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Abstract: FeSnO, nanocomposites were synthesized via the green method using aqueous leaf extracts
of Lawsonia inermis and Phyllanthus embilica plants. The role of polyphenols based on reduction
potentials for the synthesis of FeSnO, was also highlighted. The synthesized materials were examined
by using TGA and DSC, FT-IR, XRD, and SEM with EDX analysis. Tetragonal rutile and distorted
hexagonal structures were observed in SEM images of the FeSnO; nanocomposites and compared
with an FeSnO, nanocomposite prepared using the sol-gel method. Scherer’s formula yielded
crystallite sizes of 29.49, 14.54, and 20.43 nm; however, the average crystallite size assessed employing
the Williamson-Hall equation was found to be 20.85, 11.30, and 14.86 nm by using the sol-gel and
green techniques, using extracts from Lawsonia inermis and Phyllanthus embilica. The band gap was
determined by using the Tauc and Wood equations, and photocatalytic activity was analyzed to
determine the degradation of methylene blue (MB) and crystal violet (CV) under the illumination of
natural sunlight. It was observed that the sample prepared by means of the green method using the
leaf extract of Lawsonia inermis showed the best photocatalytic activity of 84%, with a particle size of
14.54 nm, a 3.10 eV band gap, and a specific surface area of 55.68 m?g~1.

Keywords: sol-gel; green synthesis; plant extract; nanocomposite; photocatalysis

1. Introduction

The textile and paper industries employ carcinogenic thiazine contaminants such
as methylene blue (MB) for dyeing. This poses a high risk to human health and harms
the eyes and neurological system. Continuous exposure to these contaminants results in
stomach infections, nausea, vomiting, diarrhea, and breathing difficulties [1]. Crystal violet
(CV), also known as gentian violet or hexamethylpararosaniline chloride, belongs to a
group of triphenylmethane dyes. The intestinal microflora can easily convert crystal violet
into a highly carcinogenic leuco form [2]. Approximately 15% of these dyes are wasted
during their application [3]. The removal of these hazardous dyes from waste can be
achieved by using certain degradation methods like advanced oxidation [4] and chemical
oxidation [5]. There are certain concerns regarding the toxicity, expense, and inadequate
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degradation related to the above-mentioned techniques [6]. However, nanotechnology
offers an economical and environmentally friendly solution to these problems by using
photocatalysis [7,8]. Photocatalysis is a phenomenon wherein light activates a photocatalyst,
i.e., a semiconductor, by generating photo-excitons, which ultimately leads to the removal
of organic pollutants through a degradation mechanism [9,10]. The role of photocatalysts
is vital in achieving the maximum removal of pollutants; therefore, it is highly desirable to
explore efficient photocatalysts for the removal of contaminants.

The n-type semiconductor SnO; has a large bandgap energy (3.5 eV) and is used in
optoelectronic devices, electrode materials, secondary lithium batteries, dye-based solar
cells, gas sensors, and catalysis [11-16]. Its beneficial properties can be further improved by
preparing the nanocomposite with different metals [17]. Transition metals are being exten-
sively used for this purpose to enhance the electrical, structural, and optical properties of
SnO; [18]. These metals can be coupled with metal oxide through nanocomposite formation
techniques such as sol-gel, co-precipitation, hydrothermal processes, wet-impregnation,
and green synthetic routes [19]. Among these methods, the synthesis of nanocompos-
ites through green methods using plant extracts is considered advantageous over other
chemical methods [20].

In green synthesis, plant extracts containing polyphenols such as gallic acid, ascorbic
acid, naphthoquinones, etc., are usually responsible for the reduction of metallic ions [21].
Researchers investigated the role of polyphenols in the green synthesis of metal-metal
oxide nanocomposites using extracts of different plants [21,22]. In this study, an effort was
made for the first time to synthesize a bimetallic FeSnO, nanocomposite using Lawsonia
inermis (Hina) and Phyllanthus emblica (Indian goose berry/Amla), while emphasizing the
role of polyphenols, as previous attempts were focused on synthesizing FeSnO; nanocom-
posites by means of chemical and thermal methods [23,24]. In addition, the photocatalytic
activity of FeSnO, synthesized using green methods was compared with the activity of
FeSnO, prepared using the sol-gel method. Lawsonia inermis and Phyllanthus embilica were
selected due to their sufficient polyphenolic contents and abundance in Pakistan [25,26].
Moreover, these plants have been utilized effectively for the green synthesis of NPs due
to their antioxidant, antimicrobial, and antipruritic activities [27,28]. Aqueous extracts
of Lawsonia inermis leaves contain 486.2 ug/g lawsone (2-hydroxy-1, 4-naphthoquinone),
which is the main bioactive compound in this plant [29]. The total polyphenol contents
in aqueous extracts of Lawsonia inermis and Phyllanthus embillica leaves are reported to be
100.2 4= 3.5 and 513.83 £ 20.52 mg/g gallic acid equivalent, respectively [30].

