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For the first time, a facile method is introduced to obtain ultrathin, mesoporous TiO, nanosheets by the alkali precipitation of aqueous

TiCl; in the presence of NH4OH, and in-situ templating with polyvinyl alcohol (PVA). The synthesized titania nanosheets have been

characterized by N, adsorption-desorption measurements, x-ray diffraction (XRD), scanning electron microscopy (SEM), transmission

electron microscopy (TEM), thermo-gravimetric analysis (TGA) and ultraviolet-visible (UV-Vis) spectroscopy. The titania obtained were

hexagonal-like, detached, non-agglomerated, polydispersed, sub-20 nm nanodiscs. Their absorption gap edges, surface area and pore

volumes can easily be tailored by simply tuning the amount of the template. Accordingly, their aggregation as microspheres can

successfully be controlled by the templating step. The remarkable photoactivity of these nanoscopic materials has been confirmed by the

degradation of aqueous methyl orange.
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INTRODUCTION

Much attention has been paid to the building of
nanostructured materials for possible utilization in a variety
of applications including photocatalysis, solar cells, lithium
rechargeable batteries, sensors and hydrogen evolution
[1,2]. Mesoporous TiO, has
extraordinarily attractive due to its controllable properties,

particularly  become

large surface area, desirable adsorption capacity, good
permeability, and high photocatalytic activity under UV
light irradiation [3-6]. It was firstly synthesized via sol-gel
route and surfactant templating [7]. Additionally, panoptic
efforts have awakened interest in the synthesis of TiO,
mesostructures by other chemical methods such as
the hydrothermal,

and precipitation [8-10]. In all methods, an array of TiO,

evaporation-induced  self-assembly,

*Corresponding author. E-mail: uigaya.chm@buk.edu.ng

precursors are described which include titanium alkoxides
[11], TiOSO, [12] and titanium chlorides [13]. Similarly, an
array of templates such as a surfactant, homopolymer, block
copolymer,
microemulsion droplet, have been used in the preparation of
TiO, mesostructure [14-17]. However, how to obtain
TiO, with stable and
mesostructures, including high surface area and pore

small non-surfactant organic molecule,

mesoporous controllable

challenge for the
researchers working in this field. By far, after calcination,

volumes/sizes, remains a major
mesoporous TiO, still shows low surface area and small
either the  uncontrollable

hydrolysis/condensation reaction with water (which is

pore size due to

difficult to match with the self-assembly process with the
templates), or the poor thermal stability of the mesostructure
and subsequent collapse upon calcination [2].

Titanium dioxide is the most popular transition-metal
oxide semiconductor for photocatalytic applications because



Gaya et al./Phys. Chem. Res., Vol. 8, No. 2, 281-295, June 2020.

of its unique physical, chemical and optical properties such
as high oxidizing power, high stability, low cost, non-
toxicity, resistance against photocorrosion and chemical
corrosion, and ability to mineralize refractory organic
pollutants under ambient pressure and temperature [18-20].
is

Arguably, anatase

recognized photoactive TiO, phase followed by rutile and

the most common and widely

brookite. The anatase titania with small particle sizes and
high crystallinity are usually desirable [21]. Currently,
however, the synthesis of this material with high quality is a
challenge. For example, Xiao et al. [22] prepared a nano-
anatase, though they faced a significant mesopore collapse.
Similarly, Mao-Xiang et al. [23] prepared some mesoporous
anatase titania with high a surface area by a precipitation
method; however, the particle sizes of these materials were
large. In the latter case, measures such as templating could
have possibly preserved the mesopores.

Polyvinyl alcohol (PVA), with a chemical formula
[CH.CH(OH)],, [24],
hydrophilic, biodegradable and biocompatible synthetic
plastic polymer, suitable for various applications [25] due to
its remarkable properties such as flexibility, adhesion,

iIs a water-soluble non-toxic,

emulsifying and tensile strength [26] and a high Young’s
modulus [27]. There has been an increasing attention to the
application of PVA in nano-materials production for
flexibility modification [26]. Accordingly, it has been used
as a template in preparation of porous materials [24,27-29].
In this work, a new post-precipitation template synthesis of
mesoporous TiO,, in which the template is applied after
precipitating the TiO, precursor (Ti(OH),) is for the first
time reported. The PVA and titanium (III) chloride (TiCl;)
solution is used as a template and source of titanium,
respectively. The photocatalytic activities of the synthesized
mesoporous TiO, were evaluated by measuring the
photocatalytic degradation of methyl orange (MO) in water
under UV light irradiation.

