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Original Research Abstract:

Zinc oxide is a semiconductor material with an interesting potential for photocatalysis of organic pollutants. It
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126 ‘;Z;Vfary 2005 has been prepared according an eco-friendly green method, using five various plant extracts (banana, rosemary,
Revised: bitter orange, olive tree, comfrey). Two different synthesis processes were tested: a hotplate synthesis and
28 Feb n'l ary 2025 a hydrothermal method. Metal precursor used was zinc acetate. Plants present in the process allowed the
Accepted: formation and the self-assembling of ZnO during the crystal growth thanks to the large chemical family of
17 March.2025 polyphenol which act as reductants. Crystalline and organic matter-free compounds obtained after annealing
Published in Issue: were characterized with diffractive reflectance spectroscopy (DRS) to determine gap energies and confirm

ZnO belonging to semiconductors, X-ray diffraction to verify the crystalline structure and its features, Fourier
transform infrared spectroscopy (FTIR) to check the characteristic functional group and scanning electron
microscopy (SEM) to reveal the self-assembling forms of ZnO. Data about the shapes, dimensions and crystal
planes of zinc oxide were regarded in the light of the plant and the synthesis method used. This work has
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highlighted the morphologies of ZnO obtained on the basis of the synthesis method and the plant extracts.
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1. Introduction

Zinc oxides are semiconductor materials possessing a wide
band gap energy (3.37 eV) which confers a high capacity of
UV light absorption [1]. Thanks to its optic and electronic
properties, it is used in a variety of applications: solar cells
[2], gas sensors [3], photodiodes [4], piezoelectricity [5, 6],
agriculture [7], antibacterial activity [8], medicine [9, 10]
or photocatalysis [11].

Chemical methods used to synthesize zinc oxide are vari-
ous: hydrothermal [12], sol-gel [13], co-precipitation [14],
green fabrication route [15], sonochemical [16] to name a
few. Furthermore, these methods allow to get a profusion of
ZnO assemblies like spheres, flowers, wires or cages [17],
granting a promising path for photocatalysis applications.
The use of green material implies plants [18], fungi [19],
algae [20] or bacteria [21]. Apart from having green
waste, it is beneficial because this material contains or-

ganic molecules capable of chelating metals and forming
oxide nanoparticles with morphology variations [22]. Us-
ing plants, the involved molecules are antioxidants such
as polyphenols, flavonoids, vitamins, alkaloids, amino and
carboxylic acid groups are found in the whole vegetal world,
where the first ones act like reducing and chelating agents,
the others like stabilizers [23]. This is notably the case
for the plants used in the current study belonging to dif-
ferent botanic families with specific chelating agents such
as flavonoids or tannic acids (Table 1): Citrus aurantium
(bitter orange) and Musa acuminata (banana) fruit peels,
Salvia rosmarinus (rosemary), Olea europaea (olive tree)
and Symphytum officinale (comfrey) leaves. Therefore, be-
sides the chelating molecule, chemical mechanims involved
in zinc complexes formation mainly depend on the stability
constants of the polyphenols under pH [24], where the zinc
complexe geometry is generally tetrahedral or octahedral
[25] according to the ligand availability and steric hindrance
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constraints.

Beyond this work, the aim is to reach morphological assem-
bly of zinc oxide suitable for heterogeneous photocatalysis.
Indeed, SEM studies will help furthermore to define the
more appropriate forms including synthesis parameters like
plant species and their chemical composition and chemical
method, although other factors like temperature, reaction
time, pH of the synthesis, precursor and plant concentra-
tion, drying parameters and calcination programing are also
important aspects to study to form ZnO.

2. Materials and methods

2.1 Preparation of plant extracts

Mediterranean climate suited plants were gathered from the
natural environment. The banana constitutes an exception
in this study and was provided from a greengrocer. The pre-
liminary step consisted of washing the plants with deionized
(DI) water then drying plant parts separately (fruit, leaves,
flowers, stems) with a low-temperature oven at 60 °C. Some
plants needed an additional preparation before drying. For
fruit like bitter orange or banana, the plant extract was com-
posed of the outer peel. The bright-colored epicarp was
insulated by using a knife. Then, plant parts were thinly
grinded in the case of leaves or sliced for peels.

