Ó Indian Academy of Sciences

Bull. Mater. Sci. (2021)44:228
https://doi.org/10.1007/s12034-021-02522-2

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Improved visible-light activity for oxidative discolouration of methyl
orange by TiO2/thiourea photocatalyst prepared via ball-milling/low
thermal treatment
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Abstract. In this work, it is demonstrated that visible-light photocatalytic activity for degrading methyl orange (MO)
could be improved by co-milling of TiO2 (Degussa P25) with thiourea. The photocatalysts have been prepared by
combined mechanochemical/thermal synthesis. Structures and morphology of the as-prepared TiO2 nanoparticles were
characterized by X-ray powder diffraction, N2 adsorption–desorption isotherms, UV–Vis diffuse reflectance spectroscopy
and scanning electron microscopy. It is shown that co-milling of TiO2 with thiourea favours formation of brookite phase
and it results in the occurrence of more porous structures. The optical properties are modified and the band gap energy
values of the samples become smaller, when thiourea is introduced. Ball-milled samples show better photocatalytic
activities during oxidative discolouration of MO than that of the initial TiO2. The discolouration degree is above 99% for
ball-milled TiO2/thiuourea nanoparticles, while it is 2% for pure and 15% for ball-milled TiO2.
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Introduction

Semiconductor photocatalysis has been widely studied as
basis for solar energy storage cells [1] and degradation/
discolouration of organic contaminants both in gas phase
and in aqueous systems [2]. Various semiconductor materials, such as TiO2, ZnO, CdS or ZnS have been employed
to study photocatalytic removal of pollutants from water
[3]. For this reason, there are several research works
devoted to titanium dioxide as a promising agent for photocatalysis because of its low-cost, stability in water and
commercial availability [4]. Anatase TiO2 can be activated
only by UV light because of its wide band gap. However,
doping with non-metal ion has been considered to be one of
the most effective approaches to improve the photocatalytic
activity of TiO2 in visible region [5]. For the doping of TiO2
with non-metal ions, different techniques have been used,
e.g., sol–gel technology [6], magnetron sputtering deposition method [7], chemical vapour deposition [8], decomposition of N-containing metal organic precursors [9,10],
etc. For example, nitrogen can be doped into the TiO2 using
different organic compounds [11–14].

The well-known commercially available photocatalyst
TiO2 Degussa P25 is a two-phase mixture of anatase and
rutile forms of TiO2 arranged in a complex microstructure,
where anatase constitutes the greatest volume fraction of
*80% [15]. Generally, TiO2 is known to have three different polymorphs: rutile (R) (crystal system: tetragonal,
space group: P42/mnm), anatase (A) (tetragonal, I41/amd)
and brookite (B) (orthorhombic, Pbca) [16]. The rutile
phase having a band gap of 3.0 eV (corresponding to visible
light) is the most thermodynamically stable form of crystalline TiO2, while anatase and brookite with band gaps of
3.2 and 3.3 eV (UV-light) are metastable forms of TiO2,
respectively. The presence of more than one polymorph
species of TiO2 reduces the recombination effect (increasing photonic efficiency) in comparison to single phase of
TiO2 [17].
The adsorption affinity of anatase for organic compounds
is higher than that of rutile [18]. Anatase exhibits lower
rates of recombination in comparison with rutile due to its
greater rates of hole trapping [19]. Moreover, the anatase
phase is generally considered to have higher photochemical
activity, again presumably due to the combined effect of
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lower rates of recombination and higher surface adsorption
capacity. Due to the higher activity of pure-phase anatase
compared to rutile, anatase is conventionally considered to
be the active component in mixed-phase catalysts with
rutile serving passively as an electron sink [20]. However,
the latter manifests some visible light excitation. These
mixed-phase materials exhibit increased photo-efficiencies
due to some synergistic effect and are activated by lower
energy light [21,22]. The company Degussa has found
optimal ratio anatase:rutile = 3:1 and optimal anatase particle size of 25 nm.
In this study, we focussed on the investigation of pure as
well as mechano-chemically treated TiO2 and TiO2/thiourea
as a possible photocatalyst. The test reactions were investigated on photodecomposition of Methyl Orange (MO)
model contaminant under visible light irradiation. An
improvement of photocatalytic activity was found for
modified samples.

