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Abstract

In this work, ZnO-based powders were synthesized by a simple biosynthesis method using matoa leaf extract
and microwave irradiation. The pure ZnO was modified with selenium doping (5, 10 and 15 at.%) to improve
the photocatalytic capability in degrading 4-nitrophenol. The synthesized powders had wurtzite structure and
XRD analysis demonstrated a change in ZnO lattice parameters with Se doping. Granular surface morphology
and decrease in particle size with Se doping were observed by using FESEM. Meanwhile, EDX confirmed the
presence of Zn, O and Se elements in the doped samples and BET analysis showed that the specific surface area
ranged from 10 to 18 m2/g. The observed strong absorption in UV region decreases with Se doping from 367 to
357 nm and is accompanied by an increase in the bandgap energy from 3.14 to 3.23 eV. Under UV irradiation,
the ZnO powder doped with 5 at.% Se revealed the highest degrading reaction rate of −0.0218 min−1 and
photocatalytic efficiency of 88.4% compared to other samples. Therefore, it was shown that an optimal amount
of Se and simple biosynthesis route can enhance the photocatalytic capability of ZnO.
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I. Introduction

The current increase in water pollution is due to the
industrial waste usually containing phenolic compounds
such as paint, plastic and paper [1]. Several methods
such as biodegradation, adsorption, Fenton degrada-
tion and wet air oxidation degradation have been re-
ported to treat water pollution [2–4]. These technolo-
gies have many drawbacks due to their lengthy reaction
times, high operational costs and poor waste decompo-
sition ability [5]. Simple, effective and environmentally
friendly ways can be carried out during the degrada-
tion process using semiconductor-based photocatalysts.
The photocatalysis method utilizes photons as a trigger
energy source to degrade pollutants into simpler sub-
stances such as CO2 and H2O using a catalyst [6].

ZnO, TiO2, Fe2O3, SnO2, WO3, In2O3 and ZrO2 are
usually used in the photocatalysis process, but some of
these materials have limitations in light absorption and
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charge separation [7]. ZnO is the most popular photocat-
alyst material due to its strong oxidizing ability, broad
light absorption, high photosensitivity and photostabil-
ity [8]. In addition, ZnO has a wide band gap (3.37 eV)
and high exciton binding energy (60 meV) [9]. How-
ever, the small surface area and low photoluminescence
capacity are the drawbacks of this material [10]. There-
fore, it takes a lot of effort to improve physical proper-
ties of ZnO through doping and obtain new character-
istics, such as increased optical absorption and surface
area, as well as reduced charge recombination and mod-
ified crystal lattice structure.

The types of dopant include elements of group III (B,
Al, Ga, In, Ti), IV (C, Si, Ge, Sn, Pb) and VI (S, Se,
Te, Po) [11]. However, a metal dopant is less effective
because of the high charge carrier recombination and
is unresponsive under visible light [12]. On the other
hand, a non-metal is superior because it has a broad ab-
sorption capacity in visible light so it can reduce the
recombination charge of ZnO [13]. It is important to
underline that Te and Po are toxic, rare and can cause
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damage to the crystal lattice. Doping of ZnO with Se ex-
hibits an increase in the band gap and changes the pho-
toelectric properties [14]. The high reduction potential
of Se is considered a favourable condition for extracting
photo-excited electrons from the conduction band that
can facilitate the formation of reactive oxygen [15]. It
was reported [16] that Se-doped ZnO synthesized by the
seed-mediated hydrothermal method has improved op-
tical and electrical properties. Se-doped ZnO was also
synthesized by the facile green method that increased
its biological activity [17].

Recently, researchers have begun using plant extract-
based biosynthesis, which is environmentally safe, low-
cost, short reaction time and non-toxic [18]. Physical
and chemical processes generate toxic waste, expen-
sive operational costs and complicated production [19].
Plant extracts have been utilized for ZnO biosynthesis
as well as doping, such as biduri leaves (Calotropis gi-

gantea) [20], pineapple fruit (Ananas comosus) [21] and
dragon fruit skin (Hylocereus polyrhizus) [22]. Antiox-
idant compounds in plant extracts serve as capping and
stabilizing agents for nanoparticles [23].