The synthesis of the plant extract occured as follows: 3 g of
dried plant were added to 50 mL of DI water, then the mix-
ture was heated at 70 °C for 15 minutes. A clear change in
aqueous solution color indicated that the active substances
has been extracted (Fig. 1), those are different among plant
extracts due to the diversity of molecules present in the
vegetal world. The extract was filtered (Whatman paper,
pore size 25 um, diameter 55 mm) and stored at 4 °C. The
scheme of the synthesis is showed in the Fig. ??.

2.2 Zinc oxide synthesis

50 mL of deionized water was added to 0.2 M dihydrated
zinc acetate ([Zn(OOCCH3),-2H,0], Carlo Erba). The
aqueous solution was laid onto a magnetic hotplate stir-
rer. Only the stirring function was activated for the first 10
minutes. Next, 10 mL of the plant extract was brought to
the solution (Fig. 2). The color of the mixture was differ-
ent according to the plant or the zinc precursor. Then, the
heating function was on at 70 °C for 2 hours keeping the
magnetic stirring. A part of the solution volume was evapo-
rated by heating. The metal complexation with oxidizing
molecules from plants may be visible with a progressive
change of color in the solution. Finally, the mixture was
placed into a low temperature oven at 60 °C leaving the
water evaporated. Shiny grey zinc compounds appeared
during this step with a visible presence of organic matter
characterized by brown spots (Fig. ??). In order to remove
organic matter, the dry residue was calcinated at 400 °C for
2 hours in an oven (Nabertherm-Model P330). Peculiarly,
this step allowed to free zinc oxides, in accordance with
future DRX results which were separated from residual wa-
ter and chelating agents. The dry oxide powder obtained
was finally stored at room temperature in a 5 mL pillbox in
the dark for any further characterization and photocalysis
use. For each sample synthesized using an open-air system
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through the hotplate route, their equivalent was made by
the hydrothermal method or closed-air system. For this, 32
mL of DI water was added to 1.6 g zinc acetate as well as 8
mL plant extract. The mixing was placed into a PTFE liner
and a bombshell. The heating function was activated at 120
°C for 18 hours and under continuous stirring at 800 rpm.
The next steps followed the basic drying and calcination
protocol mentioned above.

2.3 Zinc oxide characterization

The energy gap of semiconductors ZnO were found with
Diffuse Reflectance Spectroscopy (DRS) using the UV-
2600i SHIMADZU device coupled to the integrated sphere.
The employed wavelength range were from 200 to 700 nm
in the case of ZnO materials.

The chemical structure of oxide powders have been deter-
mined by X-ray Diffraction using a Philips X’ Pert diffrac-
tometer. The copper anti-cathode (A = 1.5406 A) is bom-
barded with a 40 kV X-ray electron generator. The mea-
surements have been conducted with a 20 angular range of
15 —75°. XRD data have been processed on the software
HighScore. We obtained additional data from these analy-
ses: Cell parameters and crystal particle sizes.

Pictures of nanoparticles were obtained using Scanning
Electron Microscopy (SEM) with a 5 kV In-lens detec-
tor. The device was a Zeiss-Supra 40 VP/Gemini column
functioning with an incident electron beam. It allowed to
overview the assemblage of ZnO particles, where param-
eters like the morphology and particle size are points to
consider. Metallization was not employed into sample treat-
ment and explain the possible charge effect seen in SEM
pictures due to an accumulation of electrons on the surface
of the powder.

FTIR spectroscopy allows to check the functional groups
and vibrational modes of ZnO. The FTIR spectra were
recorded with the model Alpha II from Bruker in the
4000 — 400 nm wavelength range.

3. Results and discussion

The sample names are summarized in the Table 2.

3.1 XRD study

The XRD diagrams of the plant-based ZnO are showed in
Fig. 3. They all exhibited a regular set of peaks, confirming
the hexagonal closed-packed structure of ZnO correspond-
ing to the wurtzite-type structure with the space group of
P63mc according to the Hermann-Mauguin notation and
its international number No. 186. The reference data in
the JCPDS card (No. 36-1451) was related to the reference
ZnO. Therefore, the corresponding peaks associated with
the Miller indices were (100) for 31.8°, (002) for 34.4°,
(101) for 36.3°, (102) for 47.6°, (110) for 56.6°, (103) for
62.9°, (200) for 66.4°, (112) for 68° and (201) for 69.1°.
Concerning ZnO formed with banana and comfrey, another
mineral appeared in very low quantities. It can be attributed
to the sylvite KC1 with main peaks at 28.3° and 40.5°. The
formation of this mineral probably occurs during calcina-
tion at 400 °C while the rest of organic matter is annealed.
The Debye-Scherrer formula was used to calculate the av-
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erage particle size thanks to the mean size D = kA /f3 cos 6,
with k the shape factor, A the wavelength (nm), 8 the full
width at half maximum (FWHM) and 6 the Bragg angle
(°). The results are given in Table 3. The cell volume V
was calculated with the parameter a the side length of the
hexagonal basis and the parameter c the height of the unit

cell:
3
V= % X a X ¢ (1)

