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Abstract We report a facile method to tune TiO, nanoparti-
cles’ morphology by modifying and an acid-catalyzed sol-gel
synthesis with Pluronic P123. Synthesized particles were
characterized by transmission electron microscopy, BET anal-
ysis, and X-ray diffraction spectroscopy. XRD analysis re-
vealed a high anatase content while BET measurements
showed that porous volume strongly depends on the amount
of P123. We demonstrate that high amounts of P123 increase
particle’s aspect-ratio from spherical to rod-shape morpholo-
gy. We evaluated the photocatalytic performances for the re-
moval of methyl viologen (paraquat) and found that best per-
formances are obtained for the following weight ratio
P123/TiO, = 7.5. Furthermore, P25 is less active than synthe-
sized nanoparticles.
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Introduction

Water pollution by organic contaminants is a worldwide prob-
lem due to the increasing number of emerging contaminants
with a negative impact on the environment. Many organics are
released by various industries in many fields: agricultural
(pesticides, herbicides, fertilizers), dye industry, pharmaceuti-
cals, cosmetic/personal care products, plasticizers, and various
industrial additives.

Current water treatment plants with classical primary (floc-
culation/decantation) and secondary (biological treatment)
steps are not sufficiently efficient to remove completely every
organic contaminants. Indeed, some compounds are not
separated/degraded by these two steps (Carra et al. 2014).
Hence, new processes are required as tertiary step to improve
the overall efficacy of water treatment plants.

Advanced oxidation processes (AOPs) are very suitable as
tertiary treatment due to their ability to produce highly oxidiz-
ing species, especially the hydroxyl radical (OH-) (Andreozzi
1999). Among these processes, photocatalysis has been stud-
ied for more than 40 years to remove organic pollutants
(Hashimoto et al. 2007). This process is based on the absorp-
tion of light by a semiconductor, usually TiO,, to produce
electron-hole pairs, reacting at the interface to produce oxidiz-
ing species such as hydroxyl or superoxide radical. Hydroxyl
radicals have been deemed to be the major active species
during the photocatalytic oxidation reaction. The production
of these radicals can be detected by photoluminescence spec-
troscopy using a probe molecule (coumarin or terephtalic ac-
id) producing stable oxidized products (Ishibashi et al. 2000;
Gomes et al. 2005). Coumarin is usually employed because it
is non-fluorescent and its oxidized by-product (7-
hydroxycoumarin) is fluorescent (Louit et al. 2005; Newton
and Milligan 2006; Xiang et al. 2011). Hence, the production
of OH- radicals is correlated to the concentration of
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Fig. 1 XRD pattern for the
various samples
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fluorescent by-products. Other methods like electron-spin res-
onance (ESR) allow to detect paramagnetic species like the
OH radical (Wang et al. 2011; He et al. 2014). However, the
lifetime of OH radical is so short that scavengers like DMPO
(Nosaka et al. 2003) or TEMPO (He et al. 2014) must be
employed. Stable adducts are then detected (DMPO-OH or
TEMPO-OH) by ESR to find the amount of OH radicals pro-
duced. This ability to produce OH radicals make
photocatalysis very suitable for the non-selective removal of
organic pollutants in waste water.

TiO, has been intensively studied for its high photocatalyt-
ic activity, high stability against photocorrosion, and its low
cost. Moreover, a very interesting feature of photocatalysis is
its ability to decompose organic pollutant in water as well as in
gas phase. In order to improve the photocatalytic activity of
TiO,, many researchers developed nanomaterials with differ-
ent shapes to tune their catalytic activity: nanoparticles (Peng
et al. 2005), nanowires (Jitputti et al. 2008), nanofibers
(Christoforidis et al. 2015), nanotubes (Marien et al. 2016).
Among existing synthesis, the sol-gel method is very suitable
to produce nanomaterials because it does not require complex
installations and the synthesis proceeds under ambient pres-
sure and temperature. Sol-gel synthesis is based on the
hydrolysis/condensation of a titanium precursor to produce a
sol and then a gel. Subsequently, after solvent evaporation, a
xerogel is obtained which is milled and heat treated to produce
highly crystalline TiO, nanopowders.
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Titanium precursors are usually very reactive species with
water, especially titanium tetraisopropoxide. In order to obtain
a better control during the hydrolysis/condensation steps,
complexing agents are usually employed to improve precur-
sor’s stability toward water (Livage et al. 1988). Acetic acid
has been recognized to improve titanium precursor’s stability
(Livage et al., 1989). Indeed, acetate ions act as chelating
agents with titanium precursor and increase its coordination
number and hence its stability.

