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Objectives: The present work aims at the synthesis of metal-doped and undoped titania photocatalysts for
the degradation of methylene blue and neutral red dyes. Methods: Un-doped and metal-doped titania
photocatalysts were synthesized by hydrothermal treatment, calcined at 673 K, and were evaluated by
SEM, XRD, and XPS techniques for their phase composition. Results and conclusions: XPS studies of photo
catalysts confirmed the presence of transition metal ions of Co, Ni, and Zn as dopants along with titania.
XRD analysis indicated that all the synthesized photocatalysts were in the anatase phase. The morphol-
ogy of prepared photocatalysts was confirmed through SEM analysis. The synthesized nanoparticle’s pho-
tocatalytic nature was examined through testing their degradation potentials of methylene blue and
neutral red dyes under UV light irradiation. Under optimized conditions, like pH, contact time, initial
dye concentration and catalyst amount metal-doped titania photocatalysts showed higher photodegrada-
tion efficiency than the pure parental material. Among the metal doped titania best results were obtained
with Ni doped titania as 90% and 95% degradation were observed for neutral red and methylene blue dyes
respectively. This photocatalyst can therefore be used successfully to degrade the selected dyes present in
industrial effluents.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction manufacturing units. They affect the aquatic system by preventing
Water contamination is a serious global and environmental
issue of this era as modern industries releases a number of contam-
inants like dyes (some of which are carcinogenic) pharmaceutical
waste, and heavy metals that ultimately falls into water reservoirs.
Dyes are considered one of the major contaminants that can
adversely affect our environment when present beyond specified
concentrations limit. Dyes are released from three main sources
to water bodies: dyeing industries, household discharge, and dye
the penetration of sunlight into water bodies. They also decreases
the concentration of dissolved oxygen and reduces photosynthetic
activities of aquatic plants. They react with other pollutants pre-
sent in wastewater and produces toxic carcinogenic products that
may cause severe health issues. Natural degradation of dyes by
sunlight is a slow process because of faster accumulation than
degradation. Biological degradation of dyes is difficult because
most of the dyes have a large molecular size and stable aromatic
structure. Neutral red belongs to the quinone-imine class of dyes
and several studies have been carried out on its toxicity reduction
through photocatalytic degradation using various catalyst (Devi
and Dikdik, 2015). Neutral red is largely used in biological research
for counterstaining and as a pH indicator in analytical laboratories
(Mahmood et al., 2010). Methylene blue (MB) is a basic cationic
dye used for dyeing silk, cotton, and wool. Direct contact of MB
may cause severe health disorders including hyperhidrosis,
vomiting, and nausea, local burning, breathe hazards, and mental
disorders (Dariania et al., 2016).
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Traditional techniques employed for the degradation of dyes in
wastewater including chemical, physical, and biological methods
but these methods are not efficient to convert these effluents into
environment friendly end products (Abdellah et al., 2018). Photo-
catalytic degradation is a promising pollution treatment technol-
ogy for water purification that causes the destruction of the
chemical structure of contaminants present in water. Photocat-
alytic processes involves the excitation of a semiconductor mate-
rial with an energy source higher than the band gap of
semiconductor photocatalysts. Upon excitation electron holes
pairs are generated that either recombine or may react with the
target substance that may be either an electron acceptor (molecu-
lar oxygen) or an electron donor (hydroxide ions). Highly reactive
species such as superoxide and hydroxyl radicals are generated
during the photo degradation process (Bruno and Antoninho,
2019). These radicals are active that attacks the organic contami-
nants and microorganisms thus help in purification of water.
Among various photocatalyst, the TiO2 semiconductor has received
much attention because it is photo-stable, inexpensive, non-toxic
and reusable. It can degrade chemical contaminants including dyes
and microorganisms completely into carbon dioxide, mineral, and
water (Chuanxi et al., 2017). Upon irradiation, by a light source,
electron-hole pairs are formed on TiO2 surface, which either
recombine or generate thermal energy or producing hydroxy radi-
cals that mineralizes the organic pollutant to nontoxic substances.
The high bandgap of TiO2 which is about 3.2 eV that allows it to be
excited under UV light with k < 387 nm and restricts its application
in the presence of visible light because only a small fraction (3–5%)
of sunlight could be utilized (Khairy and Zakaria, 2014).

