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Abstract

Herein, we report, for the first time, the synthesis, characterization, and the photocatalytic
methyl blue dye degradation performance of magnesium oxide (MgO) nanoparticles (NPs)
synthesized by a facile green approach using Camellia sinensis (tea leaves) extract as a
reducing agent. The as-prepared materials were characterized by x-ray diffraction (XRD),
which confirmed the large-scale synthesis of well crystalline cubic crystalline phase MgO
NPs. Rietveld refinement analysis of the XRD pattern was done to determine the
crystallographic parameters of the MgO NPs and to investigate lattice defects. Microstrain,
lattice stress and energy density were calculated using Williamson-Hall analysis. The
synthesized nanoparticles exhibited over 97% photocatalytic degradation efficiency of
methylene blue (MB) dye. Complementary density functional theory (DFT) calculations
revealed the favorable formation of Oz radicals on the MgO (001) surface as the drivers of

the MB dye degradation.
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1. Introduction

Water contamination by organic dye discharges from textile dyeing, paper making, paints,
cosmetics, and food processing industries has attracted considerable attention recently owing
to health hazards posed to humans and of other living organisms [1-3]. Due to their color and
toxic products generated through hydrolysis and oxidation reactions in the wastewater phase,
the discharge of effluents containing low-biodegradable dyes into the water bodies is not
desirable [4-7]. Among the various methods for treating dye-contaminated water,
photocatalytic degradation of organic pollutants has received significant attention [8-10]. The

traditional technologies for treating wastewater in particular coagulation, adsorption,



flocculation, advanced oxidation, and precipitation do not only require long operation times,
but they also produce secondary sludge, which is expensive to dispose [11, 12].

Inorganic materials such as metal and metal oxides in nano-dimensions have received
considerable attention in recent years owing to their potential use in several applications,
including photocatalytic dye degradation [13-15]. Several transition metal oxide
photocatalysts, such as MO (M=Ni, Zn, Mg, and Cu) and TiO; have been investigated for
their performance in dye degradation [16-20]. Among these, magnesium oxide (MgO) is
attractive for photocatalytic applications owing to its non-toxicity, earth-abundance and ideal
physicochemical and optoelectronic properties [21-24]. MgO nanoparticles have been used in
several technological applications, such as electronics, catalysis, ceramics, petrochemical
products, coatings, and pharmaceuticals [25, 26]. Highly crystalline MgO NPs are
characterized by low electrical conductivity, higher melting point, large surface areas and
unusual crystal morphologies [27].

Several methods have been explored to synthesize MgO nanoparticles including the
hydrothermal, sol-gel, co-precipitation, and chemical gas phase methods [21-28]. However,
in general these methods use several toxic reagents, strong acids and bases to synthesize
MgO, which create environmental problems. Hence, it remains a challenge to synthesize
MgO nanoparticles using safe, eco-friendly, and low-cost approaches. Recent efforts have
turned towards the development of green synthesis approaches, where organisms such as
yeast, bacteria, sugars, algae and polymers and plant extracts are used for the synthesis of
nanoparticles [29-31].

Herein, we demonstrate a facile synthesis of MgO nanoparticles using Camellia
sinensis (tea leaves) extract as a reducing agent [21, 27, 32].Tea leaves extract contains
polyphenols and that helps in reduction of salt precursor to nanoparticles. Flavonoids and
catechin present in the polyphenols. Epigallocatechin Gallate(EGCG) is the dominant

catechin take part in the reduction of salt precursors and responsible for formation of MgO



nanoparticles (see the experimental details in the ESIt) [27,42].This method is simple and
does not require any toxic chemicals and sophisticated instrumentation. Fig. S1 represents the
schematic diagram of how the MgO nanoparticles were prepared (see the ESIf). The
prepared MgO NPs were systematically characterized using a range of characterization
techniques to determine the structural, morphological and optical properties. From XRD, the
crystallite size was calculated using Scherrer’s formula. Microstrain, lattice stress and energy
density of thus prepared MgO NPs were calculated using Williamson-Hall (W-H) analysis or
X-ray peak profile analysis (XPPA) [43-50]. The Willianson-Hall technique is a well-known
method for analysing X-ray pattern peak broadening induced by crystallite size reduction and
internal micro-strain. Instrumental effects, crystallite size reduction, and micro-strain in the
crystal lattice all contribute to the widening of X-ray diffraction patterns. Crystallite size and
lattice strain both impact Bragg peak in different ways, causing the peak breadth and
intensity. As a photocatalyst, the as-prepared MgO NPs show efficient photocatalytic
degradation (~97%) of methylene blue dye.
2. Photocatalytic activity of MgO nanoparticles

