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Abstract 

Visible light-driven Zn and Mg co-doped TiO2 nanomaterials were synthesized by varying dopant concentrations 
in presence of biogenic surfactant Sapindus emerginatus (biogenic extract) via the Sol-gel method and have been 
successfully applicated to the degradation of Amido Black 10B (AB 10B), an exemplary anionic textile azo dye pol-
lutant. This study explored the potent capping properties of biogenic extract surfactant by encapsulating the Zn/
Mg co-doped TiO2. In a view to assessing the physical and optical properties of the as-synthesized catalysts, various 
advanced instrumental techniques were adopted. The Transmission Electron Microscopy and Scanning Electron 
Microscopy analysis show the formation of small particle sizes (6.9 nm) pertaining to biogenic surfactant-assisted Zn/
Mg co-doped TiO2 (ZMT4S2). The substitutional doping of Zn and Mg into the TiO2 framework by substituting Ti4+ ion 
and the encapsulation of surfactant around catalyst was confirmed by Fourier Transform-Infrared Spectroscopy (FTIR) 
spectral studies. The surface area of the ZMT4S2 was found to be high (195 m2 g− 1) as compared with undoped TiO2 
(74 m2 g− 1) and Zn (1.00 wt%) / Mg (0.25 wt%) co-doped TiO2 (ZMT4) (132 m2 g− 1). The red shift in the absorbance 
was observed for all the catalysts analyzed using UV-Vis-Diffuse Reflectance Spectroscopy (UV-Vis-DRS) confirms the 
ZMT4S2 showing less band gap of 2.1 eV than other catalysts. Further the electrical property of the catalyst was stud-
ied using Electrochemical Impedance Spectroscopy. The results obtained from impedance and Mott-Schotky plots 
show the reduced electrical resistance and electron hole recombination respectively. The sensitivity of the catalyst 
towards visible light was confirmed by its band gap energy measurement using UV-Vis-DRS. The anatase phase of all 
the catalysts was confirmed using powder X-ray diffraction. The composition and wt% of dopants revealed the Energy 
Dispersive X-ray spectra agree well with the calculated value. The slightly shifted frequency bands (FTIR) further 
confirmed the doping of Zn and Mg. The characterization analysis reports further accounts for the effective degrada-
tion of AB 10B dye (99%) taking place within 20 min of irradiation time at optimized reaction parameters such as best 
dopant concentration ZMT4, catalyst dosage (100 mg L− 1), dye concentration (10 mg L− 1) and solution pH 3.
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1  Introduction
The benchmark photocatalyst, titanium dioxide (TiO2) 
in anatase form has been endorsed for its suitability for 
photocatalytic processes for effective removal of textile 
dye pollutants in an aqueous medium due to its strong 
oxidizing power, long-term stability, non-photocorrosive 
nature, etc. [1]. Even after rectifying the bandgap and 
electron-hole recombination of TiO2 by co-doping with 
metal/nonmetal or metal/metal [2], the rate of photo-
catalytic activity of the catalyst is still not satisfactory. 
To insight into this problem, many researchers have 
designed various methods to make a specific modifi-
cation in TiO2 to reduce the band gap, electron-hole 
recombination [2], and increase the surface area [3] by 
applying different combinations of dopants and capping 
agent respectively.

Zhuang et al. worked on the synthesis of Sn and N co-
doped TiO2 via sol–gel method through a post-nitrida-
tion route at 500 °C for 20h [4]. Nasir et  al. synthesized 
Ce/N co-doped TiO2 by hydrothermal method at 120 °C 
precalcination treatment for 16h [5]. Mulpuri et  al. 
reported the synthesis of Zn and B-codoped TiO2 by sol-
gel method and found it effective for Acid Red degrada-
tion [6]. Although nonmetal doping of TiO2 can cause 
a red shift of TiO2 making it responsive to visible light, 
however during the annealing process, doped nonmetal 
content decreases [7] and as a result, the oxidizing ability 
of the TiO2 nanocrystalline phase is diminished in turn 
leading to decrement in photocatalytic activity.

Based on the above facts, various research groups have 
attempted different combinations of metals doped into 
TiO2 under visible light irradiation. Bakhshayesh et  al. 
studied solar cell applications by using Sr and V co-doped 
TiO2 nanomaterials due to the easy incorporation of co-
dopants into TiO2 lattice causing grain strain resulting in 
smaller crystallite size and inhibiting the growth of rutile 
phase which are advantageous for solar cell application 
[8].

Zn is found to be a promising potential photocata-
lytic promoter based on some of its merits such as the 
ionic radii of Zn2+ (0.74 Å) and Ti4+ (0.75 Å) are almost 
close to each other so a more effective substitution of 
Ti4+ ion with Zn2+ without disturbing the crystal struc-
ture, hence stabilizing the anatase phase [6]. Secondly, 
with Zn doping, the separation rate of the charge car-
riers was prolonged because of the introduction of an 
energy band just below the conduction band of TiO2 
[9]. Er and Mg co-doped TiO2 catalysts were synthe-
sized by Chen et  al. via facile hydrothermal synthesis 
and applicated for photovoltaic property in perovskite 
solar cell [10]. Among all the alkali earth metals Mg2+ 
has proven to be a landmark dopant due to its ionic 
radius (0.72 Å) similar to that of Ti4+ [11]. Another 

expedient role of Mg containing TiO2 is in reducing the 
band gap by forming an extra energy level just above 
the valency band by overlapping of 2p orbital of Mg2+ 
and O2− [12]. Based on the importance and involve-
ment of Zn and Mg as an individual dopants doped into 
TiO2 lattice, the present investigation proposed to syn-
thesize Zn and Mg co-doped TiO2 by sol-gel method 
to take both the advantages of Zn and Mg. Moreover, 
Zn is an assuring n-type transition metal and it adsorbs 
organic pollutants like azo dyes [13]. In addition, Mg 
being electropositive favors the formation of a less 
dense anatase phase and shift the adsorption of radia-
tion towards the visible region [14].

