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Encapsulation of Tinospora cordifolia plant 
in Ni-doped TiO2 nanoparticles for the degradation 
of malachite green dye

Naveen Thakura, Nikesh Thakurb, Kuldeep Kumarc, 
Vedpriya Aryad, Ashwani Kumare

Abstract: The primary global source of water pollution is textile 
dyes. Highly stable organic dyes are produced by these indus-
tries that are released untreated into nearby ponds, lakes, and 
rivers. This paper is devoted to the synthesis of the nickel-doped 
anatase phase of TiO2 nanoparticles (Ni-ATD NPs) by encapsu-
lating plant Tinospora cordifolia through a microwave-assisted 
method for degradation of malachite green dye. The synthe-
sized NPs were calcinated at 400 ºC temperature to achieve 
the anatase phase. The synthesized Ni-ATD NPs were analyzed 
with different characterization methods. X-ray diffraction and 
Raman analysis confirmed the crystalline nature of Ni-ATD NPs 
with a tetragonal structure having a crystallite size of 11 nm. 
Scanning electron microscope determined the spherical surface 
morphology for synthesized NPs. The absorption peaks of Ni-
ATD NPs were originated from 360 to 370 nm from UV-visible 
spectroscopy in which the bandgap was found to be 3.45 eV. 
The photocatalytic activity for MG dye was evaluated under ul-
tra-violet light using Ni-ATD NPs for 90 min which exhibited a 
degradation of up to 100%. 
Keywords: malachite green; Tinospora cordifolia; titanium dioxide.

1. INTRODUCTION

With the success of contemporary companies, particularly those that 
deal with textile dyes, a significant problem with the acquisition of 
fresh water has arisen due to the massive amounts of wastewater and 
other types of effluents that are emitted (Sudha & Sivakumar, 2015; 
Khatana et al., 2021; Anu, Thakur & Kumar, 2018). Pollution of or-
ganic dyes is a major issue that the world is facing today, including 
the scarcity of reliable and pure natural energy and environmental 
hazards. These pollutant dyes can easily disrupt and ruin the ecolog-
ical balance that will detrimentally affect all living things including 
people and plants (Thakur et al., 2021a, 2022a; Kumar et al., 2022a). 
Therefore, there is a pressing need to develop some useful procedures 
that can turn dangerous and deadly pollutants into harmless ones 
(Sathiyan et al., 2020; Balkrishna et al., 2021a, 2021b). The influence 
of nano-photocatalysts is recognized as the best for addressing the en-
ergy problem, while dye treatment nano-photocatalysts are seen as the 
most successful at controlling environmental damage issues (Thakur 
et al., 2021a, 2022b; Kumar et al., 2021). These nano-catalysts have 
good conversion capabilities from photons energy to natural energy, 
which is advantageous for the breakdown of the principal hazardous 
organic pollutants (Mostakhdemin et al., 2020; Sharma et al., 2021a, 
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2021c). Titanium dioxide (TiO2) has been demon-
strated to be the most effective potent oxidizing and 
catalyst agent due to its initial application in hetero-
geneous photocatalysis under UV light (Krishnan 
et al., 2022; Kumar et al., 2020a, 2022b, 2023a).

TiO2 is classified into three crystal structures 
namely Anatase, Rutile, and Brookite. The ana-
tase phase exhibits extremely high photocatalytic 
characteristics due to its greater surface area and 
wide optical bandgap (3.0-3.7 eV) when exposed to 
light with wavelengths of 380 nm and this exposure 
causes the formation of electrons-holes pairs in re-
dox reactions (Thakur et al., 2021a, 2021b, 2023a). 
Numerous organic compounds can be oxidized in 
aqueous solutions by the reactive oxygen species 
(ROS) generated by TiO2 under the influence of 
UV light (Nithya et al., 2018). Doping in TiO2 with 
various transition metals (e.g., Fe, Cu, Ni, Cr, Pt) 
can enhance the photocatalytic activity under the 
influence of UV light (Suwarnkar et al., 2014; Anu 
et al., 2020; Thakur et al., 2020). Under UV light, 
doping-induced bandgap narrowing allows TiO2 to 
become more effective catalytic and creates a large 
number of ROS. Charge recombination, or an inter-
mediate energy level between the conduction and 
valence bands, is prevented by changes in lattice 
properties or dopants acting as electron traps (Zhao 
et al., 2018; Patial & Thakur, 2018; Kumar et al., 
2020b).