According to the figures 3 and 5, the XRD peak intensities
show a preferential lattice orientation for the (101) plane
for all samples. In fact, there are few differences between
experiments whether for the chemical method or the plant
parameter. The Table 4 expresses well the similarities of
data with statistic results thanks to a ratio calculation with
the (002) plane, the lowest intensity value. Refering to
the figure 4, the lattice plane (002) is parallel to the plane
containing the Zn and O atoms, whereas the lattice plane
(100) is perpendicular to the (002) plane. The preferential
lattice orientation according to the (002) plane is usually
obtained by physico-chemical methods like pulsed laser de-
position [26] with formation of ZnO thin films or ultrasonic
spray pyrolysis [27] thanks to the crystal growth specifically
oriented on substrates.

3.2 Gap energy E,

Diffusive Reflectance Spectroscopy (DRS) was used to de-
termine the energy band gap of ZnO. According to the
figure8 6 (a), it was observed that ZnO did not absorb a lot
in visible light with a cut-off wavelength shift from 420 nm
to 370 nm. The Tauc plot’s formula allowed to find the gap
energy E, [28]:

ohv =A(hv —E,)" 2)

a is the absorption coefficient, 4 the Planck constant, v the
photon energy and A is a constant. ZnO generally exhibits a
direct band gap which means n = 1/2, as it is for hexagonal
wurtzite structure. In cases of high pressure crystal forma-
tion like the cubic rocksalt structure, zinc oxide owns and
indirect band gap [29, 30]. The values of energy band gaps
for ZnO varied between 3.28 and 3.30 eV (Table 5). These
results are relevant with the range of ZnO band gap found
in publications [31, 32].

3.3 FTIR

The FTIR spectra of two ZnO samples are shown in the
Fig. 7. Banana peels were employed in the syntheses of
these samples. Both spectra appeared quite similar: The
peaks at 3420 cm~! and 2912 cm ™! are related to hydroxyl
groups, including H,O [33] on the nanoparticle surface.
Similarly, as the previous are -OH stretching, the peaks at
1058 and 852 cm ™! fit -OH bendings [34, 35]. The band at
2342 cm~! is correlated to the stretching mode of gaseous
CO; [36]. The vibrations with organic functional groups are
due to the residual plant extract or from the precursor after
calcination and correspond at 1375 cm™! to ester group
O-C-O stretching vibrations, and at 1578 cm ™! to carboxyl
group O-C=0 [36], whereas the peak at 1491 cm™! refers
to C-H bending [37].
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The great slope fall occuring between 450 and 400 cm™! is
attributed to the bond Zn-O [38].

3.4 Synthesis method and plant impacts

Different ZnO morphologies were obtained according to
hotplate versus hydrothermal use and evenly according to
different plant extracts. They are represented in figure8
(SEM pictures). ZnO phases and energy gaps data (Table 4)
were the same regardless of the method used (hotplate vs.
hydrothermal). Actually the main difference consisted in
the microscopic assembly of ZnO particles which offered
differentiated morphologies. ZnO@Ban (Fig. 8 (E-F)) and
ZnO@OIi (Fig. 8 (G-H)) were composed of large pencil
forms with little difference between the hotplate and the
hydrothermal method. ZnO@Com (Fig. 8 (I-J)) showed
more elongated pencils in the hotplate synthesis and in addi-
tion a strong presence of long nanorods in the hydrothermal
one. The samples with rosemary (Fig. 8 (C-D)) revealed for
hydrothermal method some nanorod arrangements of the
same stripe as ZnO@hyd-Com, and for heating plate some
egg-like morphology. ZnO@Ora (Fig. 8 (A-B) presents a
broader choice of nanoparticle forms in both heating plate
and hydrothermal syntheses with pencils, nanorods and es-
pecially egg-like particles. In reference to the Table 1, plants
consist mainly of polyphenols and could explain that the
shaped obtained are not so different between samples.