However, the enhanced surface area of a catalyst is 
a major contributing factor to effective photocatalytic 
activity. In the recent past, there are many capping agents 
assisting doped TiO2 synthesis process were studied [15]. 
Due to the rising concern regarding the biodegradabil-
ity and long-term toxicity of synthetic surfactants. There 
is an urgency to develop an alternative green synthesis 
approach through biocapping as an ideal supplement [16] 
to reduce the particle size.

By considering the above-said facts, the present study 
attempted to use natural biogenic extract (Sapindus 
emerginatus) as a capping agent in the synthesis of Zn 
and Mg co-doped TiO2. S. emerginatus (Soapnut) peri-
carp extract acts as a natural capping agent due to its 
major component saponin (Fig. 1) which in turn acts as 
a stabilizer and inhibits the agglomeration of doped TiO2 
to nano size [17]. Balakrishnan et al. demonstrated good 
emulsification and low critical micellar concentration 
owing to its potent biodegradable surfactant properties. 
In addition to saponins, the presence of phytochemicals 
such as flavonoids, glycosides, fatty acids, and fixed oils 
makes it easier to use as a biocapping agent [18].

Recently great attention has been emphasized on the 
effective degradation of azo dyes which constitute about 
60-70% of all the textile and industrial dyes together. Due 
to unique adverse toxic, mutagenic, and carcinogenic 
properties, these azo dyes have created a threat to the 
entire aquatic biota [19]. The present investigation envis-
ages the visible light activity and catalytic efficiency of the 
synthesized catalyst evaluated by degradation of Amido 
Black 10B (AB 10B) dye as an exemplary pollutant. AB 
10B is a classical azo dye consisting of sulphonic side 
chains (C22H14N6Na2O9S2; see Fig. S1 of Supplementary 
material). Gokakakar et  al. noticed that the presence of 
these sulfonic groups makes it easily soluble and stable, 
and becomes difficult to degrade by various conventional 
methods [20]. So herein, the as- synthesized Zn/Mg co-
doped TiO2 was successfully employed for degradation 
of AB 10B to corroborate its effective photocatalytic 
efficiency.
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2 � Experiment
2.1 � Required chemicals and reagents
The main precursors of Titanium, Zinc, and Magne-
sium, Ti (OBu)4 (98.6%), Zn (NO3)2·6H2O (99%), and Mg 
(NO3)2·6H2O (99.5%) respectively were used for the syn-
thesis of undoped and Zn/Mg co-doped TiO2 catalysts. 
All the chemicals obtained were AR-Grade from E-Merck 
(Germany). AB 10B (90%) High Media, India was used as 
a model dye pollutant. S. emerginatus (soapnut) extract 
was used as the biogenic surfactant for the synthesis of 
Zn and Mg co-doped TiO2 (with surfactant). Ethanol and 
nitric acid are obtained from E-Merck (India) and used as 
a solvent in the reaction procedure. All the above-men-
tioned chemicals were used as received and their solu-
tions were freshly prepared using deionized water.

2.2 � Extraction of soapnut pericarp
The fresh ripen fruit of soapnut was taken, shade dried, 
and washed with deionized water, and then 100 g of peri-
carp soaked in 100 mL of water for 6 h. Then the clear 
solution was filtered using Whatman filter paper No. 1 
and the 10 mL aliquot diluted to 100 mL (10%) was taken 
for further experimentation procedure.

2.3 � Synthesis of Zn/Mg co‑doped TiO2
The synthesis of co-doped TiO2 catalysts were carried out 
using various weight percentages of dopants (Zn and Mg) 
by the sol-gel method. In beaker 1, n-Butyl ortho titan-
ate (20 mL) was dissolved in absolute alcohol (40 mL) 
and stirred for 10 min, acidified with 3.2 mL of nitric acid 

drop-wise under continuous stirring for 30 min (Solu-
tion I). In another Pyrex glass beaker 2, 40 mL of ethanol, 
the calculated (required weight percentage 0.25-1.0 wt%) 
amount of dopants, and 7.2 mL of water were taken and 
continued stirring for 30 min (Solution II). This was fol-
lowed by the slow dropwise addition of Solution II (from 
burette) to Solution I, under vigorous stirring until the 
transparent sol was formed, and stirring was continued 
for 2 h. The sol formed is kept aside for 48 h for aging in 
dark at room temperature to obtain the gel. The gel was 
dried in an oven at 100 °C and ground. The catalyst pow-
der was calcined at 450 °C in a muffle furnace for 5 h. The 
prepared catalysts were labeled as ZMT1, ZMT2, ZMT3, 
ZMT4, and ZMT5 as described in Table 1.

To select the best catalyst from the above-prepared 
catalysts, assessment studies were conducted for pho-
tocatalytic degradation of AB 10B dye under visible 
light irradiation and the results suggested that the best 
dopant concentration was obtained for ZMT4 with Zn 
(1.00 wt%) and Mg (0.25 wt%). To further boost the pho-
tocatalytic performance of the ZMT4 catalyst, scissoring 
of the catalyst by using biogenic soapnut extract as cap-
ping agent to control the agglomeration of the particles 
for getting smaller particle sizes resulting in high surface 
area. Soapnut extract-assisted ZMT4 nanocatalysts were 
synthesized by following the same procedure but varied 
volumes (5, 10, and 15 mL) of soapnut 10% extract was 
added after the sol formation in the regular procedure 
and continued the stirring for 15 min left the solution for 
aging. A similar procedure was adopted for the synthesis 

Fig. 1  Structure of Sapindus emerginatus (Triterpenoid Saponin)



Page 4 of 20Jaishree et al. Sustainable Environment Research           (2022) 32:38 

of undoped TiO2 (without the addition of dopants and 
soapnut extract). Details of all the as- synthesized cata-
lysts are presented in Table 1.