It is well recognized that increasing the accessible surface
area of a TiO, photocatalyst can promote the adsorption and
diffusion of reactants so that improved photocatalytic perfor-
mances are obtained (Wen et al. 2015). In order to increase the
active surface area, pore formers are usually added to the sol-

Table 1 XRD angles and corresponding FWHM and crystallite size
Sample 2 theta (deg) FWHM (deg)  Crystallite size
(nm)
P25 25.31 0.437 21
mP123/TiO, =0 25.39 0.937 9.8
mP123/TiO, = 1 25.37 0.979 9.4
mP123/Ti0, =2.5 2530 1.035 8.9
mP123/TiO, = 5 25.31 0.723 12.7
mP123/TiO,=7.5 2531 0.648 14.2
mP123/TiO, = 10 25.31 0.767 12
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Fig. 2 BET isotherms 160 , 100 -
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gel synthesis. Hard- and soft-template synthesis have been
widely reported in the literature to produce a porous struc-
tures. Indeed, hard templates are attractive because a high
degree of self-organization can be obtained, for example, with
inverse-opals by using templating nanoparticles (e.g., silica or
polystyrene particles) (Lee et al. 2004; Zhao et al. 2006).
However, the hard template technique requires the synthesis
of nanoparticles which is not cost effective. On the other hand,
the soft template synthesis using polymers is relatively simple
and does not require complex synthesis used in the hard tem-
plate procedure. In the soft template synthesis, a polymeric
precursor is added to the sol and the porosity is created by
removal of the polymeric chains by high temperature anneal-
ing to produce mesoporous anatase or rutile particles. For this
purpose, many polymeric precursors have been employed in
the literature to increase the photocatalytic activity of TiO,
nanoparticles: PEG (Bu et al. 2004; Bu et al., 2005; Jahromi
et al. 2009), P123 (Tian et al. 2002; Calleja et al. 2004,
Myilsamy et al. 2015; Yang et al. 2016). Here, we modified
an acid catalyzed sol-gel synthesis with various ratios of a soft
template (Pluronic P123) to increase the active surface area
and improve the photocatalytic performances. The photocata-
lytic activity of the synthesized nanoparticles was studied for
the removal of paraquat dichloride. This compound, also
known as 1,1’-Dimethyl-4,4’-bipyridinium, is a widely used
herbicide commercialized as “Gramoxone.” This compound
has been forbidden in the European Union due to its high

toxicity and its low lethal doses: 35 mg/kg (Organization
1984; Dinis-Oliveira et al. 2008). However, it is still used in
more than 100 countries. This pollutant is very simple to fol-
low by UV-vis spectroscopy at 257 nm (Moctezuma et al.
1999). Hence, experimental photocatalytic degradation were
followed at this wavelength to compare the synthesized nano-
particles with commercially available P25 (Evonik).