The comparison between dimensions of SEM particles and
crystalite sizes according to the (100) and (002) lattice plans
determined with the XRD was shown (Table 5) and exhib-
ited good similarities. In Figure 10, for instance ZnO @hyd-
Ban (F) and ZnO @heat-Com (I) showed respectively pen-
cils with large base and elongated c-axis. They have the
highest values in crystalite size calculated in Table 3 (68.86
and 73.12 nm). Compared with ZnO @hyd-Ora (B), forms
of flower petals seemed to be very large but the presence of
additional smaller different particles in the sample explain
a restricted XRD value (58.19 nm).

For each sample, the crystallite size according to the lattice
planes (100) and (002) (see Fig. 4) was reckoned in Table 6
according to the full width at half maximum (FWHM) calcu-
lation. The symbol L represents the length of the hexagonal
closed-packed structure of the ZnO whereas the symbol D
is for the diameter of the particle. The calculated ratio L/D
directly reports on the form of the crystallite according to
the plant and the synthesis method. The lattice plane (100)
showed remarkably constant sizes except for the bitter or-
ange ones with larger diameters. Then, it has been deducted
that most of the samples have stretched particles with L/D
ratio between 2 and 3. However, the most packed ZnO were
correlated with bitter orange-made ZnO and a L/D ratio
closer to 1, with a great presence of more pseudo-spherical
particles, which was also the best photocatalytic material.
The influence of the chemical method was less significant
than the plant used. Regarding the SEM size measurements,
The image processing and analysis software Fiji was used
in order to estimate the range of the particle size found in
each sample, with about a hundred measures of medium-
size particles and a 20.000x magnification. It is interesting
to notice that the measured axis ’a’ was well correlated
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Figure 1. Examples of used plant extracts after 15 minutes heating (70 °C)
(a) Rosemary, (b) Banana, (c) Olive tree.
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Figure 3. XRD patterns of standard ZnO and synthesized ZnO: (a) hotplate
syntheses of ZnO ; (b) hydrothermal syntheses of ZnO.

with XRD calculated crystallite size, with the bottom of the
range approximately equal to the lattice plane (100). This
was less obvious for the measured range axis ’¢’ because
of the stack growth of particles especially along this axis,
hindering borders of the crystallites and making harder the
estimation.

4. Conclusion

Zinc oxide has been successfully synthesized by a green
process using a plant extract as confirmed by the cristalline
structure determined by X-ray diffraction. On the other
hand, this work has highlighted the morphologies of ZnO
obtained on the basis of the synthesis method and the plant
extract. If the cristalline structure and gap energies are
substancially the same, nanoparticle SEM measurements
showed some contrasts in shapes and size, essentially with
the bitter orange-made samples where XRD major peak
intensities are also different from the other ones. As a
conclusion, discrepancies are especially visible for the
plant parameter but very little concerning the chemical
method. A possible continuation of this work would
be to experiment the photocatalytic activities of these
oxides under UV-visible light in order to correlate their
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Figure 4. (a) Lattice placement of (002) and (100) on the hexagonal
closed-packed wurtzite structure of ZnO (modified from [47]) (b) Main
lattice planes orientation adopted by the phase wurtzite of ZnO (modified
from [48]).
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Table 1. Phytochemical composition of plant extracts.

Name Latin Name Family Part used Main chemical constituents References

Rosemary Salvia rosmarinus Lamiaceae Leaves Flavonoids, essential oils, phenolic acids, ter- [39, 40]
penes, polysaccharides

Banana Musa acuminata Musaceae Peel Phenolic acids, carotenoids, aminoacids [41]
Bitter orange  Citrus aurantium Rutaceae Peel Flavonoids, alkaloids, essential oils, coumarins  [42, 43]
Olive tree Olea europa Oleaceae Leaves Flavonoids, phenolic componds, terpenes [44]
Comfrey Symphytum officinale Boraginaceae  Leaves Mucilage, tannins, alkaloids, phenolic acids, [45, 46]

polysaccharides, terpenes, steroids

Table 2. Terminology to describe the sample names.

Plant Latin name
/nNO@Ros Rosemary Salvia rosmarinus
ZnO@Ban Banana Musa acuminata
/nO@0ra Bitter Orange Citrus aurantium
ZnO@Oli Olive tree Olea europaea
/n0@Com Comfrey Symphytum officinale

Mean

ZnO@heat- Synthesis by heating plate method
Zn0@hyd- Synthesis by hydrothermal method

Table 3. Cristallite size (unit: A) using the Debye-Scherrer formula.