2.4 � Instrumental techniques utilized for characterization 
of the catalyst

Powder X-ray diffraction (XRD) measurements were 
accomplished to determine the crystalline phase of 
undoped TiO2 and Zn/Mg co-doped TiO2 in the pres-
ence and absence of a capping agent, using an X’PERT 
MPD_PRO diffractometer (Malvern Panalytical, Mal-
vern, United Kingdom) with Cu Kα radiation operated 
at 45 kV, 40 mA and 0.2 θ scan rate (λ = 0.15405 nm). The 
average crystallite size of anatase form was determined 
according to the Scherer equation using full width at half 
maximum of the diffraction peak data of the selected 
peak. Fourier-transform infrared (FTIR) spectra of the 
samples were recorded in a frequency ranging from 4000 
to 400 cm− 1 using an FTIR spectrometer type JASCO 
4100 (Jasco International, Tokyo, Japan) in transmission 
mode using the KBr pellet method. UV–Visible diffuse 
reflectance spectroscopy (UV-DRS) with Shimadzu 3600 
UV–Vis DRS Spectrophotometry in the range of 200–
800 nm with BaSO4 taken as a reference to determine the 
band gap of as-synthesized catalysts. The morphology of 
the catalyst was studied using a scanning electron micro-
scope (ZEISS SIGMA FE-SEM) equipped with an energy 
dispersive X-ray Spectrophotometer with a resolution 
1 nm @ at 15 kV with high definition scan. The Elemen-
tal composition was identified using the X-ray Fluores-
cence (XRF) (XGT 5200, Horiba, Japan) with an X-ray 
tube 50 kV max, 1 mA with Rh target. The size and shape 
of the nanoparticles were recorded with TECNAI FE12 
Transmitted Electron Microscopy (TEM), operated cur-
rent was 120 kV. The pore volume (VP), size, and surface 
area (SBET) were determined by N2 adsorption–desorp-
tion isotherm at 77.3 K using the instrument Brunauer-
Emmett-Teller (BET) Quanta chrome Nova 2200 E 

System. Photoluminescence measurements were per-
formed using Hitachi F-7000 fluorescence spectropho-
tometer. UV–Vis spectrophotometer (Shimadzu 1601) 
was used to monitor the assays of AB 10B degradation 
during the photocatalysis process. Elico digital pH meter 
(Model IIIE, EI) was used to monitor the change in the 
pH of the solution during the degradation process.

To explore the electronic processes in undoped (UTO) 
and co-doped TiO2 (ZMT4S2), the Electrochemical 
Impedance Spectroscopy (EIS) measurements were 
conducted under illumination conditions (using Gamry 
Potentiostat/Galvanostat, Interface 1010E), in a stand-
ard three-electrode system using the prepared samples as 
the working electrodes with an active area of 1 cm2. The 
samples for EIS measurements were prepared by spin-
coating a thin layer of photocatalyst sample on (5 mg of 
sample dispersed in absolute 1-butyl alcohol) at the spin-
coating speed of 3000 rpm for 30 s. After drying at 100 °C 
for 30 min the samples were further annealed at 200 °C 
for 1 h. The saturated calomel electrode (SCE) and plati-
num wire were used as reference and counter electrodes. 
The EIS measurements were done in the frequency range 
from 100 kHz to 100 MHz with the applied potential of 
50 mV. The electrolytic solution used for the EIS experi-
ment was 0.1 M KOH. The Mott-Schottky measure-
ment was carried out at different frequencies 0.5, 1, and 
1.5 kHz and fitted linearly to obtain flat band potential. 
All the analyses were done using Gamry Echem Analyst 
software.

2.5 � Experimental setup and evaluation procedure 
for photocatalytic activity

The photocatalytic activity of the Zn and Mg co-doped 
TiO2 nanomaterial samples was evaluated by the degra-
dation of AB 10B. As a visible light source, the high-pres-
sure mercury metal halide lamp (Osram, India) 400 W 
was used as a visible light source output of 436–546 nm 
with 35,000 Lm with UV filter (Oriel no: 51472) to cut 

Table 1  Details of all the samples synthesized

Weight percentages of dopants (wt%) Sapindus emerginatus surfactant (Volume in mL) Name assigned to the sample

NIL – UTO (Undoped TiO2)

0.25 Zn/0.75 Mg – ZMT1

0.50 Zn/0.50 Mg – ZMT2

0.75 Zn/0.25 Mg – ZMT3

1.00 Zn/0.25 Mg – ZMT4

1.00 Zn/0.50 Mg – ZMT5

1.00 Zn/0.25 Mg 5 ZMT4-S1

1.00 Zn/0.25 Mg 10 ZMT4-S2

1.00 Zn 0.25 Mg 15 ZMT4-S3
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off the UV radiation. The experimental setup is given in 
Fig.  2. The photocatalytic procedure was given as fol-
lows: In a 150 mL pyrex glass reaction vessel 100 mL of 
dye solution with preset concentrations (5, 10, 15 and 
20 mg L− 1) were taken and the catalyst dosages 0.05, 0.10, 
0.15 and 0.20 g 100 mL− 1 were added to it and the solu-
tion pH was adjusted by the addition of either 0.1 N HCl 
or 0.1 N NaOH. Before illumination, the mixtures were 
magnetically stirred under dark for the establishment of 
adsorption/desorption equilibrium of AB 10B on the sur-
face of the catalyst. To filter off IR radiation and to main-
tain the reaction condition at room temperature mixture 
was kept under running cool water which was circulated 
around the sample container. The rate of reaction was fol-
lowed by withdrawing 5 mL aliquots of samples from the 
reaction mixture by using a millipore syringe (0.45 μm) 
at different time increments and measuring the absorp-
tion of the sample at λ max 619 nm by using a UV-Vis 
spectrophotometer (Shimadzu 3600). The percentage of 
degradation of the dye (AB 10B) was calculated by using 
the following equation. % of degradation = (Co - Ct)/ 
Co × 100, where Co is the initial absorbance of dye solu-
tion before exposure to light and Ct is the absorbance of 
dye solution at a time, t after exposure to light.