2. Results and Discussion
2.1. FT-IR Analysis

Figure 1 shows the comparison of FT-IR spectra of FeSnO, synthesized via green routes
and the sol-gel method, wherein the Sn-O-Sn vibration at 400-700 cm ! was observed due
to condensation reaction [31]. The peak at 651-555 cm~! was reported due to the Sn-O
extending mode of Sn-O-Sn, while the peak at 534 cm 1 was attributed to Sn-OH [32]. The
peaks obtained at 551, 561 and 555 cm ™! for Sn-O stretching and 611, 604 and 611 cm ™!
for Fe-O stretching present in the nanocomposites synthesized using the sol-gel method as
well as Lawsonia inermis and Phyllanthus embillica leaf extracts are compatible with previous
work [33]. The wide peaks at 3420, 3430, and 3418 cm~1 and the narrow peaks at 1347, 1337,
and 1362 are due to OH and C=0 groups of polyphenols or the absorption of atmospheric
water and CO; on the surface of the nanocomposite [33].

FT-IR analysis of plant extracts was also carried out to determine the different func-
tional groups. The presence of vibration peaks at 3200-3300 cm ! show the OH group
present in the plant extracts (Figure 2a,b). The peak at 2930 cm ! represents the existence
of an alkane group (C-C), while the peaks at 2216, 2187,1618, 1401, 1073, 1000 and 872 cm !
are due to the presence of a C=N bond, thiocyanate, C=O stretching (quinone), a C=C bond,
alkyl substituted ether, C-O stretching and aromatic rings due to phytochemicals present in
plants extract, respectively [34,35].
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Figure 1. The comparison of FT-IR spectra of FeSnO, synthesized using the (a) sol-gel method and
green methods using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts.
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Figure 2. FTIR spectra of aqueous leaf extract of (a) Lawsonia inermis and (b) Phyllanthus embilica.
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Moreover, the bond length (R) of Sn-O and Fe-O was determined using FTIR
data by applying Badger’s formula and force constant k (dynes.cm™!), as shown in
Equations (1) and (3).

R= Sy dij 1)
k

The force constant, k, is expressed in mega-dynes per centimeter. In the periodic
table’s period, the number of bound atoms determines the fitting constants Cij and dij. The
Cij values for Fe-O and Sn-O are 0.5 and 0.49, respectively, whereas the dij values are 1.06
and 1.18, respectively [36].

By employing the fundamental harmonic Equation (2), which is directly connected
to the degree of bond stiffness, Hook’s law was utilized to compute the force constant (k)
of the bond [37]. Shorter bonds have greater force constant values and are stronger than

longer ones (k).

1
UZTNC k/n 2)

where 1, as determined by Equation (3), is the decreased mass (kg) of bound atoms [38].

mym
=2 )

my + my
where m and m; are the bonded atoms” atomic masses. Equation (2) can be changed to
k= v P p @)

The bond length of Fe-O and Sn-O in FeSnO, was calculated and results are given in
Table 1. The values show that a slight increase in bond lengths was observed due to the
influence of different methods.

Table 1. Calculated bond length (A) of Fe-O and Sn-O.

Samoles Fe-O Sn-O
P Calculated Literature Calculated Literature
FeSnO, synthesized via the sol-gel method 2.28 2.43
FeSnO, synthesized via the green method
: o . 2.29 242
using Lawsonia inermis leaf extract 1.92-1.99 [39] 2.3 [40]
FeSnO, synthesized via the green method 208 243

using Phyllanthus embillica leaf extract

2.2. Thermogravimetric/Differential Scanning Calorimetric Analysis

The thermal degradation of FeSnO, nanocomposites synthesized using the sol-gel
and green methods was investigated via thermogravimetric analysis. To determine the
volatiles emitted when samples were heated to temperatures between 50 and 600 °C, the
samples were heated at a rate of 20 °C per minute. The total percentage weight loss
observed was 24%, 33% and 27% for FeSnO, nanocomposites synthesized using the sol-
gel and green methods employing Lawsonia inermis and Phyllanthus embillica leaf extracts,
respectively (Figure 3a—c). The lowest weight loss was observed when using the sol-
gel method, while the highest weight loss was observed when using the green method
employing Lawsonia inermis leaf extract due to the adsorption of phytochemicals at the
surface of the FeSnO; nanocomposite. In the TGA curve, three stages are observed, namely
dehydration, decarboxylation and condensation, in which the removal of surface water,
CO; and structurally bonded water take place, respectively.
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Figure 3. TGA curves of FeSnO; synthesized using the (a) sol-gel method and green methods using
(b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts.