Sample Parameter a (nm) ‘ Parameter c (nm) | V (nm’) | Crystallite size (nm)
Zn0O@heat-Ora 0.3250 0.5208 0.0476 54.46
ZnO@hyd-Ora 0.3248 0.5203 0.0475 58.19
ZnO@heat-Ros 0.2241 0.5193 0.0472 62.6
Zn0@hyd-Ros 0.2246 0.5200 0.0474 57.53
Zn0@heat-Ban 0.3251 0.5208 0.0477 61.25
Zn0@hyd-Ban 0.3252 0.5210 0.0477 68.80
ZnO@heat-0li 0.3250 0.5207 0.0476 59.72

ZnO@hyd-0li 0.3248 0.5204 0.0475 54.26
Zn0O@heat-Com 0.3251 0.5229 0.0479 73.12
ZnO@hyd-Com 0.3240 0.5207 0.0473 63.14

Mean crystallite size (nm) Confidence interval 95%
6131 Lower bound (nm) | Upper bound {nm)
37.83 64.79
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Table 4. XRD peak intensities ratio of (100), (002) and (101) lattice planes.

Bonneau et al.

Hotplate system series Hydrothermal system series

V10 / Yooy lt100) / Yiooz) loy) / Yiooz) lj200) / oo2)
ZnO@heat-Ora 2.21 1.42 ZnO@hyd-Ora 2.08 1.34
ZnO@heat-Ros 1.76 1.05 ZnO@hyd-Ros 1.67 1.00
ZnO@heat-Ban 1.82 1.14 ZnO@hyd-Ban 1.72 1.07
ZnO@heat-Oli 1.95 1.22 ZnO@hyd-0Oli 1.90 1.17
ZnO@heat-Com 1.79 1.13 ZnO@hyd-Com 1.67 1.03
Mean 1.905 1.192 Mean 1.809 1.123
Standard deviation 0.164 0.126 Standard deviation 0.161 0.123
Lower bound (C.l. 95%) 1.730 1.058 Lower bound (C.I. 95%) 1.638 0.991
Upper bound (C.I. 95%) 2.080 1.327 Upper bound (C.l. 95%) 1.980 1.254

Table 5. Gap energies of the ZnO samples with: (a) ZnO by the hotplate method; (b) ZnO by the hydrothermal method ; (c) the statistic values were
obtained for calculated energy gaps with three decimals (here E, displayed with two decimals).

(a) g (b) g
InQi@heat-Ros 3.28 ZnO@hyd-Ros 3.30
ZnQ@heat-Ban 3.28 ZnO@hyd-Ban 3.30
Zn0@heat-Ora 3.28 ZnO@hyd-Ora 3.28
ZnDi@heat-0Oli 3.28 ZnO@hyd-Oli 3.29
ZnO@heat-Com 3.28 ZnO@hyd-Com 3.30

(c)

Confidence interval 95%
Mean Lower bound Upper bound
3.2903 3.2864 3.2851

Table 6. Crystallite and assembly size of the particle samples from SEM and XRD measurements.

XRD crystallite dimensions

SEM assembly size

Sample {100) lattice plane {nm) (002) lattice plane (nm}) L/D Measured range of a-axis stacks (nm)  Measured range of c-axis stacks (nm)
ZnO@heat-Ora 3.7 61.2 1.40 40-90 100-200
ZnO@hyd-Ora 63.5 67.1 106 50-140 100-300
ZnO@heat-Ros 33.3 59.4 178 30-55 60-180
Zno@hyd-Ros 34.3 83.2 243 30-50 100-200
ZnO@heat-Ban 35.3 94.5 2.68 30-50 150-600
ZnO@hyd-Ban 36.3 94.5 2.60 20-45 150-400
ZnO@heat-Oli 37.3 74.3 199 40-70 150-500
Zno@hyd-oli 38.3 83.2 217 20-35 80-300
Zno@heat-Com 39.3 94.5 2.40 20-45 200-500
Zno@hyd-Com 40.3 109.5 272 30-45 100-250
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Figure 8. SEM images of ZnO samples according to different plant
extracts and hotplate vs hydrothermal synthesis; (A) ZnO@heat-Ora; (B)
ZnO@hyd-Ora; (C) ZnO@heat-Ros; (D) ZnO@hyd-Ros; (E) ZnO @heat-

Ban;

(F) ZnO@hyd-Ban; (G) ZnO@heat-Oli; (H) ZnO@hyd-Oli; (I)

ZnO@heat-Com; (J) ZnO@hyd-Com.
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