3 � Results and discussion
3.1 � XRD
The powder XRD technique was utilized to analyze the 
structural properties of catalyst samples with and without 
surfactant (Fig. 3a and b). The 2θ values of each peak of 
all the catalysts were found at 25.3, 37.8, 47.9, 54.5, 57.1, 
and 62.5°, corresponding to (101), (004), (200), (105), 

(211) and (204) crystal planes of TiO2 respectively, indi-
cating the presence of anatase phase. The peaks almost 
coincide with undoped TiO2 depicting that the presence 
of dopants has no influence on the anatase phase of TiO2 
calcined at 450 °C for 5h [21]. This is may be due to the 
ionic radii of Zn2+ (0.74 Å) and Mg2+ (0.72 Å) is almost 
close to that of Ti4+ (0.75 Å), hence more effective substi-
tution of both the dopants into TiO2 lattice has occurred 
by substituting Ti4+ ions [6, 11]. This can be further evi-
dent from the fact that no peaks at 2θ = 31.7, 34.5, 36.3, 
47.5, 56.2 and 62.7° for ZnO and 2θ = 36.7, 42.7 and 62.0° 
for MgO were observed [22, 23]. Further, it indicated 
that from Fig. 3b the presence of intense and sharp peaks 
for ZMT4S2BC attributed to the effective capping of 
co-doped TiO2 with biogenic surfactant [17]. Using the 
Debye Scherrer equation (d = kλ/β Cosθ) [15] average 
crystallite size of undoped, Zn/Mg codoped-TiO2 and 
capped Zn/Mg codoped-TiO2 were calculated and pre-
sented in Table 6. From Table 6 it can be inferred that the 
crystallite size for capped ZMT4S2 (5.7 nm) is lesser than 
undoped ZMT4 (7.0 nm).

3.2 � TEM
The particle size of the catalyst was analyzed by the 
TEM with the images shown in Fig.  4, describing the 
surface morphology and particle size distribution of 
undoped TiO2, ZMT4, and ZMT4S2. Figure. 4a depicts 
the nanospheres agglomerated particles of undoped 
TiO2. Clear nanospheres with small particle size and 
less agglomeration for ZMT4 (Fig. 4b) and no agglom-
eration for ZMT4S2 (Fig. 4c) were observed. From the 
Gaussian fitting method shown in the inset of Fig.  4b 

Fig. 2  Schematic representation of photo reactor
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and c. The particle size distribution histograms were 
obtained which indicated that the average particle 
size of ZMT4 and ZMT4S2 was found to be 7.8 and 
6.9 nm respectively. The decrease in the particle size of 
ZMT4S2 is may be due to the encapsulation of biogenic 
surfactant (capping agent) during the synthesis process. 
The HRTEM image (Fig. 4d) exhibits that the ZMT4S2 
contains randomly oriented nanocrystals with anatase 
phases. The SAED pattern of ZMT4S2 (Fig. 4e) was also 
studied for the concentric rings attributed to the poly-
crystalline nature as indicated by the (420), (204), (004), 
(226) and (215) anatase planes in good concordance 
with the XRD results. Moreover, the interplanar space 

determined for a tetragonal structure anatase 101 peak 
was found to be 0.30 nm (Fig. 4f ).

3.3 � FTIR analysis
Figure 5 displayed the FTIR spectrum of undoped TiO2, 
ZMT4, and ZMT4S2BC. The spectra revealed the peak 
at 512 cm− 1, attributed to the stretching vibration of 
Ti-O-Ti of undoped TiO2 which has been shifted to 
490 cm− 1 for all the doped samples implies the doping of 
Zn and Mg into TiO2 framework by substituting Ti4+ ion 
[24]. The peaks at 1633 cm− 1 related to H-O-H bending 
vibration, and the peaks at 3000 − 3400 cm− 1 correspond 
to the stretching vibration of the surface hydroxyl groups 

Fig. 3  XRD pattern of a undoped and Zn/Mg-co-doped TiO2 (different wt%) b ZMT4 and ZMT4S2 (before and after calcinations). (BC-Before 
calcination, and AC-After calcination)

Fig. 4  TEM micrograph of a UTO, b ZMT4, c ZMT4S2, d HRTEM image of ZMT4S2, e SAED pattern and f lattice fringes of ZMT4S2
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of O-H which is in good agreement with the literature 
reports [25]. No peaks were observed at 457 cm− 1 and 
broad peak in the range 3300–3600 cm− 1 indicated the 
absence of ZnO and MgO, which coincides with the XRD 
results [26, 27]. The stretching frequencies observed at 
1201 and 1065 cm− 1 attributed to Zn-O-Ti and Mg-O-
Ti which is evident for the substitutional doping of Zn 
and Mg by replacing Ti4+ ion in TiO2 lattice [6, 28]. In 
addition, the peaks corresponding to the stretching fre-
quencies of Saponins (S. emerginatus pericarp) have 
been shifted when it encapsulated the catalyst particles. 
These results of saponins and flavonoids with respect to 
ZMT4S2 are presented in Table 2.

3.4 � BET surface area analysis
Figure  6a and b explained the N2 adsorption–desorp-
tion isotherms and BJH pore size distribution curves 
of ZMT4 and ZMT4S2 calcined at 450 °C, respectively. 
The bioextract has been explored for its potent cap-
ping properties and the plot exhibits a type IV iso-
therm with a type H2 hysteresis (according to the 
IUPAC classification) which suggests that the sample 
is mainly classified as mesoporous [29] with enhanced 
surface area (195 m2 g− 1) of ZMT4S2 when compared 
to ZMT4 (132 m2 g− 1). The difference in surface area 
may be contributed by the effective capping derived 
from ambipolar characteristics of triterpenoid (a major 

Fig. 5  FTIR spectra of a UTO, b ZMT4 and c ZMT4S2BC

Table 2  Comparative stretching frequency values of pericarp extract and ZMT4S2BC

Compound prepared Stretching frequencies to be measured for Frequencies/cm−1

Frequency values for Sapindus 
emerginatus pericarp extract

Shifted frequency values 
for ZMT4S2BC (before 
calcination)

Sapindus emerginatus pericarp [25] O − H stretching vibration of flavonoids 3407 3412 (broad band)

carboxylic O − H bond stretching vibration of 
saponins

2875 2994

carboxylic C=O bond stretching vibration of 
saponins

1618 1633

C=O stretching vibration of flavonoids 1693 1764

carboxylic O − H bending vibration of saponins 1050 1376
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component of saponin) which in turn accounts for non-
agglomeration and stability of as-synthesized ZMT4 
catalysts (in the presence of biogenic surfactant) [18]. 
The increase in the surface area follows the trend as 
ZMT4S2 > ZMT4S1 > ZMT4S3 since saponin (of the 
biogenic extract) is a non-ionic surfactant and the pres-
ence of bulkier terpenoid molecule is capable of showing 
capping property up to optimized surfactant concentra-
tion. Beyond the optimum concentration, the degree of 
interaction of hydrophilic groups with the TiO2 lattice 
decreases due to more crowding which restricts the for-
mation of micelles. Hence, an increase in critical micel-
lar concentration decreases the encapsulation [30].