The catalytic activity of the as-preparedMgO NPs was investigated by choosing a
model azo dye methylene blue (MB) under UV illumination at ambient temperature. The
photocatalytic experiments were carried out in a slurry type batch reactor [33]. The UV
visible spectra of the MB dye show a strong absorption peak at 665 nm [34]. For the
photocatalytic application, a stock solution (1 mg/L) was prepared by stirring it in the dark.
An appropriate amount of (0.025g) MgO photocatalyst was taken for 100 ml of the dye
solution. Afterwards the resultant MB dye and MgO nano-powder suspension was kept under
dark and stirred for 30 min to get absorption or desorption equilibrium. Then the solution was
irradiated under UV-light from a photo-reactor (8W), which is fitted with a magnetic stirrer
encircled by a water circulation arrangement to maintain temperature. After a specific time

interval of 30 min, 10 ml aliquots dye solution was analyzed by UV-visible



spectrophotometer to study the absorption behavior of decomposed dye solution. Generally,
the photodegradation of MB dye followed the pseudo-first order kinetics and degree of
degradation was expressed by (C/Co) with respect to time, C/Co is the ratio of MB
concentration at a time to the initial concentration. The percent degradation was calculated

using equation 1 below [9]:

- 1
C, CxlOO M

% Degradation =
0

where C, = initial MB dye concentration, and C = concentration of the MB dye solution after
the degradation time ‘t’.
2.1 Computational details

The dispersion-corrected density functional theory (DFT-D3) calculations were
carried out within the VASP-Vienna Ab initio Simulation Package [35, 37].Description of the
interactions between the core and valence electrons was done using the Project Augmented
Wave (PAW) method [36]. The kinetic energy cutoff was set to 600 eV and a Monkhorst-
Pack k-point mesh of 9x9x9 was used to sample the Brillouin zone of bulk MgO. The
conjugate-gradient algorithm was employed for geometry optimization, ensuring that residual
forces on all atoms reached 10 eV/A. The Exchange-correlation functional was described
using the Perdew—Burke—Ernzerhof (PBE) scheme of generalized gradient approximation
[38]. The lattice parameter of MgO modelled in the rock salt structure is calculated at a =
4.237 A, which is in good agreement with the experimental value of 4.216 A. The DFT+U
method with an effective U value of 4 for Mg was used to predict electronic structure and
band gap. The adsorption mechanism of O.molecule was characterised on the MgO(001)
surface, which was created using the METADISE code [39]. Charge transfer between the
MgO(001) surface and the absorbing molecules was quantified using Bader charge analysis

[40].



2.2 Statistical Analysis:

Experiments were carried out in triplicates for the dye degradation experiments and the

results are expressed as the attributes of best fit using origin software. The degradation
efficiency is statistically significant at 0lo.os and Oo.o1 and was found to be 0.13959 with 9

degrees of freedom. For X-ray line profile analysis origin software were used which has in

built standard error statistical tools.

3. Results and discussion
3.1. Characterization of structural properties of as-prepared MgO nanoparticles
3.1.1 XRD analysis

The XRD pattern of as-prepared sample (Fig. S2(a) see the ESIt) exhibited several

peaks which correspond to unreacted precursors, i.e. magnesium nitrate hydrate
(nitromagnesite). The peaks disappeared after calcination of the sample at 400 °C. The
calcined sample displays well-defined peaks at 26= 37.07°, 43.03°, 62.39°, 74.76°, and
78.68°, which can be assigned to (111), (200), (220), (311), and (222) planes of MgO
respectively [41, 42]. The observed results are consistent with the standard JCPDS Card no:
77— 2364.