EXPERIMENTAL

Materials

The titanium(Il) chloride (TiCl;, 15% w/v) solution
was purchased from BDH. Poly (vinyl alcohol) (PVA,
[-CH,CH(OH-)],, M, 130,000 g mol!, 99 +
%hydrolyzed), was purchased from Sigma-Aldrich. The
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ammonium hydroxide (NH4OH, 30%) solution, nitric acid
(HNOs, 65%), methyl orange (MO, 85%), sulfuric acid
(H,SO4, 95-98%) and sodium hydroxide (NaOH) were
purchased from R & M Chemicals. Preparation of aqueous
solutions was made using deionized water.

Catalyst Preparation

Titanium(Il) chloride (20 ml) was slowly added to
300 ml of deionized water and stirred for 20 min.
Subsequently, the pH of this solution was adjusted by
adding 18 ml of NH,OH, with stirring for 4 h, until white
precipitates were formed. The precipitates were washed
several times with deionized water until neutrality, and then
acidified with 200 ml of dilute nitric acid (0.5 M). The
resulting suspension was stirred for 1 h. In order to prepare
the templated titania (0.25PV/TiO,, 0.5PV/TiO, and
1PV/TiOy), 0.25 g, 0.5 g, and 1.0 g of PVA solution (30 ml)
were added slowly with continuous stirring, at 75 °C for 4 h.
The mixture was kept overnight at room temperature, then
it was dried on a heating mantle at 110 °C, and finally
calcined in air at 450 °C for 4 h. Template-free TiO,
(OPV/TiO,) was prepared in a similar manner, without PVA
addition.

Characterization

In order to determine specific surface area and pore
volume, nitrogen adsorption-desorption measurements were
performed based on Brunauer-Emmett-Teller (BET) method
using Micromeritics 3Flex 1.02 instrument at 77.322 K.
Sample mass was 0.1279 g. Atmospheric gases, organics
and other adsorbed species possibly present on the samples
were outgassed at 200 °C for 2 h. The crystalline phase of
the catalysts was characterized by powder X-ray diffraction
(PXRD) Shimadzu  XRD-6000 X-Ray
diffractometer, and sizes were estimated using Scherer and

using a
Williamson-Hall methods. This facility was operated with a
Cu Ka radiation (A = 0.15406 nm) and in the 26 range of
20-80°. Rietveld profile refinement of the structures was
carried out using FullProf suite version 6.30. The
morphology, structure and thickness of the catalyst particles
were examined using field emission scanning electron
microscope (FE-SEM) from NOVA NANOSEM 230 and a
JEM-2100F transmission electron microscope. The energy
dispersive X-ray (EDX) spectra of catalyst elements were
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recorded on a NOVA NANOSEM 230 FE-SEM. The band
gap of the catalysts was determined based on absorption
data recorded on a Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer. Barium sulfate was used as a reference
material and scan range was limited to 220-800 nm. The
decomposition of PVA in the precursor was monitored by
thermo-gravimetric analysis (TGA) using a METTLER
TOLEDO TGA/DSC 1 STAR®
10 °C min™ under N, atmosphere.

System, heated at

Photoexperiments

The photocatalytic activity of the synthesized catalysts
was evaluated in relative terms by monitoring the
percentage of methyl orange degraded. Experiments were
carried out in a previously described photoreactor [30].
The reactor was fitted with a new 3 W China model
El4 GMY UV lamp (UV intensity = 450 pw cm™,
wavelength = 253 nm). The catalysts having the highest
BET and catalytic
performance (0.5PV/TiO,) were selected for use in the
studies. of the
independent variables (TiO, loading, initial concentration of
MO and pH) for the degradation of MO (pH = 2.5, nano-

TiO, = 1 g I"" and initial MO concentration of 25 mg 1™

surface area, BET pore volume,

degradation Optimum  values three

were utilized in the photocatalytic experiments.