Experimental part
Synthesis of the photocatalyst
The synthesis were performed as follows: first, solution A was

prepared by mixing 3 ml titanium tetra-isopropoxide (97 %
Aldrich) and 10.6 ml of anhydrous ethanol (99.8 % Aldrich)

Table 2 Textural properties of the as-synthesized nanoparticles

mP123/TiO, Active surface Porous volume Pore diameter
area (mz/g) (cm3/g) (nm)

0 106 021 7.6

1 96 0.13 5.5

2.5 121 0.32 8.6

5 100 0.34 13.5

7.5 113 0.50 17.39

10 115 0.41 13.8
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Fig.3 Evolution of pore diameter and porous volume with the amount of
Pluronic P123 in the as-synthesized nanoparticles

while solution B contained 0.3 ml anhydrous ethanol, 0.15 ml
distilled water, and 11.1 ml of acetic acid (99.7 % Aldrich).
Solution B was then added drop by drop into solution A to
obtain a clear transparent sol. After a few hours, the sol be-
comes milky and after several hours a gel is obtained.
Subsequently, a drying step at 110 °C is performed during
24 h to remove volatile solvents and then a xerogel is obtained
and milled in an agate mortar. The resulting powder is cal-
cined at 450 °C during 2 h (5 °C/min). To improve this syn-
thesis, we studied the influence of various ratios of Pluronic
P123 (Aldrich). The following weight ratios were studied:
mass P123/TiO, =0, 1; 2.5; 5; 7.5; and 10.

Characterization

Transmission electron microscopy was performed on a JEOL
2100F at 200 kV. A Shimadzu Miniflex II was used for X-ray
diffraction measurements and a Micromeritics ASAP 2420 for

Fig. 4 Transmission electron mP123/TiO; =0
microscopy of as-synthesized

nanoparticles

mP123/TiO,=5
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BET analysis operating at 77 K. Thermogravimetric analysis
were performed with Setaram Labsys Evo.

Photocatalytic tests were performed in a solar simulator
Ametek CPS+ with a Xenon Lamp. Typically 100 mg of
TiO, powder were immersed in a cooled recipient at 20 °C
with 100 ml of paraquat (10 ppm). First, the suspension was
left in the dark during 1 h to reach adsorption equilibrium.
Then, light was turned on and 2 ml of suspensions were taken
at various time intervals. TiO, was removed from solution
with a 0.45 pum filter and paraquat’s concentration was mea-
sured by UV-vis spectrophotometer (Biochrom Libra S12).

Results and discussion
XRD analysis

XRD diffractograms of TiO, samples with various P123 ratios
are presented in Fig. 1. A very high anatase content is ob-
served for the as-synthesized nanoparticles compared to the
reference sample (99.7 % of anatase, Aldrich). Indeed, no
rutile peaks were found. This is due to the heat treatment at
450 °C which is known to produce a high anatase content
(source). We chose this calcination temperature because ana-
tase has a better photocatalytic activity due to the higher
electron-hole pair lifetime compared to rutile (Zhang et al.
2014). Zhang et al. attribute this difference of activity, be-
tween anatase and rutile, to the direct/indirect bandgap behav-
ior of these phases (Zhang et al. 2014). Indeed, it was shown
that anatase behaves as an indirect semiconductor; thus,

mP123/TiO, =1 mP123/TiO0, =2,5

mP123/Ti0, =75 'mP123/TiO; = 10
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electron desexcitation from the conduction band to the valence
band is forbidden by selection rules. Hence, electron-hole life-
time is higher with anatase while rutile acts as a direct semi-
conductor with a lower carrier lifetime.

We can see that the main peak (101) appears at 25.3°.
Its intensity and FWHM strongly depends on the synthe-
sis conditions. Assuming the Debye-Scherer equation to
be valid (spherical particles), we obtain the crystallite size
for each sample with the following equation:

With sy, the average crystallite size for the hkl peak in
Angstrom, K the Scherer constant (0.89), A the incident X-
ray wavelength (1.5406 Angstrom), 6 the Bragg diffraction
angle, and b the FWHM. The average crystallite size is pre-
sented in Table 1. We can see that crystallite sizes are very
close for low P123 content (ratio 0; 1; and 2.5) whereas a
slight increase is obtained for higher P123 content with a
maximum around 7.5.