The lattice parameters of MgO NPs were determined from Rietveld refinement
analysis using the FULLPROOF software [51]. The space group for the MgO NPs was
assumed to be Fm-3m (225) for the cubic crystal system. The lattice parameter, atomic
coordinates and the Wyckoff notations are given in Table S1 (refer ESIf). The refinement
(fitting) parameters (Rp, Rwp and Rexp) are consistent with the refined standard pattern of
MgO nanoparticles for the cubic structure [51-55], which is shown in Fig. S2(b). The packing

diagram for the cubic MgO structure is shown in the inset of Fig. S2(b) (refer ESIt).



3.12 Scherrer method

The average crystallite size of the as-prepared MgO NPs was calculated using Debye-

Scherrer’s equation as given below [7]:

i @
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Where D is the crystal size, k is the shape factor (usually taken as 0.9), A is the wavelength of
the Cu-Ka radiation (A= 0.15406nm), B is the Full width half maximum (FWHM) and 0 is the
angle of reflection. The FWHM for the reflections were obtained after applying correction for
the instrumental broadening using the method of Anantharaman and Christian [56].
According to the above equation, the average crystallite size of the synthesized MgO NPs
was found to be 35+4 nm.

3.1.3 Williamson-Hall analysis

X-ray analysis is an excellent non-destructive tool for fine structure investigation of matter
not only for crystal structure determination but also for studying various physical properties
of materials. Especially, Williamson- Hall (W- H) analysis, which is employed in this work,
is a simplified integral breadth method and is used to deconvolute the size and lattice strain
induced line broadening. The Scherrer equation deals only on the effect of crystallite size in
XRD line broadening and it cannot be considered for microstructures of the lattice, i.e., about
the intrinsic strain, which are due to the point defects, grain boundaries, triple junctions, and
stacking faults[43,49]. Williamson—Hall (W-H) is one of the methods where the strain-
induced XRD peak broadening is considered. This method provides an estimation of of the
crystal size along with the intrinsic strain from defects like distortion, twinning,

imperfection, and dislocation [50].



Uniform Deformation Model (UDM)

In this model it is assumed that the strain in the crystal is uniform in the whole
crystalline-geometric directions, implying that the crystal is isotropic in nature. The lattice

strain and distortion was calculated by the following equation

3
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By rearranging the equation, we get
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KA .
pPcosfd =——+4esinf
D
Equation (5) represents W-H equation for Uniform Deformation Model (UDM). From the

plot of 4sinf (x-axis) vs. Bcos6 (y-axis) one can obtain the strain € and crystallite size D. Fig.
S3 (a) (see ESIt) shows Y-intercept gives the value of crystallite size and slope represents the

strain. This strain might be related to lattice shrinkage.
Uniform Stress Deformation Model (USDM)

In this model Hooke’s law is employed with the assumption that the NPs having small
strain. Therefore the W—H equation of UDM can be altered by applying Hooke's law ¢ = Y&,
o represents stress and Y denotes the Young’s modulus of elasticity. Equation (5) can be

rearranged by applying Hooke's law as follows
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The above equation (6) is called the Uniform Stress Deformation Model (USDM).

1 2 2 2 2 2 2 (7) [49]
—=5, +2(S11 -5, —0.5S44)(m1 m, +m, m;" +m; m,

hkl

Here, the ‘Y’ is Young's modulus. Where Sj; are the elastic compliance (for cubic MgO Si1
=4.01, S12=-0.96 and S4s = 6.46 (TPa)!), whereas m; = h (h>+k*+1%), m, = k (h*+k>+1?) and
m;3 = 1 (h®>+k?+1%). By using the above equation (7), the Yuu value of MgO NPs was found to
be 21241 GPa. From the plot of 4sinb/Y (x-axis) vs. BcosO (y-axis) one can obtain the stress o
and crystallite size D. The crystallite size was obtained from Y-intercept and the lattice stress

from the slope (refer Fig. S3 (b)) (see ESIt).