Owing to the importance of titania as catalyst, the present study
was aimed to prepare metal doped titania and used as catalyst for
the degradation of neutral red and methylene blue.
2. Experimental

2.1. Materials

The chemicals used in this research work were: Urea (Sigma
Aldrich), cobalt nitrate (BDH chemical England), nickel nitrate (Alfa
Aesar), zinc nitrate (BDH chemical England), methylene blue
(Sigma Aldrich), Neutral red (Alfa Aesar), and titanium isopropox-
ide (Sigma Aldrich). They were purchased from firms shown in
brackets and were used as such without further processing.

2.2. Morphological and structural analysis

The morphology of synthesized doped and un-doped TiO2 were
visualized with scanning electron microscopy (JSM 5910, Jeol,
Japan). The elemental structure of the prepared catalyst was exam-
ined by energy dispersive X-rays (INC 200, Oxford, UK). The phase
structure of catalysts was measured by X-rays diffraction (X-ray
diffractometer Rigaku D/Max-II, Cu tube, Japan). The photodegra-
dation potential of the prepared catalysts were evaluated against
neutral red and methylene blue while the extent of degradation
was estimated through UV/Visible spectrophotometer (UV-1800,
Shimadzu, Japan).

2.3. Preparation of un-doped and doped titania

About 7.4 mL solution of titanium isopropoxide and 100 mL dis-
tilled water were mixed under vigorous stirring for 1 h at room
temperature and a turbid solution of titanium hydroxide was
obtained. After being washed several times with deionized water
the precipitate were dried and re-dissolved in 1 M nitric acid solu-
tion to obtain a clear solution of [TiO(NO3)2]. Then the equimolar
2

solutions of titanyl nitrate and urea was stirred for 1 h and was
kept in a muffle furnace at 673 K to get titania. The synthesized
titania was then kept in desiccators till further use. For the prepa-
ration of doped titania 1% solution by weight of Zn, Ni, Co were
added separately to [TiO(NO3)2] solution. The reaction mixture
was stirred and then titrated against urea. The mixture was then
kept in a muffle furnace at 673 K. Finally the synthesized metal-
doped titania was kept in a desiccators till further use (Zhang
et al., 2017).

2.4. Photocatalytic test

To evaluate the photocatalytic activity of un-doped and doped
titania the photodegradation of methylene blue and neutral red
in aqueous solution was carried out at room temperature under
UV light irradiation while to keep the mixture homogenous a mag-
netic stirrer was used. In a typical experiment, neutral red
(20 ppm) and methylene blue (10 ppm) with an appropriate
amount of catalyst (1 mg to 10 mg) was stirred magnetically at a
constant temperature (using a hot plate). The suspension was then
exposed to UV light (254 nm, 15 W) at a different time interval
(10–100 min). After irradiation for a certain period of time sample
were withdrawn for analysis with a pipette and immediately cen-
trifuged to remove the photocatalyst particles from the heteroge-
neous solution before any absorbance measurement. Finally, the
concentration of dye in the clear supernatant was determined by
monitoring the absorption using a UV-visible spectrophotometer.
The decomposition (Mohammad-Salehi et al., 2019) of both dyes
in aqueous solution was determined using the following formula:

degradation rate %ð Þ ¼ A0 � A
A0

� �
� 100 ð1Þ

where A0 represents absorbance before treatment and A, is the
absorbance of the dye after-treatment.

3. Results and discussion

3.1. SEM characterization

The morphology of metal-doped and un-doped titania was visu-
alized through SEM analysis. Fig. 1 (b–d) represents the pho-
tographs of Zn, Co, and Ni doped titania respectively. It is clear
from photographs that the titania is in dispersed form that is
agglomerates at some point. The selected metals are well depos-
ited on the surface of titania. Also the doped titania particles are
bigger than pure titania. Hassan and Sayed, (2016) reported that
the presence of dopant increases the catalyst particle size and
causes particles to agglomerate.

3.2. EDX analysis

The elemental composition of the doped and un-doped titania
was determined through energy dispersive X-rays analysis
(Fig. 2). Fig. 2 (a) shows the undoped photocatalyst that only con-
sists of titania and oxygen, while the EDX spectra of cobalt, nickel,
and zinc doped titania are given in Fig. 2 (b to d), which represents
that the photocatalyst consists of titanium, oxygen and doped met-
als i.e. cobalt, nickel, and zinc as well in their chemical structure
respectively.