First-order reaction theory was used to estimate the kinetic parameters
(Equation (5)) [17]. The energy of activation and other various thermodynamic pa-
rameters were calculated for sol-gel- and green-synthesized FeSnO, nanocomposites
using Lawsonia inermis and Phyllanthus embillica leaf extracts, as shown in Table 2.

dx

o =k(1-%) ©)
where
W —wt
X = —— 6)

where w; is the original weight, w; is the weight at any specific time and wy is the final
weight of the sample. Equation (5) may be written as

In(1 —x) = —kt @)

The graph between In(1 — x) and time is plotted in Figure 4. The straight line confirmed
that all transformation phases were first-order reactions. Equation (7) was used to produce a
graph, and the slope of each line represented the value of the rate constant (k). Equation (8)

was used to calculate half-life.
0.693 ®)

t1y = ———
1/2 k
Thermodynamic characteristics of all the samples were determined using the modified
Coats and Redfern model, as indicated in Equation (9).

ART? E
. )

In[—In(1 —x)] =1n BE, RT
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where T is the absolute temperature, R is the general gas constant (8.3143 Jmol ™1 K1), Ais
the pre-exponential factor, and the heating rate is 20 °C per minute. We may determine
the energy of activation by charting the graph between In[—In(1 — x)] and 1000/T for each
phase (Figure 5).

Table 2. Through TGA, kinetic and thermodynamic parameters are calculated.

Rate .
Samples Phase Temp (K) Constan{ (k) H?Illfi}l;fe Ea (Jmol—1 x 10%) AH (Jmol -1 x 103) AS (Jmol-1 K1) AG (Jmol-1 x 103)
(min—1)
Uncalcined FeSnO 1 423 0.017 39.10 20.15 16.63 —263.23 16.90
ncalcined FeSnO,
from sol-gel 2 673 0.021 3248 13.44 784 ~296.77 8.14
3 893 0.004 170.68 2.77 4.64 —323.49 4.32
Uncalcined FeSnO, 1 393 0.041 16.61 36.08 3281 ~206.03 33.01
using Lawsonia 2 593 0.063 10.94 14.34 9.413 —282.96 9.69
inermis leaf extract 3 753 0.159 4.35 14.88 14.88 —272.56 15.15
Uncalcined FeSnO, 1 423 0.042 16.50 36.29 3278 ~210.22 32.99
using Phyllanthus 2 603 0.112 6.18 21.01 15.99 —265.69 16.26
embillica leaf extract 3 693 0.260 2.66 19.41 19.41 —259.48 19.67
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Figure 4. In(1 — x) versus time plot for FeSnO, synthesized using the (a) sol-gel method and green
methods using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts.

2.3. X-ray Diffraction Analysis and Phase Determination

Synthesized FeSnO; and its structure and phase were studied using XRD analysis
and the PAN-analytical library (high score on X'Pert). All of the XRD patterns of FeSnO,
are given in Figure 6. The diffractogram of FeSnO; synthesized via the sol-gel method is
presented in Figure 6a. The diffraction peaks obtained at 20 values of 26.67°, 37.95°, 51.78°,
65.97° and 78.26° correspond to the tetragonal structure of SnO,, having lattice planes of
(110), (200), (211), (301) and (320), respectively. The rest of the peaks at 26.8° and 33.8°
correspond to the rutile structure of SnO,, with lattice planes of (110) and (101), respectively
(JCPDS data card No. 41-1445) [41]. The peak at 44° corresponds to hexagonal Fe;O3 with
an hkl value of (111) [42]. Figure 6b,c show the XRD patterns of FeSnO, nanocomposites
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synthesized by using Lawsonia inermis and Phyllanthus embillica leaf extracts. Both samples
showed almost identical patterns of diffraction peaks. A sharp and prominent peak at a 26
value of 44.5° and a small peak at 65.9° were observed in both diffractograms (Figure 6b,c).
This corresponds to well-defined pure cubic Fe ©) with lattice planes of (111) and (200),
respectively (JCPDS data card No. 01-085-1410) [22,29].

In[-In(1-x)]

-4

5

1.0 1.5 2.0 2.5 3.0 3.5
1000/T

Figure 5. Redfern and Coats plot for FeSnO, synthesized using the (a) sol-gel method and green
methods using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts.
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Figure 6. XRD patterns of FeSnO, synthesized using the (a) sol-gel method and green methods using
(b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts.



Catalysts 2023, 13, 1135

8 of 23

The comparison of the XRD of FeSnO, synthesized by using the sol-gel method and
green synthesis with Lawsonia inermis and Phyllanthus embillica leaf extracts shows that plant
polyphenols have been proven to be efficient in reducing Fe>* to Fe’, as shown in Figure 6b,c
while the nanocomposite constructed via the sol-gel method showed the existence of Fe;Os.
No separate peak of the FeSnO, nanocomposite is shown in the diffractogram because
Fe® and Fe®* present in the FeSnO, nanocomposite are smaller in size as compared to the
Sn** ions and may be incorporated into the Sn** ion sites in the SnO; crystal lattice in a
coordinated manner, without altering the structure of the original SnO, [42].