In a typical photocatalytic experiment, a solution
containing the desired amount of MO and catalyst was
added to the photoreactor. Solution pH was adjusted using
NaOH and H,SO,. During the reaction process, oxygen was
continuously bubbled through the mixture to avoid changing
the concentration of dissolved oxygen. Test samples were
taken at periodic intervals of time and filtered using
cellulose nitrate membrane (0.45 pm). The residual
concentration of MO solution was measured at 465.4 nm

using Perkin Elmer Lambda 35 UV-Vis spectrometer. The

percent degradation of the initial methyl orange
concentration was calculated using Eq. (1),
% Degradation = [MO], ~[MO), Q)
[MO],

where [MO], is the initial methyl orange concentration, and
[MO]; is the concentration of methyl orange at irradiation
timez. In order to determine the kinetic parameters,
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experiments were performed at optimum conditions for
120 min. Kinetic profiles were plotted according to pseudo-
zero-order. These plots were compared using the coefficient
of determination (R?) of their curves.

RESULT AND DISCUSSION

Catalyst Surface Area and Crystalline Properties
The N, adsorption-desorption  isotherms  for
0.25PV/TiO,, 0.5PV/TiO,, and 1PV/TiO, are displayed by
1A, B and C, respectively. Based on IUPAC
classification, these PVA containing samples can exhibit

Fig.

type IV isotherms [31]. For all of the titania, mesoporosity
is readily confirmed by the presence of hysteresis loops and
obvious condensation/evaporation steps within partial
pressure range of 0.6-0.9.

The surface area and pore volume were estimated using
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods. Figure 2 depicts the BET surface area plot
(top set) and BJH adsorption cumulative pore volume
(bottom set). The surface area, pore volumes and sizes of
these catalysts are shown in Table 1. It can be observed that
the values of BET surface area and pore volume increase
proportionally with an increase in PVA. Therefore, the BET
surface area of 0.25PV/TiO, increases from 73.25 m? g’] to
97.4042 m*> g' in 0.5 PV/TiO,. However, on further
increase in PVA to 1 g, a decrease in these properties is
generally observed perhaps due to an exceedingly high
amount of the template. Similar observations were made by
Liu et al. [32] and Nguyen et al. [2] upon application of
P123 and ethylene glycol as templates in the synthesis of
mesoporous TiO,, respectively. In this study, the highest
BET surface area and pore volume were obtained with
0.5PV/TiO,, implying that only an optimum PVA template
can play a positive role in the post-precipitation templating.

In order to study the crystalline structures of the
synthesized TiO, photocatalyst, X-ray diffractograms were
collected (Fig. 3). Rietveld profile refinement of the
structures was carried out using FullProf suite version 6.30.
As seen from the figure, all the catalyst specimens show
anatase peaks at 20 (and planes) at 25.44° (101), 38.07°
(004), 48.12° (200), 54.02° (105), 55.21° (211), 62.76°
(204), 70.01° (116), and 94.92° (215). Interestingly,
neither brookite nor rutile phases is shown, even after the
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Fig. 1. The N, adsorption-desorption isotherm for 0.25PV/TiO, (A), 0.5PV/TiO; (B) and 1PV/TiO; (C).

Table 1. The Surface Properties of Titania Obtained from N, Adsorption-desorption Data

Scherer crystal size  Surface area Pore size
Sample (nm) (m2g™) Pore volume A)
(cm® g™) Adsorption  Desorption
0.25PV/TiO, 1022 732513 0.385254 203.9197 210.3735
0.5PV/TiO, 8.68 97.4042 0.713045 281.2305 292.8189
1PV/TiO, 9.23 82.7001 0.670765 315.8560 324.4327

modification of TiO, by templating. The lattice parameters
for the refined anatase structure are a = 3.81 A, b=3.81 A
and c = 8.64 A.

The crystallite sizes of the obtained catalysts OPV/TiO,,
0.25PV/Ti0,, 0.5PV/TiO; and 1PV/TiO, as calculated using
the Scherer equation were 12.07, 10.22, 8.68 and 9.23 nm,
respectively. Table 1 shows its inverse relationship between
the sizes of the particles and their surface area. The
estimated sizes show no broadening or strain, having
offered a correlation coefficient of 0.9439 when compared
with those derived from Williamson-Hall data. Unlike in
this study, TiO, of similar particle sizes prepared by a
majority of workers previously, either were mostly biphasic
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and hierachichal macro-/mesoporous [33] or underwent a
redshift due to the modification effects [34].

Catalyst Morphology and Composition

In order to depict the structure and form of the obtained
titania, field emission scanning electron microscopy
(FE-SEM) measurements were performed. The results are
displayed in Fig. 4. It can be seen from the Fig. 4a that the
template-free OPV/Ti0, shows aggregates of titania crystals.
Figure 4b however shows a mesostructured 0.25PV/TiO,,
but with a lesser aggregation of the titania crystals. In
with  the  aforementioned, deaggregated

mesostructures were observed with the 0.5PV/TiO,

contrast



A Novel Poly(vinyl alcohol) Post-precipitation Template/Phys. Chem. Res., Vol. 8, No. 2, 281-295, June 2020.