The green approach leads to nanoparticles (NPs) 
unique chemical and physical properties due to 
larger area with respect to volume compared to bulk 
material with the same composition. It also allows 
to use as catalysis for the degradation of organic 

dyes, drug delivery, anticancer, antibacterial, and 
many more applications (Kubiak et al., 2020). The 
green method can manage the morphology (shape 
and size) of NPs like nanorods, nanospheres, 
nanoporous, and nanowires, which plays an import-
ant role in a number of emerging applications. Ti-
nospora cordifolia (TC), also known as “Guduchi” 
in Sanskrit and a member of the Menispermaceae 
family, is found at higher elevations. The male flow-
er is grouped into racemose panicles whereas the 
female flower is solitary (Parthipan, Aravindhan & 
Rajendran, 2011). Alkaloids, steroids, di-terpenoid 
lactones, aliphatic compounds, and glycosides are 
just a few of the active substances that have been re-
ported to be isolated from the plant’s body, includ-
ing the root and stem. Traditional Ayurvedic medi-
cine has long utilized TC to treat several conditions 
including skin diseases, chronic diarrhea, jaundice, 
cancer, bone fractures, asthma, deadly bug bites, 
and eye issues (Upadhyay et al., 2010).

TiO2 is considered as a promising photocatalyst 
that is used for the degradation of inorganic as well 
as organic dyes in wastewater due to its biologi-
cal as well as chemical stability. The present work 
studies the synthesis of the nickel-doped anatase 
phase of TiO2 (Ni-ATD) NPs by encapsulating plant 
TC through a microwave-assisted method for the 
degradation of malachite green (MG) dye. MG is an 
organic substance utilized in the pigment industry 
as well as the dyestuff industry as a triarylmeth-
ane dye. MG technically refers to the chloride salt 
[C6H5C(C6H4N(CH3)2)2]Cl, although the phrase is 
frequently used to simply refer to the colored cation 
as shown in Figure 1.

Figure 1. Chemical structure f malachite green dye.
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2. MATERIALS AND METHODS

2.1. Materials

Chemical Chemical formula Molecular 
mass (g/mol) Supplier Puritya 

(%)

Titanium (IV) Isopropoxide (TTIP) Ti(OCH(CH3)2)4 284.22 Sigma Aldrich 97
Nickle (II) chloride hexahydrate NiCl2.6H2O 237.7 Emplura 98.5
Ammonia NH3 17.031 Emplura 25
Ethanol (analytical reagent) C2H5OH 46.07 Sigma Aldrich 99.9
Malachite green C23H25ClN2 364.911 Merck —

a Declared by the supplier.

Table 1. List of the chemicals with description.

2.2. Methods

2.2.1. Extract of stems of TC plant

In the Himachal Pradesh district of Hamirpur, lo-
cal locations were used to collect the fresh stems of 
the TC plant. To get rid of any pollutants that might 
have been on the stems, the collected stems were 
properly cleaned with distilled water. The cleaned 
stems weighed exactly 5 g. The stems were broken 
and sliced into little pieces. Additionally, 50 ml of 
distilled water was used to boil well-minced stems 
for 25-30 min at 70-80 °C. The assembly consists of 
the attachment of the condenser with the round bot-
tom flask standing on the rota-mantle with constant 
stirring. Further, the boiled extract was filtered and 
used for the synthesis of Ni-ATD NPs.

2.2.2. Green synthesis of Ni-ATD NPs

By using the microwave-assisted method, Ni-ATD 
NPs were synthesized via encapsulating plant TC. 
0.01 M solution of TTIP was mixed in ethanol with 
constant stirring on the magnetic stirrer for 30 min. 
0.1% of Ni metal salt (NiCl2·6H2O) was dissolved in 
6 ml ethanol and added to the above TTIP solution. 
6 ml of plant TC extract was added to a mixture of 
TTIP and Ni solution. To this reaction mixture, 6 
ml of ammonia was added drop-by-drop and stirred 
for 30 min. The obtained solution was kept in the 
domestic microwave oven having temperature from 
150 to 300 °C with an operating frequency of 2.45 
GHz and power of 700 W for 2 min. After treating 
in the microwave, the obtained Ni-ATD NPs were 
centrifuged with distilled water and ethanol for 3-4 
times at 6000-8000 rpm for 5 min. Further, these 
NPs were dried in a vacuum oven at a pressure of 

5 KPa at 70 °C temperature for 2 h. After drying in 
a vacuum oven, the NPs were calcinated at 400 °C 
temperature in a muffle furnace for 2 h to acquire 
the anatase phase. The synthesis approach was per-
formed in triplet and the synthesis yield was (mass 
by mass%) found to be 43 ± 0.75%.