3.3. XRD analysis

The XRD pattern of un-doped and doped titania is shown in
Fig. 3. Strong diffraction peak at 2h = 25.2�, 37.1�, 47.5�, 53.5�,
and 62.3 are exhibited by anatase titania. All the peaks were com-



Fig. 1. SEM images of titania photocatalyst a) Pure TiO2, b) Co/TiO2, c) Ni/TiO2, d) Zn/TiO2.

Fig. 2. EDX spectra of the catalyst a) TiO2, b) Co/TiO2, c) Ni/TiO2, and d) Zn/TiO2.
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parable to the standard spectrum. It is cleared from Fig. 3 that all
the samples show anatase phase regardless of metal content.
XRD patterns of metal-doped titania samples do not exhibit any
diffraction peaks of metals. This is may be due to low metal doped
contents (1%) and also the metals are well dispersed within the
titania crystal phase, as reported before (Shamalh et al., 2013;
Balaram et al., 2016).

3.4. Photodegradation of selected dyes

The basic steps involve in heterogeneous photo-catalysis
includes the transfer of the organic reactants in the liquid phase
to the catalyst surface, adsorption of reactants on the catalyst sur-
3

face followed reaction in the adsorbed phase and then product des-
orption/removal of the final products into the liquid phase (Rauf
et al., 2011). The absorption of a photon having an energy equal
to or greater than the bandgap of titania initiate the photocatalytic
mechanism by producing an electron-hole pair on the surface of
titania as schematized in Fig. 4. The total number of free charge
carriers on the surface of titania is determined by the rate of
electron-hole pair generation, charge recombination, charge
release, migration, and interfacial charge transfer. Transition metal
ion dopant act as hole or electron traps (Azeez et al., 2018).

The recombination of pair of electron-hole decreases that
results in an increase in the lifetime of charge carriers (Qian
et al., 2019; Gesesse et al., 2019). The recombination rate of photo



Fig. 3. XRD analysis a) TiO2, b) Co/TiO2, c) Ni/TiO2, d) Zn/TiO2.

Fig. 4. Possible mechanism of photodegradation process.
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generated pair has to be precluded for a net chemical reaction to
occur. In the indirect photocatalytic mechanism, the positive holes
are trapped by a water molecule that results in the formation of
hydroxyl radicals and hydrogen ion. The electrons in the conduc-
tion band can reduce molecular oxygen to superoxide radicals.
The superoxide radical form hydrogen peroxide and subsequently
form hydroxyl radical which take part in the degradation of organic
dyes.

The following is the reaction sequence of titania semiconductor,
activated by UV light in aqueous media

TiO2 þ hv ! e� þ hþ ð2Þ

hþ þH2OðadsÞ ! OHðadsÞ þHþðadsÞ ð3Þ

O2þe� ! O�:
2 adsð Þ ð4Þ
4

O�:
2 adsð Þ þ Hþ ! OH: adsð Þ ð5Þ

Â � O2H adsð Þ ! H2O2 adsð Þ þ O2 ð6Þ

H2O2ðadsÞ ! 2:OHðadsÞ ð7Þ

Â � OHþ dye ! intermediate ! CO2 þ H2O ð8Þ
The radical species that are most active that participate in pho-

todegradation are O2
��, HO2

� and �OH, resulting in complete oxida-
tion of the contaminant.

3.5. Effect of loading catalyst

The quantity of catalyst and its particle aggregation influences
the rate of photodegradation of dyes. The enhancement of the pho-
todegradation rate with increasing catalyst amount is the charac-
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teristics of heterogeneous catalysis. For neutral red dye pho-
todegradation was increased up to 85.5% by increasing the catalyst
amount from 1 to 2 mg. The rate of photodegradation became con-
stant after 2 mg as shown in Fig. 5. The methylene blue degrada-
tion was increased up to 78.5% by increasing the catalyst amount
from 1 to 10 mg and then leveled off as shown in Fig. 5. The num-
ber of active sites increases by increasing the catalyst dosage that
results in an increase in hydroxyl radicals taking part in dyes
degradation. Further increasing catalyst amount showed constant
photodegradation rate because the incoming photons were scat-
tered by the solid particles of the catalyst. Beyond a certain limit
of photocatalyst amount, the solution becomes turbid and thus
blocks UV that hindered the further catalytic process to occur;
thereby decreasing the photodegradation rate (Lu et al., 2017).