Scherrer’s Equation (10) was used to calculate crystallite size.

kA
~ PBcosH

(10)

where k is a constant with a value of 0.98, 3 is the peak’s FWHM at a certain diffraction
angle, and A is the wavelength of the X-rays that were blasted (0.154 nm). The FeSnO,
nanocomposites synthesized via the sol-gel method and green synthesis employing leaf
extracts of Lawsonia inermis and Phyllanthus embillica yielded crystallite sizes of 9.32, 1.01,
and 4.2 nm using Scherrer’s Equation, respectively. Using the Williamson-Hall Equation,
the average crystallite size and strain ¢ were also determined, as shown in Equation (11).

3 cos® :4ssin6+%\ (11)
where d is the average crystallite size and ¢ is the lattice strain calculated from the slope [43].
The strain present in the FeSnO; nanocomposites synthesized via the sol-gel method and
green synthesis using Lawsonia inermis and Phyllanthus embillica leaf extracts was calculated
as being 0.012, 4.2 x 1073, and 9.5 x 1073, respectively. Small values of strain indicate the
broadening of peaks due to small size [44]. Values of both sizes and strains are reported in
Table 3. The number of flaws in a crystal per unit volume is known as the 6. It is directly
related to crystal hardness. With a decrease in crystallite size, the dislocation density
increases. This can be calculated by using Equation (12).

5= é (12)

where D is the crystallite size in nm.

Table 3. Structural and optical parameters of synthesized FeSnO5.

Crystallite Size (nm)

Size"H (nm) . . .
. Band Gap  Dislocation Density
1 izeSEM 2,1
Samples Size nm Strain ¢ V) (5) (nm) -2 SSA (m?g-1)
Schrrer W-H
FeSnO; synthesized via the 5 49 2085 12x10°2 3.99 115 x 1073 27.45
sol-gel method
FeSnO; synthesized via the
green method using Lawsonia ~ 14.54 11.30 42 %1073 3.10 4.73 x 1073 55.68
inermis leaf extract
FeSnO; synthesized via the
green method using Phyllanthus ~ 20.43 14.86 9.5 x 1073 3.89 2.39 x 1073 39.63

embillica leaf extract
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The specific surface area is the area occupied by 1 g of a sample and depends on the
size of the nanocomposite. A smaller size leads to greater SSA. It can be determined by
using Equation (13).

6 x 103
Dxp

SSA = (13)
where D is the crystallite size and p is the density of the nanocomposite.

W-H is the size assessed using the Williamson-Hall Equation and SEM is the size
calculated using a scanning electron microscope.

2.4. Optical Studies

Optical properties were studied by using a UV-visible spectrophotometer. The band
gap of the FeSnO, nanocomposite synthesized from the sol-gel method and green methods
using Lawsonia inermis and Phyllanthus embillica leaf extracts was determined by using the
Wood and Tauc equation (14).

(< hv)/™ = A(hv — Ey) (14)

where the exponent n values for the direct authorized, indirect allowed, directly prohibited,
and indirect forbidden transitions, respectively, are 1/2, 2, 3/2, and 3. The absorption
coefficient, which may be computed using Equation (15), «, is cm®, where hv is the energy
ineV.

2.303 x 1000 x p
X= X
IxcxM

where p is the theoretical density of SnO, (6.95 gcm’s) [43] and Fe (7.86 gcm’3) [44], A is
the absorbance, 1 is the path length (1 cm), c is the concentration in moles cm~ ! and M is
the molar mass of the composite in g mol .

The band gaps in Figure 7 were calculated for the direct allowed transition by using
the Wood and Tauc Equation (15) as 3.99, 3.10 and ~3.89 eV, respectively. The band gap of
chemically and thermally synthesized FeSnO; as reported in the literature lies in the range
of (3.52-3.69 eV) [33]. When green-generated FeSnO, nanocomposites were compared with
those synthesized using the sol-gel technique, a red shift in the band gap was observed.
The lowest value of the band gap was observed for the FeSnO, nanocomposite synthesized
via the green method by using Lawsonia inermis leaf extract (3.10 eV).

A (15)

2.5. SEM and EDX Analyses

SEM-EDX analysis was used to study surface morphology and elemental analysis.
Porous sheath-like tetragonal rutile and distorted hexagonal structures were observed for
the FeSnO, nanocomposites synthesized by using the sol-gel methods and green meth-
ods employing Lawsonia inermis and Phyllanthus embillica leaf extracts (Figure 8a—c). Each
element’s weight percentage was calculated using EDX analysis. The theoretical weight per-
centage of major species was found to be 33.2, 13.5 and 48.2% for Fe, Sn and O, respectively,
for FeSnO, synthesized via the sol-gel method. Meanwhile, 36.1, 10.2, 50.1 and 2.1% Fe, Sn,
O and C, respectively, were detected in FeSnO; synthesized via the green method using
Lawsonia inermis leaf extract, and 33.81, 47.44, 18.12 and 2.8% Fe, Sn, O and C, respectively,
were present in FeSnO, synthesized via the green method using Phyllanthus embillica leaf
extract. Elemental analysis shows the presence of iron, tin and oxygen in all of the samples
at different ratios (Figure 9d—f). This may be related to the different abilities of each plant
extract to reduce or stabilize metals and metal oxides.
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Figure 7. Bandgap evaluation of FeSnO, synthesized using the (a) sol-gel method and green met-ods
using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts using the Wood and Tauc plot.
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Figure 8. SEM images and EDX spectra of FeSnO, nanocomposite synthesized via the (a,d) sol-gel
method and the (b,e) green method using Lawsonia inermis leaf extract and (c,f) Phyllanthus embillica
leaf extract.

