.e. H2TiO3 (titanic
acid) reacts with hydrogen peroxide and ammonia, ammonium
peroxotitanate complex is formed91 (eqn (S3)) (ESI†). This
complex on further treatment with ethylenediamine tetraacetic
acid (EDTA), forms ammonium peroxotitanate EDTA complex
(eqn (S4)) (ESI†). Under hydrothermal condition this complex
slowly decomposes and releases O2 to form TiO2 (eqn (S5))
(ESI†).

Initially, tiny nuclei of TiO2 are produced in the supersatu-
rated solution and further growth of nanoparticles take place
with time. The newly formed TiO2 nanoparticles are
© 2021 The Author(s). Published by the Royal Society of Chemistry
spontaneously aggregated to minimize their surface energy.
Here EDTA, prevents the agglomeration of TiO2 nanoparticles
and controls their shape and morphology resulting in smaller
sized particles. These nanoparticles further grow anisotropically
along the 3D direction resulting in the formation of cuboid-like
morphology.
3.8. Photocatalytic hydrogen generation

The photocatalytic performance of the commercial TiO2 and as
prepared TiO2 NCs was evaluated with the photocatalytic
hydrogen generation from water under UV-visible light irradi-
ation. As shown in Fig. 8, the commercial TiO2 sample exhibited
lowest H2 evolution activity that 3325.22 mmol of H2 was
generated in 4 h. However, TiO2 NCs prepared under different
reaction time and temperature conditions showed enhanced
photocatalytic H2 generation activity.

The cumulative amounts of H2 evolved in 4 h were 6825.62,
7697.26, 11 819.12 and 15 465.78 mmol for the TiO2 NCs
prepared for 24 h at 200 �C, 48 h at 150 �C, 48 h at 180 �C and
48 h at 200 �C respectively. Hydrogen generation rates of
commercial and as prepared TiO2 NCs are summarized in Table
1. The higher photocatalytic activity of as prepared TiO2 NCs is
due to the high specic surface areas in the range of 85.7–122.9
m2 g�1, much higher than that of commercial anatase TiO2

(29.3 m2 g�1).
RSC Adv., 2021, 11, 7587–7599 | 7593
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Fig. 9 Schematic illustration of the mechanism of photocatalytic H2

generation from water over TiO2 nanocuboid.
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It is known that the photocatalytic performance of the pho-
tocatalyst depends on the two key factors, specic surface area
and crystallinity. Photocatalysts with a high specic surface area
offers a higher number of active sites and can provide short
diffusion distances for electrons and holes to get to the surface
active sites, thus limiting the recombination probability.92 From
Table 1 it can be observed that, among all of the as prepared
TiO2 NCs, NCs prepared at 200 �C for 48 h displays the smallest
specic surface area i.e. 85.7 m2 g�1 but demonstrates the best
photocatalytic activity than the TiO2 NCs prepared at same
temperature for 24 h and having higher specic surface area, i.e.
122.9 m2 g�1. This is due to the slightly high relative crystallinity
of the TiO2 NCs prepared at 200 �C for 48 h. If the crystallinity is
high, the charge carriers can reach the surface without getting
trapped by the defects (that act as recombination centers of
photogenerated carriers) which is helpful for enhancement of
photocatalytic activity. The photoluminescence (PL) study can
provide useful information about the efficiency of electron–hole
recombination. The PL emission spectra of the prepared TiO2

NCs with an excitation wavelength of 275 nm are presented in
ESI as Fig. S3.† The single PL emission peaks centered around
364 nm indicate the formation of defect free TiO2 nano-
structures. It is well reported that, higher emission peak
intensity signies higher recombination of photogenerated
charge carriers which results in lowering of photocatalytic
activity.53,73 In our case, the same trend is observed i.e. TiO2 NCs
prepared at 200 �C for 24 h showed higher emission peak
intensity and lower photocatalytic activity, whereas the TiO2

NCs prepared at 200 �C for 48 h showed lower emission peak
intensity and higher photocatalytic activity. Additionally, the
good crystallinity observed in TiO2 NCs prepared at 200 �C for
48 h is also responsible for higher photocatalytic activity
because the crystallinity plays an important role than specic
surface area in enhancing the photocatalytic activity.

In addition to the large surface area and high crystallinity,
good light absorption capacity of photocatalysts and efficient
charge separation of photogenerated electrons and holes also
contribute to the high photocatalytic activity. All of the as
prepared TiO2 NCs exhibited higher photocatalytic H2 genera-
tion efficiency in contrast to the commercial TiO2 because of the
improved light response in the range of 400–750 nm. We have
used platinum (Pt) as a co-catalyst and methanol as a sacricial
reagent during the photocatalytic experiments to suppress the
electron–hole recombination. Moreover, it has also been re-
ported that surface uorination can also greatly reduce the
recombination of photogenerated electron–hole pairs, as
surface ^Ti–F groups can act as electron-trapping sites
retaining photogenerated electrons due to the strong electro-
negativity of the uoride. Thus, more efficient charge separa-
tion will be produced, leading therefore to the enhancement of
the photocatalytic activity.11,75,76

