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This work reports synthesis and characterization of mono and bimetal doped TiO,-based photocatalyts using Bi
and Fe metals prepared via wet impregnation method. Photocatalytic performances of the synthesized catalysts
were tested for the degradation of methylene blue. Results revealed that 1%Bi/TiOy (w/w) exhibited best
photocatalytic performance and achieved 80% degradation of 50 ppm MB solution within two hours. The
monometallic doping showed better performance than the bimetallic doping of Bi and Fe. This diminished

performance with co-doping was due to the agglomeration effect which accelerates recombination of electrons
and holes. First order-kinetic model was used for the study of degradation.

1. Introduction

The rapid and extensive rise in industrial activities has led to a
greater environmental concern, due to the impact on surface water as
well as human health. Industrial effluents have been noticed to their
long-term adverse effects on human life and aquatic organisms [1,2].
The photocatalytic degradation technique has gained interest due to its
effectiveness for removal of industrial effluents [3-5]. Further, semi-
conductors heterogeneous photocatalysts such as TiO, ZnO, Fe;03, and
CdS etc., are used for the purpose, without or with modifications like,
through the combination of semiconductors or doping of metals or non-
metals to improve their photocatalytic performance. These modifying
processes are emphasized as vital tools to enhance the photocatalytic
performance to degrade organic pollutants effectively with the model of
the zero-waste scheme [6-8]. TiO5 catalyst is considered as one of the
best semiconductor and frequently used to degrade the organic matter
owing to impressive photocatalytic processibility and remarkable sta-
bility [9,10]. Nevertheless, its wide bandgap (E; = 3.2 eV) is not
approachable in the solar spectrum hence, it has been imperative to
prepare novel photocatalysts for the proper working in visible light
conditions achieving lower bandgap [11]. Along with that, minimising
the recombination of generated charge carriers, electrons and holes is a
huge challenge. Thus, several mono and bimetal doped TiO; catalysts
has been widely studied to improve its photocatalytic activity [12-14].
Bismuth-based photocatalytic has achieved considerable attention
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owing to its low toxicity, higher stability, low cost, and expressed
exclusive photocatalytic activity with reducing gap amid valence and
conductive band, as well as minimise the recombination of charge car-
riers [15]. Nadia Riaz et.al, have fabricated bimetallic materials Cu, Ni/
TiOy photocatalyst through wet impregnation for degrading methyl
orange varying operational parameters such as photocatalyst loading,
pollutant concentration, and irradiation time [16]. Praveen K. Surolia
et al. has prepared p-cyclodextrin CuO/ZnO Nanocomposite and studied
photocatalytic performance for model textile dyes pollutants degrada-
tion, malachite green (MG), and methylene blue (MB). In addition, the
prepared catalyst encompasses exterior and interior cavity which can
encapsulate pollutant molecules [13]. PAK Reddy et al. fabricated bis-
muth doped TiO, based materials for the degradation of isoproturon
herbicide under solar light irradiation [17]. Bismuth doped TiO5 species
could be playing key role in reducing recombination of electron-hole,
thus doped TiO catalyst expressed appreciable photocatalyst perfor-
mance rather pure TiO,. Rajesh J. Tayade et al. synthesized bismuth
doped TiO2 nanotube using sol-gel and hydrothermal methods and
employed for the degradation of rhodamine-B dyes under sunlight
irradiation [18].

Doping of Fe was also observed to enhance the photocatalytic ac-
tivity of TiOz. Jyun-Hong Shen et al. prepared Fe-doped TiOz based
materials and employed for the degradation azo dyes [19]. The dopant
iron expressed the synergetic effect with producing extra hydroxyl group
radical for leading dyes degradation under visible light. Praveen K
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Fig. 1. XRD pattern for commercial and modified TiO, catalysts.

Surolia et al. reported enhanced activity for the photocatalytic degra-
dation of acetophenone when TiO, was doped with Fe using wet
impregnation method [20].