3.6. pH effect

In photocatalytic degradation, solution pH is an important fac-
tor since it determines the surface charge of titania, adsorption of
dyes molecules onto titania surface, the charge of dyes molecules,
the number of hydroxyl radicals, and also the size of aggregates
formed. The surface charge of titania changes by varying solution
pH, and thus shifts the potential of photocatalytic reaction. Conse-
quently, adsorption of dye on the surface is altered and the rate of
reaction is affected. Under alkaline or acidic conditions the surface
of titania can be deprotonated or protonated as shown by the fol-
lowing reactions (Guo et al., 2018).

TiOH þ Hþþ ! TiOHþ
2 ð9Þ

TiOH þ OH� ! TiO� þ H2O ð10Þ
Thus titania surface remain negatively charged in basic medium

and positively charged in acidic media. Adsorption can be low or
high in basic or acidic media depending upon the nature of the
dye that’s to be adsorbed on the photocatalyst surface. The optimal
photodegradation of neutral red was 82.84% at pH 8 and that of
methylene blue was 81.15% at pH 11. No appreciable changes in
the photodegradation were observed with further increase in pH
of solution as shown in Fig. 6. The photodegradation of both dyes
continuously decreased by decreasing the pH of the solution and
was favorable in a slightly basic medium. In basic solution, titania
acts as anion and neutral dye was adsorbed easily on the catalyst
surface. Further increase in pH, cause repulsion between the dye
Fig. 5. Percent degradation of neutral red and m
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molecules and negatively charged titania and hence reduced the
rate of the photodegradation process. Under the acidic condition,
the adsorbed cationic dye was repelled by the positive charge sur-
face of titania that reduced the adsorption of dye and hence pho-
todegradation efficiency (Xu et al., 2014).

3.7. The effect of initial dye concentration

In the present work, the percent dyes degradation increased up
to 10 mg/L of dye concentration and then gradually decreased. It
was noted that the process of photodegradation decreases with
increasing dye concentration. High adsorption of dye molecule on
the surface of titania causes a decrease in the number of hydroxyl
radicals by occupying active sites (Raza et al., 2019).

3.8. Photocatalytic activity of metal doped titania at optimum
condition

Metal ion dopants in low amounts produces structural defects
on the surface of photocatalyst that acts as trap centers for photo
generated charge pairs and greatly reduces the recombination pro-
cess, hence increases the photocatalytic activity (Rumi et al., 2013).

3.8.1. Nickel doped titania
At the optimized conditions the dopant effected the degrada-

tion of the selected dyes. The photodegradation of neutral red in
the presence of nickel doped titania was 90% and that of methylene
blue was 95%. The photocatalytic activity of titania increased by Ni/
TiO2. The nickel-metal as dopant greatly suppresses the recombi-
nation process on the surface of photocatalyst and provided more
time for electrons and holes to produce maximum hydroxyl radi-
cals, consequently, increases photodegradation (Devi et al., 2010).

3.8.2. Zinc doped titania
The difference between the conduction band and valence band

of titania was reduced by doping titania with zinc metal which
increased the photodegradation potential of the doped catalyst.
Furthermore, the ionic radii of host Ti4+ (0.745 Å) are similar to that
of Zn2+ (0.74 Å) ions. Therefore, Zn2+ can easily be substituted with
Ti4+ in titania lattice, with no distortion in the crystal shape and
thus stabilizing the doped phase over a range of metal ion concen-
tration. The removal of neutral red achieved with zinc doped tita-
nia was 87.5% and that of methylene blue was 93.5% under
ethylene blue at different catalyst amount.