3.5 � UV–vis‑DRS
UV–Vis DRS spectra of synthesized Zn/Mg co-doped 
TiO2 around 400-500 nm showed a remarkable redshift in 
the wavelength as compared to undoped TiO2 (Fig.  7a). 
This shift may be resulted from the substitutional doping 
of TiO2 by Zn and Mg which was in turn caused by an 
extra energy level band formed above the valence band 
by replacing Ti4+ in TiO2 by Mg2+. The mixing of Mg 
(2p) with O (2p) orbital facilitates electron excitement in 
the visible region [31]. In addition, the incorporation of 
Zn2+ contributes to the prolonged separation of charge 
carriers [9]. Further, it was supported by the calculated 
band gap energies of all synthesized catalysts using the 
Kubelka-Monk formalism plot and Tauc’s plot method as 
shown in Fig. 7b. The undoped TiO2 exhibited a band gap 
of 3.12 eV but the co-doped TiO2 samples showed a band 
gap ranging from 2.7 to 2.9 eV. Among all the co-doped 
samples ZMT4 exhibits the lowest band gap energy of 

2.7 eV. The results indicate that co-doping of Zn and Mg 
made all the catalysts to be visible light active, by which 
a greater number of electron-hole pairs are generated by 
the absorption of visible light, leading to higher photo-
catalytic activity. Moreover, the addition of surfactant 
led to the further reduction in bandgap to 2.1 eV which 
suggests that oxygen deficiency displayed excellent sen-
sitivity towards visible light and enhanced photocatalytic 
efficiency. The comparison results of the bandgap of sin-
gly doped and surfactant-assisted co-doped TiO2 are tab-
ulated in Table 3.

3.6 � EIS
The EIS study dealing with electrical mechanism of 
nanocatalyst using impedance is depicted in Fig.  8a and 
b. The complex impedance (Nyquist) plot for UTO and 
ZMT4S2 was well fitted with the equivalent circuit 
shown in the inset of Fig. 8a and b. The plot is almost a 
vertical line which may be attributed to constant phase 
element having its negligible contribution. The derived 
Warburg diffused impedance (ZW) might be due to low 
charge transfer resistance. The circuit parameter values 
are represented in Table 4, where Rs is the solution resist-
ance and RCT is the charge transfer resistance. It can be 
inferred from the results that RS and RCT values are low 
for ZMT4S2 than those of UTO. The capacitance C values 
were calculated using the simple relation: − Z" = (jωC)− 1, 
where C is the capacitance, Z" is the imaginary part of the 
impedance function, ω is the angular frequency (2πf) and 
complex quantity (j) = 

√
−1 [32]. The flat-band poten-

tial (Efb) can be obtained by the Mott-Schotky function 
using the capacitance value from the conduction band 

Fig. 6  a N2 adsorption–desorption isotherms and b BJH pore size distribution curves of ZMT4 and ZMT4S2
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minimum (CBM), and the valence band maximum was 
estimated based on the difference from the CBM using 
the “optical bandgap energy” determined by the Tauc 
plot as presented in Fig. 8c and d, respectively. Both the 
Mott–Schotky plots show the positive slope indicative of 
the n-type semiconductor behavior of TiO2. In addition, 
the presence of Mg (0.25 wt%) has shown the positive shift 
in Efb (1.83) and reduced recombination, while doping 

with Zn has shifted the Efb towards a more negative value 
(− 0.17 eV) as compared to undoped TiO2 (− 0.058 eV) 
which was obtained by linearly fitting the plots measured 
at different frequencies (0.5, 1 and 1.5 kHz). This change is 
evidence for the increased electron densities and electron 
transport across interfaces [32].

3.7 � SEM–EDX and XRF analysis
Figure 9 shows the SEM images of undoped and ZMT4 
depicting the spherical shape and uneven distribution 
of particles size due to the doping Zn and Mg com-
pared with undoped TiO2. Further, the presence of 
doped ions in the ZMT4 was confirmed by EDX. The 
EDX spectrum (Fig.  9d) reveals that the diffraction 
peaks corresponding to Zn at 1.00 and 8.75 keV and for 
Mg at 1.25 keV infer the presence of doped ions. The 
overall data show the atomic wt% of Zn and Mg which 
are in good concordance with the calculated value. The 
elemental composition of Zn/Mg co-doped TiO2 was 
further evidenced from the XRF analysis as depicted 

Fig. 7  a, c The DRS spectra and b, d tauc plot of undoped and Zn/Mg co-doped TiO2 without surfactant and with surfactant respectively

Table 3  Comparative band gap values of Zn and Mg single 
doped, Zn/Mg co-doped TiO2 and surfactant assisted Zn/Mg 
co-doped TiO2

Catalyst Bandgap (eV)

Zn doped TiO2 [9] 3.20

Mg doped TiO2 [31] 2.87

Zn and Mg doped TiO2 (Present work) 2.70

Surfactant assisted Zn and Mg codoped TiO2 (Present 
work)

2.10
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in Table 5 with atomic wt% corresponding to Zn (1.07) 
and Mg (0.23) approximately coinciding with dopants 
wt% i.e. Zn (1.00) and Mg (0.25).

4 � Photocatalytic performance of ZMT4 
and ZMT4S2 (after calcination)

To explore the photo-degradability of AB 10B dye with 
ZMT4 and ZMT4S2 catalysts under visible light irra-
diation, a series of experiments were designed to deter-
mine the reaction conditions for better degradation of 

dye. Before establishing the reaction conditions, trial 
experiments were conducted to know the sensitivity of 
dye and catalyst toward visible light.