In this work, we have synthesized mono, and bimetal (Bi, Fe) doped
TiO5 materials through the wet impregnation method for the degrada-
tion of methylene blue (MB) under UV light [21,22]. The prepared
catalytic materials were characterized using XRD, FT-IR, SEM, DRS, PL
and TGA. These materials were applied to degrade model dye pollutant
MB in aqueous media. As per our best knowledge, the bimetallic doping
of Bi and Fe in combination has not been reported so far for the purpose
of photocatalytic degradation of organic pollutants in water.

2. Experimental section
2.1. Synthesis of catalysts

The catalytic preparation process is provided in supporting infor-
mation and schematically illustrated in Fig. S1. Catalysts were synthe-
sized via wet impregnation technique. The catalysts synthesized with %
loading of Bi:Fe (w/w) on TiO, were (1.0:0.0); (0.75:0.25); (0.50:0.50);
(0.25:0.75); (0.0:1.0) and named as BFT1, BFT2, BFT3, BFT4, and BFT5
respectively.

2.2. Catalyst characterization

The prepared catalysts were characterized using different analysis
techniques such as XRD, DRS, FT-IR, TGA, SEM, PL and details are
provided in supporting information.

2.3. Experimental setup and photocatalytic degradation experiment

The photocatalytic reaction was carried out using a 500 mL reactor
set-up consisting of 250 W mercury vapor lamp (fig. S2). Photocatalytic
performance of the prepared catalysts was evaluated by measuring the
concentration decrease of MB in the reaction solution. Details of the
experimental setup and reaction conditions are provided in supporting
information.

3. Result and discussion
3.1. X-ray diffraction analysis (XRD)

The XRD patterns of commercial and modified TiO, catalysts are
shown in Fig. 1. The maximum intense peak was observed at 26 = 25.3
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Fig. 2. FT-IR spectra of commercial and modified TiO catalysts.

in all the XRD patterns which confirmed the existence of primarily
anatase phase [23]. Major diffraction peaks in XRD pattern of all the
catalyst were observed at 20 =25.3°, 36.9%, 37.7°, 38.7, 48.1°, 54.08°,
55.1%, 70.5%, 75.1°, which are corresponding to (101), (103), (004),
(112), (200), (105), (211), (213), and (116). Bi and Fe metal impreg-
nation on TiOs surfaces did not create any extra peak. That could be due
to the smaller loading values of Bi and Fe metals (less than 1% w/w).
Higher peak intensities indicate that all the catalysts are having crys-
talline nature. The crystallite sizes were calculated for BFT1, BFT2,
BFT3, BFT4, BFT5, and TiO; as 29.05, 28.64, 29.03, 28.85, 27.37, and
28.75, respectively (Table 1). These crystallite sizes were determined
from the characteristic peak of 26 = 25.3 (101) for the anatase phase
using the Scherrer formula, with a shape factor (K) of 0.9: (Eq. (1)) [7].
All these crystallite sizes are in similar range which confirms no
considerable change due to doping of metals in TiO».

Crystallite size = K1/(Wcos0) 1)
where W = Wy, — W. Wy, is the broadened profile width of experimental

sample. Wy is the standard profile width of reference silicon sample, and
A is the wavelength of X-ray radiation.

3.2. Infrared spectroscopy analysis (FTIR)
FTIR analysis of all the catalysts was performed and the obtained

spectra are shown in Fig. 2. It was observed that all the catalysts have
shown broad peak between 550 and 800 cm ™. This includes stretching
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Fig. 3. (a) DRS spectra of commercial TiO, and their modified moieties and (b) band-gap energy from {(R)* hv}'/? with photon energy (hv).

vibrations of Ti-O bond and Ti-O-Ti bond [24]. The peaks at
3600-3800 cm ! range is due to stretching of —OH groups. All the
catalyst showed two medium bands in 1500-1700 cm™! due to the
deformation vibration of adsorbed water molecules [25,26]. The
absence of any peak around 1200 cm ™ is attributed to the doping done
on the TiO, lattice [22].