Fig. 6. Percent degradation of neutral red and methylene blue at different pH.
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optimized conditions. The presence of Zn2+ as a dopant act as
follow:

Zn2þ þ e� ! Znþ ð11Þ
Znþ þ O2 adsð Þ!Zn2þ þ O�:
2 ð12Þ
Znþ þ hþ ! Zn2þ ð13Þ
Zn2þ þ hþ ! Zn3þ ð14Þ
Zn3þ þ OH� ! Zn2þ þ OH: ð15Þ
Zn3þ þ e� ! Zn2þ ð16Þ
The inclusion of Zn2+ metal ion as dopants causes an enhance-

ment in number of O2
�� and �OH on the solid electrical layer of tita-

nia that contributes to effective dye degradation (Devi and Dikdik,
2015).
Fig. 7. Comparison of photocatalytic efficiency of un-doped and metal do
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3.8.3. Cobalt doped titania
About 88.75% neutral red dye gradation occurred when cobalt

doped titania was used under light exposure while the percent
removal of methylene blue dye obtained with Co/TiO2 was 93.5%.
The wavelength of titania extended to the visible region of the
spectrum and the phenomenon of red shift took place with cobalt
used as a dopant. Cobalt also acts as an electron trapper and pro-
vide more time for radical formation, therefore increases the pho-
todegradation efficiency of the catalyst.
3.9. Comparison between doped and un-doped titania

Photodegradation of neutral red in the presence of pure titania
was 76.87%, while in the presence of nickel, cobalt, and Zn/TiO2

was 90%, 88.75%, and 87.5% respectively. The degradation of
methylene blue achieved with pure TiO2 was 86%. The dye removal
in the presence of Ni/TiO2 was 95%, while that for Co and Zn doped
titania was 93.5%. From these results, it is clear that doped Titania
shows greater photodegradation efficiencies as compared to pure
titania as illustrated in Fig. 7. The metal ions accept the electrons
ped titania for photo degradation of neutral red and methylene blue.



Table 1
Comparison of different catalysts for the degradation of neutral red.

Dye Photodegradation of dyes using doped and un-doped titania

TiO2 TiO2/Ni TiO2/Zn TiO2/Co

Neutral red 76% 90% 87.5% 88.75%
Methylene blue 86% 95% 93.5% 93.5%

Table 2
Comparison of result obtained for dyes degradation with already reported data.

Type of dye Degradation (%) Mode of degradation Catalyst References Degradation (%) Current work

Neutral red 70 Adsorption Co-oxide Saeed and Khan, 2017 90
Methylene blue 65 Adsorption Banana peel Gautam and Khan, 2016 95

77 Adsorption Zeolite Nassar and Abdelrahman, 2017 95
81 Adsorption Silver nanoparticles Saha et al., 2017 95

Fig. 8. Real sample application of doped and un-doped photocatalysts.
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from the valence band of titania and permit more time for charge
separation inside the semiconductor material. Metal ion as dopants
decreases the bandgap energy of titania as well as increasing the
formation of radicals and hence photodegradation efficiency is
increased. Among the three metal ion examined as dopants, excel-
lent photocatalytic activity was observed for nickel ion suggesting
the good dispersion of metal ion in the crystalline structure of tita-
nia (Mohseni-Salehi et al., 2018). A comparison of the doped cata-
lyst has been shown in Table 1 while with other catalysts reported
in literature is shown in Table 2.
3.10. Real sample applications

The performances of un-doped and doped TiO2 photocatalysts
under the above mentioned optimized conditions were investi-
gated on real wastewater samples coming from a textile industry
to degrade the neutral red and methylene blue dyes present. The
results obtained are presented in Fig. 8. The result shows that dop-
ing have increased the degradation ability of the catalyst. Similar
results have been reported by other researchers as well (Nguyen
et al., 2018).
4. Conclusion

Metal doped and un-doped titania photocatalyst were synthe-
sized using titanium isopropoxide as titanium precursor. The cat-
alytic efficiency of the selected dyes; neutral red and methylene
blue were studied under UV irradiation. The photodegradation
was higher for the metal-doped titania sample as compared to
pure titania. Among the tested metal doped titania best results
were obtained for Ni doped titania being 90% and 95% against
the neutral red and methylene blue dyes respectively. It was
7

observed that photodegradation is favorable under basic condi-
tions. This improves catalytic activity was due to control of elec-
tron holes in the composite. The nickel doped catalyst could be
effectively used in industries for the catalytic degradation of the
mentioned dyes.
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