2.6. Photocatalytic Studies

The photocatalytic studies present the higher photocatalytic activity of FeSnO, syn-
thesized via the green method using Lawsonia inermis leaf extract for the degradation of
both MB and CV through exposure to natural sunlight in comparison (Table 4) to FeSnO,
synthesized using Phyllanthus embillica leaf extracts and the sol-gel method, as shown in
Figures 9 and 10. The results show that the FeSnO, nanocomposite synthesized via the
sol-gel method exhibited 66% and 75% photocatalytic efficiency for the degradation of
MB and CV dyes, respectively, whereas the FeSnO, nanocomposites synthesized using
the green method using Lawsonia inermis and Phyllanthus embillica leaf extracts showed
76% and 69% degradation efficiency for MB, and 84% and 81% degradation efficiency for
crystal violet, respectively. The decreasing trend of the photocatalytic activity of FeSnO,
synthesized via different routes for the degradation of MB and CV is given below:
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Figure 9. Percentage degradation of MB by FeSnO; photocatalysts synthesized using the (a) sol-gel
method and green methods using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts under
exposure to natural sunlight. (d) Photolysis of MB.
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Figure 10. Percentage degradation of CV by FeSnO, photocatalysts synthesized using the (a) sol-gel
method and green methods using (b) Lawsonia inermis and (c) Phyllanthus embillica leaf extracts under
exposure to natural sunlight. (d) Photolysis of the CV.
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Table 4. Comparison of degradation efficiency presented by the synthesized composites in this study
with previous studies.

Band Gap Degradation Time

130 Samples V) Efficiency (%) (min) Dye Used Reference
1 4% Fe doped SnO; 2.65 87.2 200 Methyl orange [45]

2 Fe doped TiO;- SnO, - 15.24 60 Methylene blue [23]

3 FeSnO, (sol-gel) 3.89 66 120 Methylene blue This study
4 FeSnO, (Lawsonia inermis leaves) 3.10 76 120 Methylene blue This study
5 FeSnO, (Phyllanthus embillica leave) 3.99 69 120 Methylene blue This study
6 FeSnO, (sol-gel) 3.89 75 120 Crystal violet This study
7 FeSnO, (Lawsonia inermis leaves) 3.01 84 120 Crystal violet This study
8 FeSnO; (Phyllanthus embillica leaves) 3.99 81 120 Crystal violet This study

FeSnO, synthesized using Lawsonia inermis >FeSnO, synthesized using Phyllanthus
embillica >FeSnO, synthesized using the sol-gel method.

The highest degradation of both MB and CV dyes was observed for the FeSnO,
nanocomposite synthesized with the green method by using Lawsonia inermis leaf extract,
displaying a small band gap energy of 3.1 eV, while the lowest degradation was shown
for the FeSnO, nanocomposite synthesized via the sol-gel method, displaying the highest
band gap energy of 3.99 eV. This higher degradation efficiency demonstrated by FeSnO,
synthesized using the green method using Lawsonia inermis is attributed to the role of
polyphenols present in the extract in reducing the metal ions and the stabilization of the
prepared nanocomposite, which will ultimately affect the composition of the photocatalyst
and then the surface morphology of the materials as shown in Figure 8. Moreover, the
enhanced activity is also attributed to the shifting of the band gap to a lower energy,
as shown in Figure 7. As illustrated in Figures 11 and 12, the Langmuir-Hinshelwood
kinetic model for pseudo-first-order processes was used to predict the rates of CV and
MB degradation. A deviation from the model was observed for all photocatalysts for the
removal of MB, while the rate increased linearly in the first 60 min of sunlight exposure for
the degradation of CV.

—=—3)
2.0 - —e—b)
—A c)

0'0 T T T T T T
0 20 40 60 80 100 120

Time (min)

Figure 11. The comparison of the rate of removal of crystal violet (CV) dye by FeSnO, synthesized
via the (a) sol-gel method and green methods using (b) Lawsonia inermis and (c) Phyllanthus embillica
leaf extracts.
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Figure 12. The comparison of the rate of removal of methylene blue (MB) dye by FeSnO, synthesized
via the (a) sol-gel method and green methods using (b) Lawsonia inermis and (c) Phyllanthus embillica
leaf extracts.