2.3. Material characterizations

Ni-ATD NPs crystal structure and crystallite size 
were investigated using X-ray diffraction (XRD). 
The crystal phase analysis of synthesized Ni-ATD 
NPs was done by using Raman spectroscopy. The 
UV-visible spectrophotometer was used to measure 
the bandgap of NI-ATD NPs. Scanning electron mi-
croscope (SEM) was used to measure the surface 
morphology of Ni-ATD and also elemental analy-
sis has been carried out by using the Energy-dis-
persive X-ray spectroscopy (EDS) attached to the 
SEM micrograph. Transmission electron microsco-
py (TEM) was used to examine the particle size of 
synthesized Ni-ATD NPs.

2.4. Photocatalytic activity

The photocatalytic activity was examined for the 
degradation of MG dye by using Ni-ATD NPs. The 
synthesized Ni-ATD NPs were injected in 10 ppm 
of MG dye under UV light (Mercury-vapor lamp 
of 125 W) with a wavelength of 360-380 nm. In a 
dark chamber, a UV lamp was positioned vertically 
with an average distance of 20 mm above the reac-
tion mixture. 10, 25 & 50 mg of Ni-ATD NPs were 
dissolved in a 100 ml aqueous solution of dye and 
kept in UV chamber for 90 min. By using a UV-vis-
ible spectrophotometer, the rate of degradation was 
monitored at intervals of 15 min and a change in 
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absorbance was observed at wavelength, λ = 624 
nm. The photocatalytic experiment was performed 
in triplicate to ensure the precision of the study.

3. RESULTS AND DISCUSSION

3.1. XRD analysis

The XRD pattern of synthesized Ni-ATD NPs is 
shown in Figure 2. The intense peaks corresponding 
to miller indices (hkl) of Ni-ATD NPs are 25.36°, 
37.83°, 48.13°, 53.96°, 55.11°, 62.16°, 69.38°, 70.22°, 
and 75.29° with respect to (101), (004), (200), (105), 
(211), (204), (116), (220), and (215), respectively. 
JCPDS card numbers 21-1272 (Santhi et al., 2020) 
confirmed the Ni-ATD NPs have tetragonal struc-
tures that are validated by the peaks of XRD pat-
terns as shown in Figure 2. There was no sign of 
any Ni oxide or Ni composites regardless amount 
of substituted Ni in the TiO2 crystal lattice. The 

crystallite size (D) and % crystallinity of synthe-
sized Ni-ATD NPs was found to be 11 nm and 97% 
by using equations (1) and (2), respectively (Johari 
et al., 2019). So, a highly intense peak indicates the 
higher crystallinity of synthesized NPs which is 
more favorable for photocatalytic activity because 
higher crystallinity decreases the amount of trap-
ping that assists the recombination of electron-hole 
pairs (Santhi et al., 2020).

D =	 K λ	 (1)
	 β Cos θ

% crystallinity =	 Area of crystalline peaks	 (2)
	 Area of all peaks

where K: Scherrer constant
λ: Wavelength
β: Full-width half maxima
θ: Bragg’s angle

Figure 2. X-ray diffraction peaks of synthesized Ni-ATD NPs.

3.2. Raman analysis

Raman spectroscopy was used to study the crystal-
line structure of Ni-ATD NPs that were calcinated at 
temperatures 400 °C with frequencies between 100 
and 900 cm−1. Figure 3 represents the Raman peaks 
of synthesized Ni-ATD NPs. The peaks correspond-
ing to vibrational modes are 145, 197, 397, 516, and 
640 cm−1 with respect to Eg, Eg, B1g, A1g + B1g, and Eg, 
respectively. The Raman peaks supported Ni-ATD 

NPs with their well-crystallized state which are in 
good accordance with the XRD findings displayed 
in Figure 3. It is observed that there is a shifting of 
Raman peaks towards a higher wavenumber because 
of modification in the bond length of molecules due 
to the bond length of molecules (Phytocompounds) 
present in plant TC is low (Liu et al., 2015). Thus, 
the high crystallinity of synthesized NPs correlates 
with the higher photocatalytic performance of or-
ganic dyes (Wang et al., 2015).

https://doi.org/10.37819/nanofab.8.305
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Figure 3. Raman spectra of synthesized Ni-ATD NPs.