4.1 � Photolysis
100 mL of 5 mg L− 1AB 10B dye solution was added in a 
150 mL pyrex glass vessel without catalyst and exposed to 
light for 60 min. 5 mL of aliquots were withdrawn at dif-
ferent time intervals and measured the absorbance at λmax 
of 619 nm. No appreciable change in the absorbance was 
observed for the dye solution before and after exposure to 
light implies that the insensitivity of dye towards the light.

4.2 � Adsorption
The reaction vessel containing dye solution (5 mg L− 1) 
with catalyst dosage (0.05 g 100 mL− 1) at pH = 3 was 

Fig. 8  Complex plane impedance plot and fitted equivalent circuit diagram of a UTO and b ZMT4S2 and Mott- Schottky function plot with flat 
band potential for c undoped TiO2 (UTO), and d ZMT4S2

Table 4  EIS fitting parameter values of UTO and ZMT4S2

Parameters UTO ZMT4S2

RS (Ω) 163 95

RCT (kΩ) 35 2

CSC (F) 5.0 E−14 1.5 E− 14
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stirred in the dark for 60 min and the aliquot taken was 
analyzed for absorbance at the same λmax. A small change 
in absorbance of the dye was observed indicating the 
adsorption of dye molecules on the surface of the charged 
catalyst.

4.3 � Photocatalysis
The reaction vessels containing above-said components 
were kept in visible light irradiation for 60 min under 
continuous stirring and at different time intervals the ali-
quots samples were taken and absorbance was measured. 
It is noted that the progressive decrease in absorbance 

Fig. 9  a FESEM images of undoped TiO2, b ZMT4, c ZMT4S2 and d EDX spectrum of ZMT4

Table 5  XRF analysis of Zn/Mg co-doped TiO2 for doped 
concentration in ZMT4

Element wt (%) Atomic (%)

Ti 98.8 98.7

Mg 0.22 0.23

Zn 1.14 1.07

Table 6  Comparative crystallite size, bandgap, surface area, pore size and pore volume values of all synthesized catalysts

Nanomaterials Crystallite size (nm) Bandgap energy (eV) BET surface analysis

Surface area (m2 g− 1) Pore volume (cm3 g− 1) Pore size (nm)

Undoped TiO2 32.5 3.2 74 0.12 48

ZMT1 8.0 2.9 114 0.21 57

ZMT2 7.9 2.8 122 0.22 60

ZMT3 7.5 2.8 124 0.20 61

ZMT4 7.0 2.7 132 0.23 63

ZMT5 8.2 3.0 86 0.14 52

ZMT4-S1 6.4 2.2 158 0.25 68

ZMT4-S2 5.7 2.1 195 0.29 87

ZMT4-S3 7.4 2.5 122 0.25 73
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can be attributed to the interdependence of light and 
catalyst. The comparison of photolysis, adsorption, 
and photocatalysis is presented in Fig. 10. Based on the 
above-said conditions the reaction conditions have been 
optimized.

4.4 � Optimization of reaction conditions
To determine the influence of dopant concentrations 
on the efficiency of the catalyst, experiments were con-
ducted at different dopant concentrations by keeping 
other parameters constant such as catalyst dosage 0.05 g 
100 mL− 1, solution pH 3, and initial dye concentration 
5 mg L− 1. The experimental results depicted in Fig.  11 
reveal that the photocatalytic behavior of all the co-doped 
TiO2 catalysts (ZMT1-ZMT5) is more pronounced than 
undoped-TiO2, attributed to the narrowing of band gap as 
discussed in Sec. 3.5. But among all the catalysts, ZMT4 
exhibits elevated rate of degradation which is ascribed 
to an utmost decrease in the bandgap of TiO2 in ZMT4 
and reduction in electron/hole recombination. At higher 
concentrations of dopants, they deposit on the surface of 
the catalyst rather than substitution doping into TiO2 lat-
tice. This can provoke the acceleration of electron/hole 
recombination which retards the rate of degradation [33]. 
Within these two dopants, Mg2+ formed an extra Fermi 
energy level by mixing of 2p orbitals of Mg and O. In the 
same way, Zn2+ facilitated an electron trap by forming an 
extra energy level below the conduction band by mixing 
of 3d orbitals of the conduction band and Zn2+ [9]. In 
view of the decrease in the band gap of catalyst particle, 
high quanta of visible radiations were absorbed leading to 
high quantum efficiency.

The ZMT4 data (1.00% Zn and 0.25% Mg) was found 
to be an effective photocatalyst and for further enhance-
ment in the photocatalytic activity of ZMT4 two fac-
tors decrease in particle size and increase in surface area 
favour the enhancement process. To achieve this crite-
rion, ZMT4 was re-synthesized in presence of biogenic 
surfactant at 3 different concentrations and the process 
was discussed in Sec. 2.2.2. After calcination the catalytic 
efficiency of these three catalysts (ZMT4S1, ZMT4S2 
and, ZMT4S3) were evaluated and the results were 
shown in Fig.  12. Among these ZMT4S2 exerts highest 
photocatalytic activity than the other two because of the 
detrimental effect on further increasing the surfactant 
concentration causes the restriction for coherent doping 
of metal  ions [34]. The rate degradation graph of these 
three catalysts is given in Fig. 12 as an inset. This result 
corroborated with the results obtained in XRD, TEM, 
and BET surface area analysis (Sec. 3.1, 3.2 and 3.4). Dur-
ing the further course of catalysis, ZMT4S2 was fixed as 
the best catalyst and other parameters were varied for 
obtaining optimum conditions.

The impact of solution pH on the photocatalytic activ-
ity of ZMT4S2 for the degradation of AB 10B dye was 
studied by varying the pH from 2 to 9 and keeping the 
other parameters constant such as catalyst dosage (0.05 g 
100 mL− 1) and dye concentration (5 mg L− 1). All the 
experimental results shown in Fig. 13 show that the deg-
radation rate was observed to be high in acidic pH. Under 
acidic conditions < 6.25, the surface hydroxyl group (Ti-
OH) undergoes protonation (Ti-OH2

+) by making the 
surface positive which facilitates the adsorption of neg-
atively charged AB 10B dye molecule by electrostatic 
interaction. Further, increase in pH from 5 to 6, the posi-
tivity of the surface decreases slowly and becomes nega-
tive by approaching 8 to 9 pH. On the whole, pH 3 is the 
better optimal condition where the surface of the catalyst 
is positive which is more favorable for the adsorption of 
negative dye molecule. Hence, at this condition, the rate 
of degradation is high. At pH 2, the approachability of the 
H+ towards Ti-OH on the surface is more competitive 
due to repulsion between protons [28].