Uniform Deformation Energy Density Model (UDEDM)

The anisotropic energy can be studied by this Uniform Deformation Energy Density
Model (UDEDM). In this model it is assumed that the lattice energy density is associated
with effective stiffness of a crystal. Based on this assumption energy density ‘ued’ is written

as follows

_ (52th1) ®

ued 2

Then the equation (4) can be simplified as the energy and strain relation

PN
Pcosl = (Mj + [4 sin Q(MJ J
D thl

From the plot of 4sin0(2/Y)*3 (x-axis) vs. BcosO (y-axis) one can get energy density u and
crystallite size D. From the Fig. S3 (c) (see ESIt), the crystallite size was calculated from Y-

intercept and the energy density value from the slope.
It is evident from the Table S2(see the ESIT), crystallite size obtained from the three models

of W-H is almost similar to the value obtained from Scherrer method with an standard error



of £ 4 nm. In addition, the values of strain and stress are found to be compressive, i.e.
positive values in all (hkl) crystallographic parameters (refer Table S271). The difference in
the strain value obtained from UDM-USDM with the UDEDM may due to the uniformity of
the deformation [50]. The small difference in the crystallite size values obtained from
Scherrer’s equation and W-H analysis may be due to the averaging of the particle size
distribution.

3.1.3 Morphological, compositional, optical and thermal properties

The general morphology of the as-prepared MgO NPs was studied by scanning
electron microscopy (SEM). As observed in the SEM micrograph, the general morphology of
the as-prepared MgO material was examined by and the result is demonstrated in Fig. 1(a).
As observed in the SEM micrograph, the as-prepared MgO material possesses nano-scale
particle shaped morphology, thus one can refer to it as ‘nanoparticles’. Owing to dense
growth, some agglomeration in the nanoparticles is also observed. The MgO nanoparticles
exhibit spherical-shape with smooth surfaces. The average particle size of the MgO NPs was
determined from four micrographs, taken from different areas, of the sample using Image J
software and the size of NPs are found to be in the range of 65 &+ 5 nm.

The chemical composition and purity of the as-prepared MgO NPs was examined by
Fourier transform infrared (FTIR) spectroscopy as shown in Fig. 1(b). The response of the
FTIR spectrum was observed in the range of 4000— 450 cm™'. The board peak within the
range of 3600 cm™! to 3200 cm™! can be attributed to the presence of OH groups [5-7]. Due to
the presence of water molecules, O-H vibrations are assigned at 3435 cm™ [6]. The peak at
2929 cm! can be assigned to the asymmetric —~CH, vibration [12]. This peak could also
indicate the adsorption band [27]. The peaks at 1583 and 1435 cm™! correspond to the C=C
stretching and C-N stretching, respectively [6-8]. The peak at 1108 cm! is related to the C-O

stretching vibrations. The appearance of these peaks at 2929 and 1108 also proves the



presence of polyphenols, carboxylic acid, polysaccharide, amino acid, and proteins in tea
extract [27]. The peak at 496 cm™! confirms the presence of M-O (MgO) peak [8, 9].

From UV-visible spectroscopy analyses, the optical properties of the prepared MgO
nanoparticles were determined. Fig. 1(c) depicts the typical plot for (ahv)? vs energy used to

estimate the band gap of the prepared MgO nanoparticles at ~4.21 eV.
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Fig. 1. Typical (a) SEM, (b) FTIR spectrum, (c) Energy band gap (Tauc plot), and (d) TGA-
DSC for the prepared MgO nanoparticles.

To examine the thermal properties of the prepared MgO nanoparticles,
thermogravimetric analysis (TGA) and differential scanning calorimeter (DSC) analysis were
done and results are shown in Fig. 1(d). The observed thermogravimetric analysis (TGA)
curve shows the amount of weight loss during the calcination process. The prepared MgO
nanoparticles exhibit weight loss in two steps, i.e. the first one from 43.39 °C to 157.27 °C,
which corresponds to 99 % to 96 % of dehydration, i.e. removal of water. The second step
occurred from 309.84 °C to 475.24 °C and corresponds to the decomposition process of

organic moieties to form MgO. Interestingly, the differential scanning calorimeter (DSC)

shows a strong endothermic peak at the 365.32 °C [57-59].