3.3. UV analysis

The bandgap of synthesized N-ATD NPs was deter-
mined by UV-visible spectroscopy in the range of 
200-700 nm. Figure 4 determined that with the addi-
tion of Ni in the precursor solution of Titanium, the 
absorption peaks were shifted from 360 to 370 nm. 
The bandgap of Ni-ATD NPs was found to be 3.45 
eV using equation (3) (Sharma et al., 2020a, 2020b), 
which is favorable to produce electron-hole pairs un-
der the UV light. The absorbance can change based 
on several variables, including particle size, oxygen 

deprivation, imperfections in the synthesized materi-
al, etc (Wang et al., 2015). The sp-d exchange inter-
actions between band electrons and localized d elec-
trons of the Ni2+ ions substituting Ti4+ cations can be 
used to explain a modest shift in the absorbance of 
Ni-ATD NPs (Johari et al., 2019). The valence band 
edge changed downward and the conduction band 
edge changed upward as a result of the interactions 
between the p-d and s-d exchange, increasing the 
band gap. These structure variations may change 
mass density and lead to different electronic configu-
rations (Assayehegn et al., 2020).

Figure 4. UV spectra of synthesized Ni-ATD NPs.

https://doi.org/10.37819/nanofab.8.305
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Eg =	 h c	  (3)
	 λ

where h: Planck’s constant
c: Speed of light
λ: Wavelength

3.4. SEM-EDS analysis

The surface morphology and elemental analysis 
of synthesized Ni-ATD NPs were determined by 
SEM‑EDS spectroscopy. Figure 5 represents the 
SEM-EDS images of Ni-ATD NPs. It shows that 

Ni-ATD NPs synthesized using the microwave-as-
sisted technique have spherical-like spheroidal 
shapes. It is evident that adopting a microwave-assist-
ed method for synthesis at a specific temperature, fre-
quency, and power aids helps the metal precursors as 
well as encapsulated agents for controlling the shape 
as well as the size of NPs and also it prevents the ag-
gregation during the formation of NPs (Wojnarowicz 
et al., 2018). According to EDS data, synthesized Ni-
ATD NPs are only composed of nickel, titanium, and 
oxygen. The peaks at 2-3 keV are accredited to carbon 
as well as oxygen that is found in plant TC.

Figure 5. SEM-EDS images of synthesized Ni-ATD NPs.

3.5. TEM analysis

The particle size of synthesized Ni-ATD NPs was 
examined using TEM spectroscopy. TEM study de-
termines the disparity in the size of Ni-ATD NPs that 
can be due to the occurrence of several biomolecules 
present in plant TC. Figure 6 represents the TEM 

images of synthesized Ni-ATD NPs. It is found that 
synthesized NPs have a spherical shape with an av-
erage particle size of 8 ± 0.50 nm, determined using 
ImageJ software for 45-50 particles in the image. So it 
is concluded from here that the green approach synthe-
sized NPs with a small particle size as well as spheroi-
dal shape is more favorable for photocatalytic activity.

Figure 6: TEM images synthesized Ni-ATD NPs.
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4. PHOTOCATALYTIC ACTIVITY

The persuaded photocatalytic process, which is a 
type of heterogeneous photocatalytic process, oxi-
dizes and depletes the organic molecule through a 
redox reaction. Energy levels above this bandgap 
will cause electrons (e−) to move into the conduc-
tion band while keeping h+ ions at the top of the 
valence band for the creation of electron-hole pairs 
in Ni-ATD NPs, which have a forbidden bandgap 
ranging from 3.2 to 3.7 eV (Li et al., 2020; Thakur 
et al., 2023b). As the holes are carried toward the 
surface of the Ni-ATD NPs, the space-charge layer 
separates the photogenerated electrons and holes.