BET analysis

Spxt = K\ Nitrogen adsorption/desorption isotherms are given in Fig. 2.
Kl = . _
b cosf Isotherms present a type IV behavior characteristic of
Fig. 5 Photocatalytic 087 = 084 =
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mesoporous materials. We can see that the porous volume
strongly depends on the P123 loading.

Active surface area, porous volume, and average pore size
are presented in Table 2:

BET surface area is poorly affected by P123 loading.
However, we can see that porous volume is maximal for the
7.5 ratio with approximately 3000 cm®/g which is twice higher
than without P123 (Fig. 3). Consequently, P123 loading do
not influence strongly the BET area but induce a higher porous
volume. BJH analysis on the desorption curves give the cor-
relation between the porous volume and the pore diameter.

Without P123, two pore sizes are detected at 4 and 7.5 nm.
When P123 is added, the pore size distribution is shifted to
larger pore diameters (5 < x < 25 nm). In conclusion, while
BET surface shows few differences, BJH porosity strongly
depends on the P123 content with a maximum value for
mP123/TiO, = 7.5. In order to have a better understanding
of the influence of P123 loading on particle’s morphology,
TEM analysis were performed.

TEM analysis

Figure 4 presents the transmission electron microscope im-
ages of the synthesized samples. It can be seen that particles
synthesized with low P123 content (<5) are nearly round-
shaped while higher amounts of P123 induce deformations,
particles become rod-shaped. Hence, deviations from the
Debye-Scherer equation can be expected for crystallite size
calculation. Moreover, it is quite complicated to obtain a par-
ticle size distribution due to the evolving morphology with
increasing P123 amount.

Photocatalytic tests

Photocatalytic tests show that paraquat is degraded by every
sample (Fig. 5). However, the kinetic strongly depends on the

14 ——mP123/Ti0, =0
104 ' \ -mP123/Ti0, = 2,5
9] mP123/TiO, = 5
T sl ——mP123/Ti0, = 7,5
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Fig. 6 Degradation of paraquat through time
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amount of P123. The absorbance at 257 nm is mainly attributed
to paraquat. However, some by-products such as
monopyridone and dipyridone can absorb around this wave-
length as shown by Moctezuma et al. (Moctezuma et al. 1999).

Samples with a high P123 content present a global increase
of absorbance in the 200-250 nm region after 30 min in the
dark. We believe that this increase correspond to residues of
Pluronic P123 not consumed during heat treatment at 450 °C.
Thermogravimetric analysis confirms this observation (see
supplementary information). Indeed approximately 3 % of
Pluronic P123 residues are still present in the sample at
450 °C under ambient air. These residues should explain the
slight increase of absorbance at # = 0 min for mP123/TiO, = 5;
7.5; and 10 where the quantity of P123 is significant compared
to lower ratios (mP123/TiO, =0, 1, and 2.5).

Figure 6 presents the photocatalytic degradation for each
sample after several time intervals. We can see that high ratios
of P123 in the sol-gel tend to increase the photocatalytic activity.

Since the BET surface area is approximately the same for
those particles, we believe that particle’s morphology can be
an explanation to rationalize the different photocatalytic activ-
ities. Indeed, it is well known that exposed facets at the surface
of a catalyst strongly influences the catalytic activity. Since the
morphology evolves from spherical to rod-shape, we can at-
tribute the change in photocatalytic activity to the modifica-
tion of particle’s morphology with P123.

Conclusion

We successfully synthesized TiO, nanoparticles with a high
anatase content and showed that Pluronic P123 acts as a pore
former which tends to increase the porous volume. Contrary to
all expectations, BET surface area is poorly affected by
Pluronic P123. However, it was shown that particle’s mor-
phology is highly dependent on the P123 content in the sol-
gel, and transitions from spherical to rod-shape were ob-
served. Furthermore, photocatalytic performances were de-
pendent on particle’s morphology and higher photocatalytic
activities were obtained compared to commercial P25
nanoparticles.
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