Fig. 9 illustrates the mechanism of photocatalytic H2

generation from water. When TiO2 nanocuboid absorbs
a photon with energy equal to or greater than its band gap,
electrons are excited from the valence band (VB) to the
conduction band (CB) leaving the holes in the VB. The photo-
excited electrons and holes can migrate to the surface of the
7594 | RSC Adv., 2021, 11, 7587–7599
TiO2. Electron–hole pairs that reach the surface without
recombination, participate in the photocatalytic reactions of
water splitting. Use of Pt as a co-catalyst and methanol as a sacri-
cial reagent helps to reduce the recombination of electrons and
holes. As the bottom edge of the conduction band (CB) of TiO2 is
more negative than the H2 evolution level (EH2/H2O), and the top
edge of the valence band (VB) is more positive than the oxygen
generation level (EH2O/O2), photoinduced electrons and holes
react with the water adsorbed on the surface of TiO2. As a result, H

+

is reduced into H2 and H2O is oxidized into O2.93,94

As discussed earlier and as shown in Table 1, the hydrogen
evolution rate of the TiO2 NCs prepared at 200 �C for 48 h
(3866.44 mmol h�1 g�1) is much higher than that of commercial
TiO2 (831.30 mmol h�1 g�1). This 4.65-fold increase in the
photocatalytic activity of TiO2 NCs can be ascribed to the
synergistic effect of high specic surface area, good crystallinity,
enhanced light absorption in the range of 400–750 nm and
effective separation of electron–hole pairs. This reported H2

generation rate is also high as compared to the previous reports.
Table S2 (ESI†) provides comparison of the H2 generation
activity of previously reported different anatase TiO2 nano-
structures with the anatase TiO2 NCs presented in this work.

In order to evaluate the stability and the reusability of the
catalyst, a recycling study of the most active sample i.e. TiO2

NCs prepared at 200 �C for 48 h was carried out in terms of its
photocatalytic hydrogen production. The same catalyst was
recycled three times in the hydrogen generation reactions
(Fig. 10). It is observed that the catalytic activity of TiO2 NCs did
not exhibit any signicant loss in the second and third cycles. Aer
third cycle, the amount of H2 generated is around 14 770 mmol of
H2, per g of recycled catalyst (i.e. 3692.50 mmol h�1 g�1), indicating
the high stability of the catalyst towards hydrogen generation.

To support higher photocatalytic activity of TiO2 NCs
prepared at 200 �C for 48 h, the photoconductivity measure-
ments of all prepared TiO2 NCs were carried out and compared
with commercial TiO2.

3.9. Photoconductivity measurements

Photoconductivity measurements were carried out as per our
previous report.95 Fig. S4 (ESI†) shows I–V characteristics for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Recyclability of the hydrogen generation behavior of TiO2

nanocuboids prepared at 200 �C for 48 h.
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commercial TiO2 and as prepared TiO2 NCs using two probes
with applied bias voltage from �5 V to +5 V under illumination
of light. I–V measurements were carried out under 1000 W
xenon lamp and 1.5 (air-mass ratio). As can be seen from the
inset of the gure, commercial TiO2 shows less response to
photocurrent as compared to prepared TiO2 NCs. However
photocurrent response increases as increase in the time and
temperature conditions of TiO2 NCs. The highest photocurrent
was observed for TiO2 NCs prepared at 200 �C for 48 h. The two
order enhanced photocurrent clearly correlate the enhanced
photocatalytic performance of TiO2 NCs prepared at 200 �C for
48 h as compared to other TiO2 NCs. This may be due to better
crystallinity attributing higher photocatalytic performance as
compared to other TiO2 NCs. In nutshell, the enhanced
hydrogen evolution is due to nanostructuring of material along
with good crystallinity.
4. Conclusions

Commercial anatase TiO2 was successfully modied into highly
crystalline 3D NCs via hydrothermal method at different reac-
tion time and temperature conditions. TiO2 NCs prepared at
different time and temperature conditions found to have high
specic surface area as compared to the commercial TiO2. As
prepared TiO2 NCs were explored for hydrogen production from
photocatalytic water splitting. Obvious enhancement in the
photocatalytic performance of the TiO2 NCs was demonstrated
in H2 production, compared to the commercial TiO2. TiO2 NCs
obtained at 200 �C for 48 h exhibited the highest photocatalytic
H2 generation rate (3866.44 mmol h�1 g�1), which is 4.65 times
higher than that of commercial TiO2. Also, TiO2 NCs exhibited
the good cycling stability. The enhanced photocatalytic activity
of TiO2 NCs obtained at 200 �C for 48 h as compared to
commercial TiO2 could be attributed to its large specic surface
area, good crystallinity, extended visible light absorption and
efficient separation of photo-induced carriers. The photocon-
ductive study supports the higher photocatalytic performance
of TiO2 NCs prepared at 200 �C for 48 h. This study provides
a simple and economical way to prepare highly active and
© 2021 The Author(s). Published by the Royal Society of Chemistry
promising anatase TiO2 photocatalyst for hydrogen generation
from water.
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