Ni – ATD NPs + hv → Ni – ATD NPs + e– + h+

h+ + MG → MG●+

e– + O2 → O2
●–

h+ + OH– → OH●

OH● + MG dye → intermediate product → H2O + CO2
O2

●– + MG dye → intermediate product → H2O + CO2

The principal photon energy-derived elements 
engage with either the adsorbed H2O or OH− ions 
on the surface to produce ●OH through a strong 
oxidation reaction (Mirzaei et al., 2021; Kumar et 

al., 2023b). Free and active radicals having great 
oxidizing properties are produced as a result of the 
reaction. Due to this oxidizing property possessed 
by them, these radicals are capable of mineralizing 
the contaminants into small molecules of carbon 
dioxide. They have an affinity to combine with the 
water molecules leading to the breakdown of MG 
dyes (Helmy et al., 2021; Kumar et al., 2023a; Shar-
ma, Kumar & Thakur, 2021b). The photocatalytic 
degradation of MG dye was evaluated by using 
synthesized Ni-ATD NPs with different concentra-
tions (10, 25, and 50 mg) in the presence of UV light 
for 90 min. After 15 min, the absorbance of MG 
dye was measured with UV-visible spectroscopy 
at wavelength, λ = 624 nm. The % degradation of 
MG dye was calculated using equation (4) (Thakur 
et al., 2021). Figure 7 represents the % degradation 
of synthesized Ni-ATD NPs. The calculated value 
of % degradation, standard deviation, and standard 
error concerning synthesized Ni-ATD NPs are list-
ed in Table 2.

% Degradation =	 Ao – A 	 (4)
	 Ao

where Ao: Absorbance of pure dye 
A: Absorbance of the reaction mixture

Figure 7. % degradation of synthesized Ni-ATD NPs for MG dye.

From Table 2, it is observed that on increas-
ing the concentration of synthesized Ni-ATD 
NPs the degradation of MG dye also increases up 
to 100% because degradation depends upon the 

proportionality of the catalyst loaded (Pinedo-Es-
cobar et al., 2021). Also, degradation depends upon 
the size, shape, and bandgap of synthesized NPs 
which provides active sites as well as the ability 

https://doi.org/10.37819/nanofab.8.305
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to excite electrons when exposed to UV light (Li 
et al., 2020). On the analysis of XRD, Raman, UV, 
SEM-EDS, and TEM spectra, plant TC encap-
sulated Ni-ATD NPs have small particle size as 
well as a large bandgap which results in a large 
generation of more electron holes which provide 
more surfaces and shorter diffusion path that helps 
in degradation of MG dye (Pinedo-Escobar et al., 
2021). For the photocatalyst to be used in practice, 

stability is also crucial. As a result, by observing 
the catalytic activity throughout three cycles of 
degradation, the cyclic stability of Ni-ATD NPs 
was examined. The Ni-ATD NPs display a very 
stable photocatalytic performance without any 
noticeable deactivation which concluded that af-
ter three cycles of testing Ni-ATD NPs exhibit re-
markable stability during numerous reuse cycles 
as shown in Figure 8.

Figure 8. Degradation stability of synthesized Ni-ATD NPs for MG dye.

Concentrations (mg) Degradation (%) Standard deviation Standard error

10 81 0.70946 0.409607

25 92 0.404145 0.233333

50 100 0.152753 0.088192

Table 2. Value of % degradation of synthesized Ni-ATD NPs for MG dye.

5. CONCLUSIONS

The outcomes of the present study revealed that 
encapsulation of plant TC in Ni-ATD NPs shows 
a significant influence on the degradation of MG 
dye. Moreover, results also confirmed that the size 
and shape of TiO2 NPs could be controlled by the 
encapsulation of phytochemicals from a plant. The 
synthesized Ni-ATD NPs confirmed the high crys-
tallinity with spheroidal shapes which helps in the 
degradation of MG dye. The rise in the bandgap of 
Ni-ATD NPs also confirms more generation of elec-
trons holes pairs that help in the degradation of MG 

dye. Further, the fabrication of plant-encapsulated 
NPs is very fast, energy-efficient, low-cost, and 
not toxic to the environment. Therefore, the green 
approach may be recommended for the industry to 
synthesize NPs on a wide scale to remove various 
organic dyes from different wastewaters. These NPs 
could be used as an antibacterial agent, an antican-
cer agent, or as a drug-resistant microorganisms. In 
accumulation, it is also possible to improve medical 
applications such as bioimaging, bioimplants, drug 
delivery, treatment of cancer, etc., by manufactur-
ing such non-toxic and cost-effective nano-scale 
particles.
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