0.016 4

0.0124
0012 C
(A) (B) 0014 ( )
0.0104 2_ | (R%=0.
wol  (R%=0.9999) (R*=0.9999) _ orey (R°=0.9999)
— — =
= pary 00104
i . 5
P 3 S op
o a g '
s} HD.DOG- :?
< oooe = 0,006 4
- -
0,004+
000
000
Dm T T L} T T L} Dm T L] 1) T L] T
LI L) LN LR DL | L)
006 008 040 042 044 046 048 020 005 0f0 015 020 03 0% 05 00 045 020 0% 0
Relative Pressure (P/Po) Relative Pressure (P/Pa) Relative Pressure (P/Po
08+
0.404 07
- 074
21\ (A) (8) s\ (C)
0.30 Chal o5
—0.204 E
£ 0.254 g 054 o
S It E
[ J 3044
£ 0201 E 04 —
3 S 2
2 015 ﬁ 0.3+ = 03
E o o
g 02
S o 02
0.054 014
04 4
Dm T T T T T T L] 1 00 T T T T T T T T T T T T T T T T T T T T T T
0 00 200 W0 40 H00 G0 700 B0 0 00 200 W00 40 5P 60 R B R
Pore radius (A) Pore radius (A) Pore radius (A)

Fig. 2. The BET surface area plot (top) and BJH adsorption cumulative pore volume (bottom) for (A) 25PV/Ti0O,,

(B) 0.5PV/TiO; and (C) 1PV/TiO,.

(Fig. 4c). This observation correlates with the BET surface
areas in Table 1, indicating a higher surface area with an
increase in the amount of PVA template.

The TEM images and size distribution curve of
0.25PV/TiO, are shown in Fig. 5. The hexagonal-like
shaped 2D catalyst particles are readily visualized from
Fig. 5A and Fig. 5B at different magnifications. The
average particle sizes of the photocatalysts were determined
from the images using Imagel software (Java 1.6.0). The
0.25PV/TiO, (Fig. 5) has an average size of 12.69 nm
(Fig. 5C). Similarly, the major catalyst (0.5PV/Ti0,) shows
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a similar shape (Fig. 6) with an average particle size of 9.49
nm. The estimated particle sizes correlate fairly well with
those obtained by using Scherer equation. The average size
of the optimal catalyst (0.5PV/TiO,) declined from that of
0.25PV/TiO, due to improved surface area and minimal
deaggregation. The interplanar space of the nanodiscs is
0.323 nm (Fig. 6), which corresponds to the (101) crystal
facets of anatase TiO, [35].

The chemical composition of the photocatalyst was
confirmed using energy dispersive x-ray (EDX) analysis.
Figure 7 shows the EDX spectra of 0.5PV/TiO,. As seen
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Fig. 3. The XRD patterns of the prepared titania with and without PVA.

Fig. 4. The FE-SEM images of the synthesized titania (a) 0PV/TiO, (b), 0.25/TiO; and (c¢) 0.5PV/TiO,.
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Fig. 4. Continued.
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Fig. 5. (A, B) The TEM images of 0.25PV/Ti0, at different magnifications, and (C) the size distribution curve of
0.25PV/TiO,. Scale: 20 nm.
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Fig. 6. The TEM image of 0.5PV/Ti0O, at different magnifications. Scale: 20 nm.
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Fig. 7. The EDX spectra of 0.5PV/TiO,.
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in the figure, the major peaks are for Ti and O, which
confirms the prepared catalyst to be TiO,. From the
distribution, the Ti to O atomic ratio is 1: 0.4652, indicating
the stoichiometry in TiO..

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to
determine the content of PVA template in the catalysts and
stability of the prepared photocatalysts during the post-
synthesis stage. Naturally, plastic polymers undergo several
changes when subjected to a high temperature with the
release of gases and or liquids of different shapes, colors
and molecular weights [36]. In the first stage of the
synthesis of 0.5PV/TiO,, Ti(OH), is precipitated. The TGA
curve of PVA/Ti(OH), hybrid corresponding to the
0.5PV/TiO, precursor at a heating rate of 10 °C min™' is
shown in Fig. 8.