Figure  14 illustrates the photocatalytic activity of 
ZMT4S2 at different catalyst loading varying from 
0.05 to 0.20 g 100 mL− 1 keeping other parameters con-
stant. It is observed that the catalyst dosage at 0.1 g 
100 mL− 1 exhibited the highest rate of degradation, 
later it decreases by increasing the catalyst dosage. This 
condition may be attributed to the greater availability 
of catalyst up to optimum concentration (100 mg L− 1) 
beyond which the increase in catalyst concentration 
the degradation rate decreases due to non-availability 
of the sufficient dye molecules to react with the active 
catalyst particle, also high catalyst dosage concentration, 
increases the turbidity impeding the penetration of light 
henceforth lowering the photocatalytic efficiency in the 
given working conditions [35].

After selection of the catalyst, pH and, catalyst dos-
age, the final parameter initial dye concentration has 
to be optimized. Initial dye concentration varies from 
5, 10, and 15 mg L− 1 by maintaining the other parame-
ter constant. It can be inferred from the plot (Fig. 15a) 
that the rate of degradation increases up to 10 mg L− 1 
dye concentration later it decreases (15 mg L− 1), this 
is maybe attributed to that up to 10 mg L− 1 dye con-
centration, the surface area of photocatalyst is fully 
saturated with the monolayer adsorption and simul-
taneous degradation of dye molecule but at high con-
centration (15 mg L− 1) due to blanket effect, multilayer 
adsorption of dye restricted the penetration of light to 
activate the surface of the catalyst [15]. Moreover, con-
finement of •OH radicals at fixed catalyst dosage due 
to non-availability of catalyst particles confines the 
rate of degradation.
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Further, the Langmuir-Hinshelwood (LH) model was 
used to confirm whether the solid-liquid interface was 
the site that dominated the heterogeneous photocata-
lytic degradation [36]. The L-H model was described 
as follows

where k was the pseudo-first-order rate constant (min− 1), 
Co was the initial concentration of AB 10B (mg L− 1), kLH 
presents the L-H adsorption constant of AB 10B over 
ZMT4S2 surface (g L− 1), and kL is the intrinsic reaction 
rate constant (mg min− 1). It could be extrapolated from 
the plot shown in (Fig. 15b), that the experimental data fit 
well with LH model (R2 = 0.997) implies the photocata-
lytic degradation of AB 10B primarily takes place at the 
surface of ZMT4S2 and there is a directly proportional 
linear relationship exists between 1/k and Co, which 
means that with an increase in initial AB 10B concen-
tration could induce a decrease in k value. The value for 
kLH and kL can be calculated from the slope and intercept 
and were found to be 1.31 mg− 1 L and 0.63 L− 1 min− 1, 
respectively.

Optimum conditions for efficient degradation (99%) 
of Amido Black 10B by ZMT4S2 was arrived at catalyst 
dosage (0.1 g 100 mL− 1), dye concentration (10 mg L− 1) 
maintained at pH 3.

The degradation efficiency of Zn/Mg co-doped TiO2 
was further checked and compared with previously 
reported works for dye degradation under visible light 
irradiation and has been presented in Table 7 [6, 15, 37].

5 � Identification of active species formed 
during photocatalysis using scavenger reagents

To draw the reaction mechanism for photocatalytic 
degradation of AB 10B by using ZMT4S2, there is a 
need to identify the reaction species using scavenger 
reagents.

In the present research article, specific scavenging 
reagents were employed to identify the role of reactive 

(1)
1

k
=

C0

kLH
+

1

kLHkL

species such as e− holes, hydroxyl radicals (•OH), and 
superoxide radicals (•O2

−) as shown in Table 8.

5.1 � Assessing the role of e− holes and superoxide radicles
For this purpose, the reaction medium consists of 
ZMT4S2 catalyst dosage (0.1 g 100 mL− 1), dye concen-
tration (10 mg L− 1) maintained at pH 3 was taken in two 
separate beakers and carried out the reaction up to 5 min. 
Then in the first beaker an effective hole trap EDTA was 
added and the progress of the reaction was monitored. 
The decrease in the % degradation up to 25% is evident 

Table 7  Comparison of photocatalytic degradation efficiency of Co-doped TiO2 towards various dyes under visible light irradiation

Nanomaterials Dye pollutant %
Degradation

Degradation
time (min)

Ref.

Fe/Pr co-doped TiO2 Acid Orange 7 87 60 [37]

Zn/Br co-doped TiO2 Acid Red 6A 98 60 [6]

Mn/Mg co-dopedTiO2 Methyl Red 99 60 [15]

Zn/Mg co-doped TiO2 Amido Black 10B 99 50 Present work

Zn/Mg co-doped TiO2 (with sur-
factant)

Amido Black 10B 99 20 Present work

Table 8  Specific scavenging reagents used for identification of 
reactive species

Reactive species Scavenging Reagents

e− holes EDTA

Superoxide radicals (•O2
−) 1,4 Benzoquinone

Hydroxyl radicals (•OH) Coumarine

Fig. 10  Shows the effect of adsorption, photolysis and 
photocatalysis of AB 10B
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for the suppression of the holes generated. This indicates 
the presence of photogenerated e− holes in the reac-
tion. In the second reaction vessel, the superoxide radi-
cal scavenger 1,4 Benzoquinone was added after 5 min of 
reaction. It resulted in the reduction of degradation up to 
15% under given experimental conditions indicating the 

formation of superoxide radical. The results are repre-
sented in Fig. 16 plot of % degradation v/s time.