2.
2.1

Experimental
Samples’ preparation

TiO2/thiourea samples have been prepared by the
addition of thiourea (0.15 g) dissolved in distilled water
(1.2 ml) as a modifier to TiO 2 (2.85 g; Degussa P25)
prior to ball-milling. For comparison, reference sample
has been prepared by co-milling of TiO2 (2.85 g;
Degussa P25) with distilled water (1.2 ml). Both samples
were prepared in a Pulverisette 6 planetary ball mill
(Fritsch, Germany) under the following conditions: the
milling chamber was charged with 41 balls of diameter
10 mm, having total weight of *121 g. The milling
chamber and milling balls were made of ZrO2. The rate
of rotation of the planetary carrier was 600 rpm. The
milling was performed in inert atmosphere of argon. The
as-prepared yellowish samples were further treated at
400°C in air for 1 h. Mechanically activated TiO2 in
water was denoted as P25MA. The thiourea containing
sample was indexed as P25-tu.

2.2

Characterization techniques

X-ray powder diffraction (XRPD) patterns were recorded
on a D8 advance diffractometer (Bruker, Germany) using
CuKa radiation. The diffraction data were collected over an
angular range of 20° \ 2h \ 65° with the steps of 0.02° and
a counting time of 9 s per step. The Diffracplus Topas
software (based on Rietveld refinement of XRPD data) has
been utilized for phase content determination. The crystallite size was calculated by Scherrer’s equation [23]. Particular (not overlapping) peaks alone had been taken into
consideration.

Bull. Mater. Sci. (2021)44:228
A nitrogen-adsorption apparatus NOVA 1200e surface
area and pore size analyzer (Quantachrome Instruments,
Great Britain) was employed to record the nitrogen
adsorption–desorption isotherms at the boiling temperature
of liquid nitrogen. The specific surface area (SBET) values
were calculated using the Brunauer–Emmett–Teller (BET)
equation. The pore size distribution was calculated using
the Barrett–Joyner–Halenda (BJH) method.
The microstructure, morphology and chemical composition were investigated by field emission scanning electron
microscope (FESEM, MIRA 3, Tescan, Czech Republic)
coupled with an EDX analyser (Oxford Instruments, UK).
The diffuse reflectance UV–Vis spectra for evaluation of
photo-physical properties were recorded in the diffuse
reflectance mode and transformed into absorption spectra
using the Kubelka–Munk’s function [24]. A thermo evolution 300 UV–Vis spectrophotometer, equipped with a
Praying Mantis device with Spectralon as reference was
used. The photocatalytic activity of the samples in the test
oxidation reaction of MO discolouration was measured
under visible light illumination. The photocatalytic experiments were carried out in a semi-batch slurry photoreactor,
equipped with a magnetic stirrer. MO dye was used
as model pollutant reactant with the concentration of
10 mg l-1. The suspension was prepared by adding investigated sample (100 mg) to 100 ml of MO solution. The
degree of oxidative discolouration of MO was monitored by
optical absorption spectroscopy (CamSpec model M501
single beam scanning UV–Vis spectrophotometer, Cambridge, UK). Prior to deposition, the suspension of MO with
photocatalyst was sonicated for 5 min to obtain an optimally
dispersed system using UP200S ultrasound processor
(Hielscher, Germany) at 24 Hz in a pulse mode. The suspension was magnetically stirred in the dark for 30 min to
ensure an adsorption–desorption equilibrium. Then, the
light was turned on and this was considered to be the initial
moment (t = 0 s) of the photocatalytic oxidation reaction.
The suspension was irradiated by visible light (illumination
intensity 8.9 mW cm-2, measured by Cole Parmer
radiometer). All the experiments were performed at a constant stirring rate of 400 rpm at room temperature. The
concentration of MO during the photocatalytic reaction was
determined by following the changes in the main absorbance peak at kmax = 463 nm. The course of MO oxidative
discolouration reaction was monitored after aliquot sampling at regular time intervals. After each illumination
interval, the lamp is switched off and 2 ml sample of the
slurry was centrifuged to remove the photocatalyst amount
and the clear decolourized solution of MO was poured into
cuvette and placed into the M501 CamSpec Cambridge
spectrophotometer to measure the absorbance and follow
the course of photocatalytic oxidative discolouration reaction during the time of illumination. After the measurement,
the decolourized solution is mixed again with the centrifuged amount of photocatalyst. Then, this sample of the
slurry is back into the reactor and the lamp is switched on
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again. In this way, we operate at constant volume of the
suspension and constant amount of the photocatalyst. The
experimental error does not exceed 2%.