3.3. Diffuse reflectance spectra analysis (DRS)

The optical absorption properties of pure and impregnated TiO,
photocatalysts were studied with diffuse reflectance UV-Visible spec-
troscopy (Fig. 3). The study clearly shows that after doping with bismuth
and iron there was no considerable change observed in the bandgap
(Table 1). The bandgap was calculated with the help of Kubelka-Munk
equation using DRS data analysis (Eq. (2)) [27].

o= [157)

R (2)

where R is the measured absolute reflectance of the photocatalyst. Fig. 3
(b) presents the Kubelka-munk plots for pure and doped photocatalyst.

3.4. Scanning electron microscopy analysis (SEM)

SEM analysis was used to study the texture and morphology of
synthesized photocatalysts (Fig. S3). All the catalyst were observed in
spherical shape with typical size in the range of less than 100 nm and

— BFT5
T T T T T
0 20 40 60 80 100 120
Irradiation time
Fig. 4.

facilitating a better uniform distribution. No change in morphology was
observed after metal loading. The existence of metals after loading was
confirmed using EDX analysis (Fig. S4). However, EDX analysis could
provide the results for the metal particles which were existing only on
the TiO5 surface.

3.5. Photoluminescence spectral analysis (PL)

PL spectra showcase efficiency of transferring charge carrier in
semiconductor materials which help to get the information about sep-
aration and recombination of photo generated electron pair. Photo-
catalytic activities of various catalysts are distinct in term of charge
carriers (e /h™ pair) recombination rate. In this context, the higher PL
intensity render the higher recombination rate of electron-hole (e /h™M)
which is attributed to reduce the photocatalytic activities of catalysts
[28-30]. The photoluminescence intensity of commercially TiO2 was
observed higher, so recombination rate of charge carriers was to be high
compared to other synthesized catalysts. The PL spectrum of all the
synthesized catalysts is shown in Fig. S5.

3.6. Thermogravimetric analysis (TGA)

The thermal behaviour of synthesized catalysts was demonstrated by
the TGA spectrum that confirms the commendable thermal stability of
all the catalysts (Fig. S6). There was a smaller weight loss observed
starting around, that discloses the mainly moisture removal and some of
the impurity which might have left in the sample during the doping of
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(a) Decrease in concentration of MB as a function of irradiation time, (b) kinetics of MB degradation.
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the metals [31,32]. However, in all the cases, weight loss was less than
5%.

4. Photocatalytic activity and kinetics of methylene blue
degradation

The photocatalytic degradation study of the synthesized catalysts
was conducted for the degradation of MB solution and the results are
provided in Table 1. A 500 mL 50 ppm solution of MB was taken in the
photochemical reactor and a catalyst dose of 0.2 g/L was used in all the
performed experiments. The removal of MB due to adsorption was
observed as in the range of 8 to 15% only with all the catalysts. The
initial rate of reaction was observed highest for the commercial TiO5
followed by BFT1 that contains 1%Bi in TiOy (w/w) (Table 1). This
initial rate of degradation was calculated at time 10 min of the reaction.
However, final percentage of degradation was observed 80% with BFT1
and 66% with commercial TiO; which were highest among other cata-
lysts applied after 2 h (Table 1 and Fig. S7). The final percentage
degradation was observed in the range of 43 to 80% for all the reactions
performed. For comparison with BFT1, the performance of some
selected previously reported TiOy based photocatalysts for MB degra-
dation is mentioned in table S1.

Comparison of photocatalytic performance of TiO,, BFT1, BFT2,
BFT3, BFT4, and BFT5 validates that the BFT1 express the higher extent
of photocatalytic performance rather than other photocatalysts. In other
metal doped TiO; catalysts, the addition of Fe content decrease the
performance as the Fe dopant possesses the multivalency and lesser
number of redox potential (—0.44) which leads to the agglomeration
and recombination of electrons and holes [33]. Thus, the Fe ions turn
into the recombination centres for the electrons and holes pairs under
UV light irradiation [34]. The redox potential of Bi®*/Bi* and Fe’'/Fe
are 0.20 and — 0.44 respectively, which leads to electrons transferring
from Fe to Bi, that could result of agglomeration action. Thus, we may
conclude that the Fe doping in Bi/TiO5 catalyst leads to antagonist
performance. However, agglomeration possibilities in the catalysts
modified only with doping of either Fe or Bi metal substantially pre-
vented and lead to better degradation of MB (Table 1). Fig. S8 shows the
degradation pattern of MB using BFT1 catalyst under the UV irradiation
of 2 h.