5.2 � Assessing the role of OH. Radicle as reactive species
To investigate the production of •OH radicle as reac-
tive species photoluminescence studies were conducted 

Fig. 11  Shows the effect of dopant concentration on degradation of Amido Black 10B. (catalyst dosage 0.05 g L−1, solution pH 3, and initial dye 
concentration 5 mg L−1)

Fig. 12  Shows the effect of surfactant concentration on degradation of Amido Black dye
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using coumarin as a probe molecule which after reac-
tion with hydroxyl radical forms, highly fluorescent 
7-hydroxy coumarin in the reaction medium, and the 
fluorescent intensity was measured at 450 nm. The 
corresponding obtained spectra was plotted Photolu-
minescence intensity against wavelength and the out-
comes were presented in Fig. 17. It can be inferred from 
Fig. 17 that the produced •OH was in proportionate to 

the 7 hydroxy coumarin formed. The ZMT4S2 catalyst 
showed the presence of hydroxyl radical which after a 
course of irradiation decreases with time.

5.3 � Detailed plausible mechanism for degradation of AB 
10B using Zn/Mg co‑doped TiO2

The mechanism for degradation of AB 10B using Zn/
Mg co-doped TiO2 has been explained below and given 

Fig. 13  Shows the impact of solution pH on the degradation of Amido Black 10 B dye

Fig. 14  Shows the impact of catalyst loading on degradation of AB 10 B
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in Fig. 18. Irradiation of Zn/Mg-TiO2 with visible light 
excites an e− from the valence band to the conduction 
band thus generating a hole on the valence band.

Zn∕Mg − TiO2 + hν → Zn∕Mg − TiO2

(

VBh
+
)

+ Zn∕Mg − TiO2

(

CBe
−
)

Zn∕Mg − TiO2

(

CBe
−
)

+ Zn2+ → Zn∕Mg − TiO2 + Zn+

The holes thus generated reacts with the H2O or surface 
hydroxyl group to form hydroxyl radical and H+.

The excited electron on the conduction band reacts with 
the O2 to produce superoxide radicals.

Zn∕Mg − TiO2

(

VBh
+
)

+H2O → Zn∕Mg − TiO2 +OH− +H+

Zn∕Mg − TiO2

(

VBh
+
)

+OH−
→ Zn∕Mg − TiO2+

∙OH

Fig. 15  a The effect of initial dye concentration on AB 10 B degradation. b LH model for AB 10B dye concentration

Fig. 16  Effect of e− hole and superoxide radicals (•O2
−) scavenger on AB 10B degradation
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Zn∕Mg − TiO2

(

CBe
−
)

+O2 → Zn∕Mg − TiO2 +O2
−.

Zn∕Mg − TiO2

(

CBe
−
)

+ Zn∕Mg − TiO2

(

VBh
+
)

→ Zn∕Mg − TiO2

(

CBe
−
)(

VBh
+
)

 

pair [38] Rate Limiting Step.

In our reaction, the rate-limiting step was avoided due to 
the presence of Zn2+ ion which acts as an electron trapper 
as discussed in Sec. 1.

The as-produced superoxide radical reacts with H2O 
producing hydroperoxy radical and hydroxyl ion.

Fig. 17  Photoluminescence Spectra of ZMT4S2, catalyst dosage (0.1 g 100 mL− 1), dye concentration (10 mg L− 1), pH 3

Fig. 18  Plausible mechanism for degradation of AB 10B using Zn/Mg co-doped TiO2
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The hydro peroxy radicals combine with H+ resulting in 
the formation of an intermediate product Hydrogen perox-
ide which in turn reacts with conduction band e− to give 
hydroxyl radicals and hydroxyl ions.

The ultimate formation of hydroxyl and superoxide radi-
cles acts as the main reactive species for the degradation of 
dye adsorbed on the surface of the catalyst.

6 � Recyclability of ZMT4S2
In the present research scenario, both the stability and 
efficiency of a catalyst are prominent features to account 
for the quality of the catalyst. Based on this fact, our cat-
alyst was active against AB 10B dye up to 4 successive 
cycles (Fig. 19) with a decrement of 3% in each cycle with 
no appreciable loss of photocatalytic activity even after 
4 cycles. Later the activity of the catalyst tends to decrease 
appreciably with each cycle owing to the combination of 
factors including the substantial decrease in surface area 
and increase in rutile content when exposed to visible light 
or prolonged mechanical agitation. Also, rapid e- hole 
recombination owing to the increase in charge carriers 
deteriorates the photocatalytic activity of the catalyst [39].

Zn∕Mg − TiO2

(

CBe
−
)

+O2
−. +H2O → Zn∕Mg − TiO2 +HO2

. +OH−

Zn∕Mg − TiO2

(

CBe
−
)

+HO2
. +H+

→ Zn∕Mg − TiO2 +H2O2

Zn∕Mg − TiO2

(

CBe
−
)

+H2O2 → Zn∕Mg − TiO2. +OH. +OH−

Dye +•OH → Products

7 � Conclusions
This paper offers a great insight into the green synthesis of 
Zn/Mg-codoped TiO2 assisted by capping agent, i.e., bio-
genic extract of S. emerginatus pericarp via sol-gel method. 
The complete strategical approach was designed to fully 
evaluate the potentiality of the synthesized visible light-
driven Zn/Mg co-doped TiO2 for degradation of AB 10B 
dye. Among the as-synthesized catalysts, ZMT4 was found 
to be more efficient attributing to its polycrystalline rough 
spherical morphology with lattice planes coinciding with 
the XRD confirming the pure anatase form of catalysts. The 
photocatalytic performance of ZMT4 was further promoted 
by Biocapping with different surfactant concentrations (5, 
10 and 15 mL). Amongst them ZMT4S2 (10 mL) showed 
the best results with respect to decreased band gap (2.10 eV) 
crystallite size (5.74 nm) and surface area (195 m2 g− 1). The 
TEM demonstrates the comparative particle size distribu-
tion of ZMT4 and ZMT4S2 without any agglomeration. 
The characterization results were further evident for the 
photodegradability of AB 10B which was achieved 99% 
within 20 min of visible light irradiation. The scavenger test 
results conclude the presence of e− holes, superoxide radi-
cals (•O2 −), and hydroxyl radicals (•OH) as reactive species.
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Fig. 19  Recyclability test for ZMT4S2
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