3.
3.1

Results and discussion
Physico-chemical characterization

The XRPD patterns of the initial P25, P25MA and P25-tu
nanopowders are shown in figure 1. The diffraction peaks
correspond to anatase and rutile. All the XRPD peaks are
broadened, indicating that the crystallite size is within the
nanometre range. Moreover, it is clear that samples P25MA
and P25-tu contain brookite phase. Although XRPD
diffraction peaks for brookite can be easily overlapped with
those of ZrO2 (possible contamination is originating from
the milling tools), we did not observe any ZrO2 peaks,
which is in good agreement with the EDX analyses. In this
context, it turns out that ball-milling favours the formation
of brookite phase as an essential intermediate phase during
mechanically induced anatase-to-rutile phase transformation. This behaviour is in good agreement with previous
studies [25,26]. The phase composition and the average
crystallite size of prepared samples are listed in table 1. It is
obvious that the presence of thiourea favours the formation
of brookite phase, its content increased two times, compared to P25MA. On the other hand, the ball-milling had
only a negligible effect on the reduction of crystallite size.
SEM images of the investigated samples are shown in
figure 2a–c. They were observed in agglomerated form,
consisting of small particles with the size below 100 nm.
The EDX investigation did not confirm the presence of
ZrO2 contamination. On the other hand, we detected a small
amount of homogeneously distributed sulphur (ca. 0.7

Figure 1.

XRD patterns of initial P25, P25MA and P25-tu.
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wt%). The presence of nitrogen was not confirmed by EDX
investigation (see supplementary figures S1–S3).
It is known that the specific surface area of TiO2 can play
an important role in its specific applications [27]. The
specific surface area of the standard sample P25 was 52 m2
g-1 (table 1), which is in good agreement with the value in
reference [28]. The sample P25MA possessed lower SBET
value (45 m2 g-1), indicating that the milling process in the
wet environment resulted in a slight deterioration of the
porous structure. For comparison, the SBET value for TiO2
milled in methanol was higher than 32 m2 g-1 [29], however, the pure TiO2 in this study exhibited significantly
lower SBET values. An interesting result was obtained in the
case of milling with thiourea, upon which the SBET value
has been increased up to 86 m2 g-1. Such high SBET values
for ball-milled anatase with thiourea were also reported in
reference [30]. The significant increase in the SBET values
has been ascribed to the presence of sulphur in the TiO2
resulting in the formation of more porous structures. The
whole adsorption–desorption isotherms of all the samples
were recorded to examine the surface properties in more
detail (figure 3). It can be seen that all isotherms contain
hysteresis loop, which is a proof for the presence of
mesopores in their structures. The shape of the isotherm of
the P25 sample in the area of relative pressures around one,
gives some indication for the presence of macropores.
According to the classification of Sing et al [31], the shape
of the isotherm is on the borderline between types II and IV.
The isotherms of the other samples fit into type IV. The
hysteresis loop of all the samples can be classified as H3.
More light on the types of pores present in the materials,
was shed by the analysis of the pore size distribution (PSD,
figure 3 inset). It can be seen there that the PSD of the other
samples is significantly different from the standard P25
sample. Whereas the standard sample contains mainly big
mesopores and macropores, the other two samples are
almost completely mesoporous. Their PSD profile is similar
to that reported in reference [30]. The finest pores were
evidenced for the sample P25MA having the maximum
pore radius above 8 nm. The results of PSD analysis for
sample P25-tu show that the majority of pores in this
sample have a radius of 12 nm. The highest SBET value
evidenced for this sample is most probably a result of a
significant fraction of small mesopores with radius between
2 and 5 nm, which is absent in all other samples.
The diffuse reflectance spectra (DRS) in the UV–Vis
range are shown in figure 4. The P25 is characterized by
wide absorption band in the range from 200 to 380 nm. In
comparison, the absorption edge of the P25MA and P25-tu
is red-shifted with absorption tail extended to 420 nm. In
addition, the yellowish P25-tu sample shows extraordinary
absorption edge located at 500 nm. This edge seems to
indicate the formation of a new S2p-based band which is
located above the O2p-based valence band [32]. Note that
mixing of the S2p states with the valence band of TiO2 was
found to contribute to the increase in the valence band
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Table 1. Phase composition (A, anatase; R, rutile; B, brookite), average crystallite size, BET surface area and band gap (Eg) of
investigated samples.
Crystalline phase (%)
Sample