3.2. Photocatalytic activity of MgO nanoparticles

The photocatalytic activities of the as-prepared MgO NPs were successfully
demonstrated over MB dye. Fig. 2(a) shows the characteristic UV-Vis absorption spectra of
MB dye aqueous solution in the presence of the as-prepared MgO nanoparticles irradiated by
UV light for different time intervals (0-120 min). It is interesting to note that there is a
gradual decrease of absorption intensities at Amax 664 nm which confirmed the MB dye
discoloration reaction. Fig. 2(b) depicts the extent of MB dye discoloration with successive
time intervals in the absence and presence of the as prepared MgO NPs. Interestingly, a
negligible degradation of MB took place under the UV light, suggesting that UV light alone
cannot degrade the MB dye. However, there was almost a complete degradation (97 %) of
MB dye in the presence of the as-prepared MgO NPs.
Usually, the kinetics of MB dye degradation followed the Langmuir-Hinshelwood model and
the rate constant can be calculated using the following equation [60]
(10)

_dC__kKC
dt 1+KC

where, 1 is rate of dye discoloration (mg/1 min), C represents the concentration of dye (mg/1),

t defines the time of illumination, K is the adsorption coefficient of dye (I/mg), and k is the
rate constant (mg/l min). For a very dilute solution, C would be very small, hence, the

equation 10 could be written as:

(11)
ln&:thzk t
C

app
where Kapp is the apparent rate constant. Fig. 2(c) represents the typical first order kinetics
graph of MB dye photodegradation reaction. A plot of In (Co/C) vs time gives a straight line
with the slope equal to the first-order rate constant. The calculated apparent rate constant Kapp

and regression coefficient R? for the as-prepared MgO nanoparticles were 0.0293 min™! and

0.9857, respectively. The observed results are consistent with the reported literature [61, 62].



Fig. 2(d) depicts the mechanism of MB dye discoloration reaction. The illumination of the as-
prepared MgO with photons of appropriate wavelength leads to electron-hole (e/h") pairs
generation [63]. When the UV light strikes on the photocatalyst, electrons (e¢7) would be
excited from the valence band to the conduction band to react with the surface of the
photocatalyst to produce superoxide ions (O27), which subsequently upon protonation
produced HOO" radicals. Further reaction of the HOO" radicals with e yields H>Os.
Simultaneously, the holes (h") in the valence band react with water to produce H>O/ OH-
radicals in the oxidation process. Overall, the reaction can be summarized as follows:

MgO + hv—e (conduction band) + h* (valence band)

0 +e— Oy + H— HOO'

H20 + h*—"OH + H*

HOO- + ¢+ H— H,0>

H202 +e—'OH + OH"
It has been successfully reported that the degradation of MB dye starts via splitting of the C—
S*, =C bond and afterwards leads to complete conversion of nitrogen, carbon and sulfur
hetero atoms into NH4*, NOs?~ , CO3?>" and SO4>" mineralization ions as summarized [53];

Ci6H1sN3S* + 102 OH' + visible light — 16CO; + 3NOs3?>™ + SO4* + 6H" +57H,0

Formation of highly active oxygen radicals {O2, O2", OH or HOO"} were responsible for
facile degradation of MB dye. The failure of photogenerated e/h* pairs to reach their
respective sites leads to their recombination, which is often the primary origin of reduced
photodegradation efficiency. Since the photocatalytic reaction was facilitated over the surface
of as-prepared MgO nanoparticles, the structural and morphological properties would have an
impact on the photocatalytic efficiency. The uniform and high crystalline MgO nanoparticles
could minimize the rate of recombination of photogenerated e/h* pairs and lead to efficient

photodegradation [64]. The observed efficient degradation of MB dye reveals that the MgO



nanoparticles can serve as efficient photocatalysts to degrade organic dyes under UV light

illumination.
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Fig. 2 (a) UV-Vis absorbance spectra of decomposed methylene blue dye solution, (b) the
curve of C/Co versus time interval over MgO nanoparticles, and (c) first order kinetics graph
of MB dye photodegradation reaction, and (d) Schematic mechanism for the photocatalytic

degradation of MB dye using MgO nanoparticles.

The reusability of MgO NPs as a photocatalyst in MB dye decomposition process,
have also been tested. The NPs were centrifuged and washed, three times, thoroughly before
using for each cycle. The photodegradation experiments were repeated three times, under
similar conditions, and the corresponding degradation results show 97%, 86%, and 77% of
dye degradation for the first, second and third cycle,respectively. This results shows that the

NPs have good reusability and photo-stability.