The thermogram of the 0.5PV/TiO, precursor (Fig. 8)
consists of three steps. The first step is a weight loss near
100 °C, corresponding to the volatile and physically
adsorbed water. This step is followed by a stepwise PVA
decomposition - a partial PVA weight loss (ca. 16%) in the
temperature range of 150-370 °C followed by another
partial weight loss (ca. 5%) in the temperature range of 370-
455 °C. The latter stages are due to the decomposition of
PVA main chain into smaller parts and complete pyrolysis,
respectively [36]. No weight loss was observed above
455 °C, indicating that pyrolysis has been fully achieved,
leaving behind only the stable and crystallized TiO..
Generally and in agreement with this study, PVA has been
reported to decompose completely around 450 °C [36-38].

Band Gap Analysis
The optical of the
photocatalysts were studied using UV-Vis analysis and

absorptions synthesized

computed based on the band gap energy-wavelength
equation (Eq. (2)) [39]. The shifts in these energies are
displayed in Fig. 9.

@)

where E, is the band-gap energy (eV), & is Planck’s
constant, and c is the velocity of light. Moreover, A is the
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wavelength (nm) corresponding to the intersection point of
the wavelength axis and the tangent to the absorbance
curve. From Fig. 9, the band-gap energies of OPV/TIO,,
0.25PV/TiO,, 0.5PV/TiO, and 1PV/TiO, were 3.04, 2.95,
2.69 and 2.87 eV, respectively. These results illustrate that,
increasing the PVA content in the precursor (0 to 0.5 g)
gave an obvious decrease of the band gap energy. Suddenly,
the band gap energy increased with 1 g PVA. These changes
absorption edge the
corresponding changes in size of the synthesized materials

in may be associated with
[40,41]. Since decreased band gap energy corresponds to
more redox ability for the production of photogenerated
electron-hole pairs, reduced recombination effect and higher
photoresponse [42], the 0.5PV/TiO, is expected to perform

optimally.

Photocatalytic Kinetics

In order to ascertain the superior applicability of
photocatalysis for the MO degradation, photolysis, and dark
adsorption experiments were performed for 2 h and the
results were compared. As shown in Fig. 10, there is no
significant disappearance of methyl orange in the event of
photolysis (< 4.8%) and adsorptive removal (3.4%).
Conversely, there is a high decontamination in the
photocatalytic regime based on the regular titania, 0PV/TiO,
(86%), and in the PVA synthesized catalysts, 0.25PV/TiO,
(89%) and 1PV/TiO, (91%). Ultimately, 0.5PV/TiO,
derived using the optimal PV A offered the highest catalytic
performance (97.2%). This may be attributed to its least
band gap energy [40], as smaller particle size, high pore
volume and surface area which will permit better absorption
of dye molecules on the catalyst surface and penetration
through the channels of the catalyst [4,19,43].

The kinetics of photocatalytic degradation of organic
compounds usually follows the Langmuir-Hinshelwood
scheme, which at low concentrations permits the application
of the pseudo-first-order

conformity with pseudo-zero-order equation is kinetically

rate equation. However,
possible at surface saturation. Following comparison of the
coefficients of determination of various kinetic profiles, the
degradation of MO in this study was found to agree with the
zero-order kinetics (Fig. 11). Generally, the rate law for
degradation of MO can be represented by Eq. (3) and the

integrated zero-order rate law may take form Eq. (4).
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Fig. 9. UV-Vis spectra of the synthesized materials.
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—-d[MO] — (3)
dt
[MO), =—kt +[MO], 4)

where [MO], and [MO], are the concentrations (mg I'") at
time ¢ and when ¢ = 0, respectively, and k is the zero-order
constant (expressed as mg I s™'). A plot of [MO] vs. ¢ gave
a straight line with slope = -k and intercept = [MO], with R
square values > 0.9 (Fig. 11), confirming the applicability of
the zero-order kinetics to this study.

CONCLUSIONS

Highly photoactive ultrathin mesoporous titania with
tunable band gap energy, particle size, pore volume, and
surface area can be synthesized from TiCl; via precipitation
and templating with poly(vinyl alcohol). This polymer has
the capacity to direct the formation of controllable
mesostructures and to restrict polymorph to the anatase
form. The mesoporous structure of prepared titania is stable
upon thermal detemplation. The particles of the prepared
catalysts were plate-like discs confined to quantum dot
vicinity.
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