P25
P25MA
P25-tu

Figure 2.

Crystallite size (nm)

Modifier

—
—
Thiourea

A

R

B

A

R

B

SBET
(m2 g-1)

Eg
(eV)

82
47
29

18
24
20

—
29
51

24
20
23

34
30
13

—
14
9

52
45
86

3.10
2.97
2.37

SEM images of initial (a) P25, (b) P25MA and (c) P25-tu.

Figure 3. N2 adsorption-desorption isotherms of all samples (full
shapes correspond to the adsorption curve and empty ones to the
desorption curve); inset: Pore size distribution calculated from the
N2 desorption isotherm.

Figure 4. DRS spectra of initial P25, P25MA and P25-tu
samples; inset: Tauc’s plots constructed from DRS spectra of
(ahm)1/2 vs. the photon energy.
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Figure 5. (a) Photocatalytic discoloration efficiency of methyl orange as a function
of irradiation time for P25, and mechanochemically prepared samples P25MA and P25-tu;
(b) Reaction rate constants k of the investigated samples.

position [33]. The band gap values obtained by means of
Kubelka–Munk plots, are listed in table 1.
The reduced band gap of P25MA and P25-tu are most
likely attributed to the creation of additional electronic
states in the band gap of P25 [34]. An extraordinary value at
2.37 eV suggests possible inclusion of dopant leading to a
change in band gap width of the P25-tu sample.

3.2

Photocatalytic properties

Photocatalytic properties of the mechanochemically synthesized samples were evaluated by the discolouration of
representative industrial MO dye in aqueous solution under
visible irradiation. For comparison, the activity of P25
standard was also investigated under the same conditions.
The adsorption capacity (Qads, lmol m-2) in the dark was
calculated as
Qads ¼ Vo ðCo  Ceq Þ=ms SBET ;

ð1Þ

where Co and Ceq are the initial and equilibrium concentrations of MO, respectively [35].
The photocatalytic efficiencies (C/Co) of P25 and
mechanochemically prepared P25MA and P25-tu photocatalysts are represented in figure 5a. On the basis of blank
experiment, the direct photolysis degree of MO could be
neglected. The P25 sample shows only *2% of discolouration of MO under visible light irradiation, while the
sample P25MA reveals *14% of discolouration. The P25tu sample showed the highest discolouration activity with a
MO conversion of *99% after 120 min irradiation. The
photocatalytic discolouration curves of MO followed
the pseudo-first order kinetic model, as given below in
equation (2).
lnðC0 =Ct Þ ¼ kt;
-1

supplied in continuous flow to the reactor and it is always in
large stoichiometric excess with respect to MO. The reaction rate constant k also includes the constant oxygen concentration and it could be estimated from equation (2) by
plotting ln(Co/Ct) vs. irradiation time.
Figure 5b compares the discolouration rate constant of
MO for different photocatalysts. The reaction rate constant
of the P25-tu is higher than that of P25MA and initial P25.
The enhanced photocatalytic activity can be ascribed to the
combination of the (i) higher specific surface area providing
active sites in the sample; the highest SBET value evidenced
for the P25-tu sample is most probably a result of a significant fraction of small mesopores with radius between 2
and 5 nm, which is absent in all the other samples; (ii)
narrower band gap due to the presence of sulphur and (iii)
the higher content of the brookite phase that supports
photocatalytic properties [36].