The mechanism of degradation of MB and CV can be explained by using FeSnO,
under solar light photocatalysis. Due to exposure to solar light, FeSnO, nanocomposites
produced electrons (e~ and holes (h*) in the conduction band (CB) and valance band (VB),
respectively, during photocatalysis. While the photogenerated electrons combined with
the adsorbed oxygen molecule to make superoxide radical anions, which then reacted
with the protons to produce the hydroperoxyl radical, the hole (h*) oxidized the water or
hydroxyl ions to produce OH free radicals. The following equations explain the mechanism
of photodegradation of dyes under the illumination of natural sunlight:

FeSnO, + Sunlight — FeSnO, (e~ cp + hyp™) (16)
FeSnO, (h vg*) + H,O — FeSnO, + H*+ *OH (17)
FeSnO, (hyg*) + OH™ — FeSnO, + *OH (18)
FeSnO, (e cg) + Oy — FeSnO, + *O,~ (19)
*O,” +H" —» *OH (20)

*OH + Dye (MB or CV) — Degradation product (21)

To investigate the involvement of reactive oxygen species such as hydroxyl (*OH) free
radicals and superoxide anion (*O, ~) radicals responsible for the degradation of organic
pollutants, p-benzoquinone and isopropyl alcohol were added under the same conditions
as in the photocatalytic dye degradation experiment to trap *O,~ and *OH [45]. Upon the



Catalysts 2023, 13, 1135

15 of 23

addition of p-benzoquinone, no significant effect was noted in the degradation of MB and
CV, whereas the degradation of these dyes was reduced significantly with the addition of
isopropyl alcohol. It is inferred from this investigation that the photocatalytic degradation
of CV and MB by FeSnO, synthesized using the green method using Lawsonia inermis leaf
extract is mainly due to *OH instead of superoxide anion (*O, ™) radicals [45].

Moreover, the FI-IR spectra of dyes after 60 and 120 min of sunlight exposure in
the presence of the FeSnO, nanocomposite synthesized from Lawsonia inermis leaf extract
during the degradation process were recorded to establish the existence of new functional
groups which further justify the degradation process. Figure 13a shows a band in the region
of 1500-1700 cm~! depicting the aromatic ring structure and showing C=C stretching
diminishing gradually until 2 h. It is evident from Figure 13a that in the case of degraded
MB, the above-mentioned peaks are absent, while the appearance of a small peak in
the region of 1000~1100 cm ! shows the formation of a new fragment [46]. The peak at
3400-3500 cm ! in the CV FTIR spectrum (Figure 13b) is ascribed to the stretching vibration
of the hydroxyl group. N-H bending vibrations are represented by the bands that can be
seen at 1640 cm~!. A decrease in the intensity of these peaks after 2 h shows the efficiency
of the FeSnO, nanocomposite synthesized from Lawsonia inermis leaf extract [47].
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1.5 1 a
1.4 4
~ 1.3 1 /"—W
=
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Figure 13. FTIR spectra of (a) methylene blue and (b) crystal violet dyes after 60 and 120 min during
the degradation process by FeSnO, synthesized using Lawsonia inermis leaf extract.
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2.7. Mechanism of the Green Synthesis of FeSnO, Nanocomposites

The understanding of the nanocomposite production process depends heavily on
electrochemistry. The green synthesis of NPs takes place according to the redox potential
values of polyphenols and metal precursor ions. Polyphenols show redox potential in the
range of 0.3-0.8 V (Equation (22)). This redox potential can reduce certain metals in specific
oxidation states, but not all metals. To synthesize FeSnO,, it is sufficient to only reduce
Fe3* to Fe?* (the redox potential of Fe3* to Fe?* is 0.771 V), but not to Fe ) as its redox
potential is more negative (—0.44 V) [48,49]. However, plant polyphenol anions have a
different tendency. Different polyphenol anions (Ar-O'~/Ar-O?~) have redox potential
values that vary from —0.88 to —1.81 V, which is more adverse than the redox potential
of Fe metal (—0.44 V). This opens up the possibility for the reduction of Fe** and Fe?* to
Fe® [49]. Meanwhile, the redox potential of Sn is less negative than the redox potential of
polyphenols, and so it will not be reduced, as shown in Equations (23)—(28) [43].

Ar—OH+e — Ar—O~ E' = +03t0+08V (22)
Ar—O +e — Ar—072 E'=—088to—181V (23)
Fe>* +2e~ — Fe’ E’ = —0447V (24)

Fe3t 43¢~ — Fe E’ = —0.03V (25)

Fe3t +e= — Fe?T E' = 40771V (26)

Sn*t 4 2¢7 — Sn?* E' = 4015V (27)

Sn?* +2e¢~ — Sn E'=-014V (28)

Polyphenol anions are generated by treating NaOH with plant extract (Figure 14). In
an alkaline environment, the deprotonation of polyphenols takes place and the resulting
phenolate ions act as a complexing and reducing agent for iron ions (Figure 14) [49]. Gallic
acid [50], ellagic acid, ascorbic acid, chebulic acid, chebulinic acid, amlic acid, chebulagic
acid, phyllantidine and alkaloids phyllantine are the major phytochemicals reported in the
aqueous extract of Phyllanthus embilica leaf extract [43]. The aqueous extract of Lawsonia
inermis leaves is a rich source of 2-hydroxy-1:4 napthaquinone, glucose, gallic acid, and
mannitol [51]. These phytochemicals are believed to be involved in the synthesis and
stabilization of NPs (Table 5).