3.3 DFT calculations

Further molecular-level insights into the formation of O>radicals and OH™ species on
the MgO surface, which are expected to facilitate the degradation of the MB dye, was gained
through first-principles DFT calculations [65]. The structural and electronic properties of the
bulk MgO was first determined, predicting a bandgap of 4.52 eV as shown in Fig. S4 (a) (see
the ESIT). Fig. S4 (b) (see the ESIf) the Mg(001) surface was used to characterize the
adsorption reactions of O2 and H>O molecules.. The valence and conduction band edges are
shown to be dominated by O-p states. Fig. 3 (a-d) shows the lowest-energy O2 adsorption
structures on the MgO(001) surface. The end-on adsorption geometry of O released an
adsorption energy of —0.86 eV, whereas a side-on geometry released an adsorption energy of
—1.14 eV. These results show that the side-on O2 geometry is energetically more stable than
the end-on configuration. The O—O bond distance for the side-on and end-on adsorption
configurations is respectively calculated at 1.251 A and 1.248 A. This indicates a small
elongation in the adsorbed O—O bond distance relative to the gas phase O molecule (1.240
A). The Oz molecule gained 0.48 and 0.28 e~ from the surface when adsorbed in the side-on
and end-on configurations, respectively, as estimated from Bader charge analysis. This
characterizes the adsorbed species as Oy radicals.
The adsorption of water and its subsequent dissociation to form OH™ species has also been
investigated as shown in Fig. 3 (e-g). Whereas the adsorption of molecular water is
exothermic by —0.47 eV, the dissociative adsorption is endothermic by +0.43 eV and +0.68
eV when the proton is adsorbed at O or Mg sites, respectively. The endothermic reaction of
the dissociative species suggests that OH™ species formation will be thermodynamically
limited on the MgO(001) surface. This therefore, suggests the O:radicals, which are

thermodynamically favorable, are the main facilitators of MB dye degradation.



(a) (b)

E2ds=-0.86 eV E*s=-1.14 eV

(e U] ®

Eads=-0.47 eV E2ds=+0.43 eV E2ds=+0.68 eV

Fig. 3. The optimized adsorption geometries of Oz in (a) end-on and (b) side-on
configurations at MgO(001) surface. The corresponding charge density difference iso-surface
contours (¢ & d), with the green and yellow contours indicating electron density increase and

decrease by 0.003 e/A?, respectively. The molecular (e) and dissociative adsorption ((f) &
(g)) of water. Atomic color: Mg =green, Osurf =red, Omol = pink, and H =red.

4. Conclusion

In summary, MgO NPs were synthesized by facile green approach using Camellia
sinensis (tea leaves) extract as a reducing agent. The morphological, structural, optical,
thermal and photocatalytic properties of the as-prepared MgO nanoparticles were
systematically characterized. Rietveld refinement analysis of XRD patterns shows cubic
crystal structure and indicates the presence of Mg and O vacancies. The average crystallite
size was estimated from x-ray studies. Moreover, parameters like microstrain, lattice stress,

energy density and Young’s modulus and were obtained from W-H technique according to



UDM, USDM and UDEDM. From SEM studies, it is found that The MgO NPs exhibited
smooth spherical shapes with typical diameters in the range of 655 nm. The as-prepared
MgO nanoparticles demonstrated excellent photocatalytic properties as it almost completely
degraded (~97%) methylene blue dye under light illumination. Favorable formation of Oz~
radicals on the MgO(001) surface is predicted from first-principles DFT calculations as the
primary drivers of the MB dye degradation. The obtained results demonstrate that MgO
nanoparticles are potential candidates for photocatalytic degradation of organic dyes.
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HIGHLIGHTS

> Facile Synthesis of MgO nanoparticles using Camellia sinensis (tea leaves)

extract as a reducing agent.
» Almost complete photocatalytic degradation of methylene blue dye using

MgO nanoparticles.
» Con rmation for the favourable formation of O, radicals on the MgO

(001) surface by rst-principles DFT calculations.
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