The kinetic study of MB degradation is shown in Fig. 4 (a) and 4 (b).
For studying degradation rate of dye, we had kept the solution for 30
min. in dark, which is called adsorption time. As per Langmuir-
Hinshelwood mechanism, the kinetics follows pseudo-first order ki-
netics, where the rate of degradation reaction ‘r’ is proportional to the
concentration C; at time ‘t’ (Eq. (3)) [35].

kKC,
r =
1 +KC,

~ kKC, = kyppC: ©)

where k is the reaction rate constant and K is the reactant adsorption
constant. The apparent first order linear transforms are expressed in
Fig. 4 (b). The calculated apparent rate constants from slopes and R?
values of linearity are specified in Table 1. As in Fig. 4 (a), a clear sharp
decrease in concentration was observed in initial reaction time in all the
reaction performed. The apparent rate constant for degradation of
organic compound in various intermediate assigns the faster degrada-
tion rate, but not necessarily to the generation of CO, ultimately. From
Table 1, it can be clearly seen that degradation rate of MB dye is faster
for commercial TiOy and BFT1 catalysts. The degradation rate constant
of the reactions using TiO, and BFT1 catalysts are best among all as 1.3
x 1072 min~! and 1.2 x 1072 min ™! respectively.

5. Mechanistic approaches of photocatalysts in degradation of
dye

Aqueous photocatalytic degradation of organic materials can be
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explained by band- gap model of semiconductors. Semiconductor is
composed by band frameworks, valance band (VB) conductance band
(CB) separated with an energy gap (Eg) [33]. On the basis of experi-
mental data received, the photocatalysis and mechanistic approaches is
proposed. The proposed mechanism of dye degradation using metal
doped TiOs is given from Egs. (4)-(10).

TiO, + hv—TiO, (ey, +h},) (4
TiO, (e7) + M (Bi Fe)—TiO, — M(e™) (5)
TiO, —M(e™) + 0,—TiO, — M + 05" (6)
0,"+H"—HO, )
2HO,—~H,0, + 0, (€))
H,0, +¢,—~OH" + OH~ 9
OH"* /h:b + Dye—Mineralized Products (10)

Firstly, commercial, and modified TiO, photocatalysts takes a
photon with energy higher or equal to its band- gap and generate e /h™
charge carriers in CB and VB respectively as in Eqgs. (4)-(5). Further,
these e~ and h™ react with the reactive oxygen species O, and H50, to
generate superoxide anion (®03), hydroxyl radical (®OH") and H,0,
(Egs. (6)-(9)). These strong oxidative materials that is reactive oxygen
species (ROS) further oxidize dye and other organic fragments adsorbed
on the photocatalyst, finally to the mineralized products CO2, H,0O and
NHj (Eq. (10)). The involvement of these major reactive species can be
confirmed by application of suitable scavengers during the process [13].

6. Conclusion

In this work, mono and bimetal doped TiOp-based photocatalytic
materials were synthesized using Bi and Fe metals by wet impregnation
method. The degradation of model pollutant MB dye confirmed that 1%
Bi/TiO, (w/w) exhibited best photocatalytic performance compared to
other doped TiO photocatalysts and achieved 80% of degradation of 50
ppm MB solution within two hours. The monometallic doping showed
better performance than the bimetallic doping of Bi and Fe. This
decreased performance with co-doping was due to the agglomeration
effect which accelerates the recombination of electrons and holes. Fe
dopant holds the multivalency and lesser number of redox potential
(—0.44) which leads to the agglomeration and recombination of elec-
trons and holes. Furthermore, this work also fascinated the pseudo-first
order kinetic model for assigning degradation rate and mechanistic
approach of semiconductors with organic fragments.
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