Table 5. Redox potential values of some phytochemicals present in the plants used.

Phyto

. Chemical Formula Structural Formula Redox Potential (V) Reference
Chemicals
(0]
= “CH,
Scopoltin Cq10Hg Oy 0.737 [52,53]
O (0] OH
HQ H
H o O
Ascorbic Acid

HO :
C¢HgOp v\q 0.015 [54]
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Phyto . .
. Chemical Formula Structural Formula Redox Potential (V) Reference
Chemicals
o)
HO ©
Ellagic acid C14HgOg HO Q O OH 0.187 [54]
o OH
o
O OH
HO OH
OH
OH
OO OH o. o
O NaOH
@ “
HO o” ~0 o) 0@
OH 0
O
Elagic Acid
o =
° .

Elagic acid anion

+ Fe NaO Mo 4

Gallic acid

Figure 14. Synthesis of polyphenol ions and the possible mechanism of the green synthesis
FeSnO, nanocomposites.
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In this study, the role of different methods (the sol-gel and green methods) in the
synthesis of FeSnO, nanocomposites has been investigated. Furthermore, the mechanism
of synthesizing metal /metal oxide (FeSnO,) nanocomposites has been explained.

2.8. XPS Analysis

To ascertain the surface compositions and chemical states of the FeSnO, composite,
XPS measurements were also carried out. The high-resolution XPS spectra of the Fe 2p
regions of the FeSnO, sample before and after the photocatalytic process are shown in
Figure 15a. The Fe 2p of metallic Fe is responsible for the peak at 706.31 in the spectra of
Fe, which indicates the existence of a zero-valent Fe. Two peaks in the Sn 3d deconvoluted
spectra were found at binding energies of 487.27 and 495.63 eV, which were associated with
the 3ds,, and 3d3,, Sn** ions in FeSnO, (Figure 15b), respectively. Two peaks at 531.2 and
532.61 eV are shown in Figure 15¢, and they are taken from the high-resolution XPS spectra
of the O 1s state in the FeSnO, composite. We can demonstrate that Fe is present in Fe and
Sn is present in Sn** in the FeSnO, composite by combining the XPS and XRD data.

Fe 2p

Fe 2p3) Fe2py) (b)(sn 34 Sn 3ds,

Before reaction

— After reaction
SI‘I 3(13‘/2

Before reaction
—— After reaction

Intensity (a.u.)

704 712 720 0 728 736 483 486 489 492 495 498
Binding energy (eV) Binding energy (eV)
(c) Ols Sn-O

—— Before reaction
—— After reaction

Intensity (a.u.)

5205 531.0 5325 5340 5355
Binding energy (eV)

Figure 15. High-resolution XPS spectra of (a) Fe 2p, (b) Sn 3d and (c) O 1s in the FeSnO, composite.

3. Experimental Details
3.1. Chemicals and Reagents

Sigma Aldrich (St. Louis, MO, USA) was utilized to acquire the FeCl; - 6H,0O,
5nCly - 5H,0, and NaOH, which were used directly after purchase with no further purifi-
cation. The plant extract and all of the solutions were prepared using deionized water. A
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Medilab hot plate (Medilab, Karachi, Pakistan) was used for stirring and the maintenance
of temperature.

3.2. Preparation of Plant Extract

The fresh leaves of Lawsonia inermis (Henna) and Phyllanthus embilica (Amla), presented
in Figure 16, were collected from the botanical garden at Forman Christian College (a
chartered university), Lahore, Pakistan. To eliminate surface dirt, leaves were thoroughly
cleaned in deionized water followed by drying in the shade for a week. An industrial
crusher was used to crush leaves and a fine powder was obtained after passing through a
mesh. Then, 2 g of the dry powder was added to 50 mL of deionized water and was stirred
on a hotplate at 60 °C for two hours. The extract was filtered and kept in a refrigerator at
4 °C until use in other experiments [21,22].

Figure 16. The representative leaves of (a) Lawsonia inermis and (b) Phyllanthus embilica.

3.3. Synthesis of FeSnO, Nanocomposite

Two methods were used for the synthesis of the FeSnO, nanocomposites.

3.3.1. FeSnO, Nanocomposite Synthesis via Sol-Gel Technique

In a typical synthesis, a 10 mL equimolar (0.1 M) solution of FeCl; - 6H,O and
SnCly - 5H,0O was prepared and mixed in a 250 mL beaker. Then, a 0.1 M solution of
NaOH was added to the above mixture with a feed rate of 2 mL every 5 min with constant
stirring at 60 °C until a pH of 8 was attained. After being rinsed with deionized water for
neutralization, the precipitated material was separated by means of centrifugation at 10,000
rpm. The final viscous product was kept in an oven at 100 °C for drying and calcined at
450-620 °C for two hours in a Ney Vulcan mulffle furnace and stored in an airtight vial for
characterization. Moreover, Table 6 displays specific sample preparation information.