ð2Þ

where k (min ) is the reaction rate constant, Co the initial
MO concentration, Ct the MO concentration at time (min)
and the concentration of oxygen is disregarded as it is

4.

Conclusions

In this work, we showed that TiO2/thiourea photocatalyst
prepared via ball-milling followed by thermal treatment
improved photocatalytic properties in comparison to initial
TiO2 (Degussa P25). The physico-chemical characterization
revealed modified properties of ball-milled TiO2 samples in
comparison with initial one. Ball-milling resulted in partial
transformation of anatase to rutile and brookite phases. The
ball-milled TiO2 possess lower SBET values. On the other
hand, a significant increase in surface area and modification
of inner pore size were observed with the introduction of
thiourea into the milling mixture. It also influenced optical
properties of investigated TiO2 samples, i.e., narrower
absorption edge was shifted to the visible region of light.
Importantly, TiO2/thiourea mechano-synthesized nanoparticles showed promising discolouration of MO under visible
light irradiation in comparison with initial and ball-milled
TiO2.
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J et al 1998 Nature 395 583
[2] Chiron S, Fernandez-Alba A, Rodriguez A and Garcia-Calvo
E 2000 Water Res. 34 366
[3] Fujishima A, Rao T N and Tryk D A 2000 J. Photochem.
Photobiol. C 1 1
[4] Anpo M and Takeuchi M 2003 J. Catal. 216 505
[5] Marschall R and Wang L 2014 Catal. Today 225 135
[6] Balaganapathi T, Kani Amuthan B, Vinoth S and Thilakan
P 2017 Mater. Res. Bull. 91 114
[7] Kitano M, Funatsu K, Matsuoka M, Eushima M and Anpo M
2006 J. Phys. Chem. C 110 25272
[8] Yates H M, Nolan M G, Sheel D W and Pemble M E 2006
J. Photochem. Photobiol. A 179 213
[9] Yang S and Gao L 2004 J. Am. Ceram. Soc. 87 1805
[10] Sano T, Negishi N, Koike K, Takeuchi K and Matsuzawa
S 2004 J. Mater. Chem. 14 380
[11] Liu G, Wang X, Wang L, Chen Z, Li F, Lu G Q et al 2009
J. Colloid Interface Sci. 334 171
[12] Livraghi S, Czoska A M and Paganini M C 2009 J. Solid
State Chem. 182 164
[13] Kobayakawa K, Murakami Y and Sato Y 2005 J. Photochem. Photobiol. A 170 177

Bull. Mater. Sci. (2021)44:228
[14] Wu J T, Kuo Ch Y and Wu Ch H 2016 Desalin. Water Treat.
57 5451
[15] Morris Hotsenpiller P A, Bolt J D, Farneth W E, Lowekamp
J B and Rohrer G S 1998 J. Phys. Chem. B 102 3226
[16] Landmann M, Rauls E and Schmidt W G 2012 J. Phys.
Condens. Matter 24 195503
[17] Anpo M 2004 Bull. Chem. Soc. Jpn. 77 1427
[18] Stafford U, Gray K A, Kamat P V and Varma A 1993 Chem.
Phys. Lett. 205 55
[19] Riegal G and Bolton J R 1995 J. Phys. Chem. 1995 4215
[20] Basca R R and Kiwi J 1998 Appl. Catal. B: Environ. 16 19
[21] Di Paola A, Cufalo G, Addamo M, Bellardita M, Campostrini R, Ischia M et al 2008 Colloids Surf. A 317 366
[22] El-Sheikh S M, Khedr T M, Zhang G, Vogiazi V, Ismail A
A, OShea K et al 2017 Chem. Eng. J. 310 428
[23] Patterson A L 1939 Phys. Rev. 56 978
[24] Orel Z C, Gunde M K and Orel B 1997 Prog. Org. Coat. 30
59
[25] Begin-Colin S, Girot T, Le Caër G and Mocellin A 2000 J.
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