Table 6. The methods used to prepare the samples.

Sample Code Synthesis of FeSnO; Nanocomposite Using Method
(a) NaOH sol-gel
(b) Lawsonia inermis leaf extract Green synthesis

(o) Phyllanthus embilica leaf extract Green synthesis
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3.3.2. Green Route for the Synthesis of FeSnO, Nanocomposite

The 50 mL plant extract as prepared above was poured into the precursor solution at a
feed rate of 2 mL every 5 min with vigorous stirring at 60 °C. The pH of the reaction was
maintained at 8 by using NaOH. The precipitated mass was centrifuged, washed, dried,
and calcined at 450-620 °C and stored in an airtight vial for characterization.

3.4. Characterization Techniques

The optical characteristics and photocatalytic degradation of MB and CV were calcu-
lated using spectroscopic analysis and an ultraviolet (UV visible) spectrophotometer. The
optical band gap was determined by dispersing the product in deionized water. The 0.02 M
product was sonicated in a Fisher Scientific Sonicator (Fisher Scientific, Waltham, MA,
USA). Cary 630 Agilent technologies (Agilent, Santa Clara, CA, USA) and Bruker Alpha II
(Bruker, Billerica, MA, USA) were used for FTIR analysis at room temperature. SDT Q 600
(TA Instruments, New Castle, DE, USA) was used for thermal gravimetric analysis (TGA)
to determine the thermal decomposition of the synthesized product at a rate of 20 °C/min
in a nitrogen environment. A Shimadzu (LabX XRD-6000) X-ray diffractometer (Shimadzu,
Kyoto, Japan) was used to determine XRD patterns by using Cu K« radiation (A = 631 nm).
Elemental analysis and the morphology of the samples were investigated using a Hitachi
(5-3400N, Tokyo, Japan) SEM fitted with an energy-dispersive X-ray spectroscopy detector.

3.5. Photocatalytic Activity

The FeSnO, nanocomposite’s photocatalytic activity was tested against MB and CV. In
this process, 20 mg each of FeSnO, synthesized using the sol-gel and green methodologies
were dispersed by using a magnetic stirrer in 25 mL of a 20 ppm aqueous solution of MB
dye. The photocatalytic activity was conducted under the illumination of natural sunlight
(830 £ 50 x 102 Ix) during August 2022 for a fixed period from 10:00 am to 12:00 pm at
27 £ 3 °C. To achieve adsorption—desorption equilibrium before being exposed to sunlight,
the solution was kept in the dark for 30 min. The adsorption capacity was then determined
using the technique described by Sameera et al. [55]. A similar procedure was followed
for the degradation of CV. The degradation efficiency of the FeSnO, nanocomposite was
observed by measuring absorbance at A-max 664 and 584 nm for MB and CV, respectively,
using Equation (29).

N (%) = (1 _ f) % 100 (29)

0

where A; is the absorbance at any moment, Ay is the initial dye absorbance, and 1 is the
degradation efficiency in percent.

4. Conclusions

FeSnO; nanocomposites were successfully synthesized by using the sol-gel method
and green methods using Lawsonia inermis and Phyllanthus embillica leaf extracts. Tetrag-
onal rutile and distorted hexagonal structures were observed for the FeSnO; nanocom-
posite synthesized by using the sol-gel method, while modified tetragonal rutile and
distorted hexagonal structures were observed in SEM images of the FeSnO; nanocom-
posite synthesized using the green method using Lawsonia inermis leaf extract. The
crystallite size determined by using Scherer’s formula was 29.49, 14.54, and 20.43 nm,
respectively, while the average crystallite size calculated by using the Williamson—
Hall equation was observed as being 20.85, 11.30, and 14.86 nm for the composites
synthesized by using the sol-gel method and green methods using Lawsonia inermis
and Phyllanthus embillica leaf extracts, respectively. The band gap was determined to
be 3.99 eV, 3.10 eV and 3.89 eV with a percentage degradation of 66, 76 and 69% for
MB and 75, 84 and 81% for crystal violet for the FeSnO, nanocomposites synthesized
using the sol-gel method and green methods using Lawsonia inermis and Phyllanthus
embillica leaf extracts, respectively. Among the synthesized photocatalysts, the FeSnO,
nanocomposite synthesized using the green method using Lawsonia inermis leaf ex-
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tract was found to be efficient, with a band gap energy of 3.10 eV, well-defined small
crystallites, and high percentage degradation of MB and crystal violet. Moreover,
photocatalytic studies reveal the degradation of dyes by hydroxy radicals instead of
superoxide anion radicals. No toxic chemicals or surfactants were used during the
synthesis process, and thus the procedure was found to be green and sustainable.
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