In this study, Se-doped ZnO powders were synthe-
sized using matoa leaf extract as a capping agent and
applied in photocatalysis. Matoa leaf (Pometia pinnata)
was chosen due to its high levels of flavonoids, phenols
and saponins [24]. In addition, matoa leaf can be easily
found in the ground. Efficiency of Se-doped ZnO was
examined by degradation of 4-nitrophenol (4-NP) pollu-
tant under UV irradiation. 4-NP is a toxic and carcino-
genic phenolic compound. It can cause damage to the
central nervous system and liver, weakening the heart-
beat to death [25]. This contaminant must be handled
seriously so as not to cause environmental issues. The
effect of Se doping on ZnO was studied through changes
in the crystal structure, morphology, elemental compo-
sition, surface area, absorption spectra, band gap energy
and photocatalytic activity. The selected environmen-
tally friendly method is capable of producing Se-doped
ZnO particles for water purification applications.

II. Experimental

2.1. Biosynthesis of Se-doped ZnO

Matoa leaves were dried under sunlight, mashed and
weighed (4 g). Then, they were dissolved in 200 ml
of boiled water for 10 min and filtered using What-
man paper. Furthermore, 0.5 M of Zn(NO3)2 · 6 H2O
(HIMEDIA® GRM691-500G) was mixed with 20 ml
of matoa leaf extract and corresponding amount of Se-
doping solution, previously prepared by reacting sele-
nium powder (Loba Chemie) with 0.472 g of NaBH4
(97% extra pure). The obtained solution was stirred at
1000 rpm until homogeneous. Then, the solution was ir-
radiated using microwave oven at power of 540 W until
the precipitate was obtained. The precipitated particles
were centrifuged at 4000 rpm for 10 min, washed three
times in water, dried at 110 °C and finally annealed at
400 °C for 2 h. In this work, different Se amounts were

used, including 0, 5, 10 and 15 at.% and corresponding
sample names were ZSe-0, ZSe-5, ZSe-10 and ZSe-15,
respectively.

2.2. Characterization technique

Optical properties were characterized using an Agi-
lent Cary 60 UV-Vis spectrophotometer in 200–700 nm
range. Crystal structure was analysed with a Rigaku
Miniflex 600 Benchtop Diffractometer and λCuKα =

1.541 Å. Surface morphology and elemental composi-
tion were identified using FESEM - EDX Quanta FEG
650 with 20,000×magnification. Surface area as well as
pore volume were measured using BET Quantachrome
Novatouch LX-4 with degas temperature of 300 °C. The
presence of different functional groups was confirmed
with a Shimadzu IR Prestige-21 spectrophotometer in
400–4000 cm−1 range.

2.3. Photocatalytic experiments

Efficiency of the prepared Se-doped ZnO powders
was examined by degradation of 4-nitrophenol (4-NP)
solution under UV irradiation. 10 ppm 4-NP was pre-
pared and 5 M NaOH was dripped until pH = 11. Then,
10 mg of catalyst was dissolved and added together with
2 ml H2O2. The suspension was stirred at 1000 rpm in
the dark condition for 60 min to achieve an adsorption-
desorption equilibrium between the 4-NP solution and
the catalyst surface [28]. Next, it was irradiated under 4
UV-C lamps (Krisbow T5 UVC, 8 Watt) for 120 min. To
investigate degradation, 5 ml of solution was regularly
sampled and measured by UV-Vis absorbance spectra.
An illustration of the photocatalysis test process for 4-
NP can be seen in Fig. 1.

Figure 1. Degradation mechanism of 4-NP by Se-doped ZnO
photocatalyst

III. Results and discussion

3.1. Structural analysis

XRD patterns of the ZSe samples are shown in Fig.
2. Diffraction peaks at 2θ = 32°, 34°, 36°, 47°, 56°,
63°, 66°, 68° and 69° corresponded to the planes (100),
(002), (101), (012), (110), (013), (200), (112) and (201),
respectively. This indicates the presence of hexagonal
wurtzite ZnO phase (COD No. 96-210-7060) with space
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Figure 2. XRD patterns of Se-doped ZnO powders

Table 1. Lattice constants and crystallite sizes of Se-doped
ZnO

Sample 2θ [°] β [°]
Lattice constant

D [nm]
a [Å] c [Å]

ZSe-0 36.84 0.437 3.201 5.123 19.2
ZSe-5 36.64 0.359 3.218 5.150 23.3

ZSe-10 36.54 0.384 3.226 5.165 21.8
ZSe-15 36.49 0.428 3.231 5.173 19.5

group P63mc [28]. The absence of other peaks in the
XRD spectra suggests that the Se was incorporated in
the ZnO structure.

The addition of Se causes the diffraction peak shift
towards a smaller 2θ. This occurs due to the larger ionic
radius of Se than O so the incorporation of Se into the
ZnO lattice causes distortion of crystal structure or lat-

tice stretching [16]. Lattice constants were obtained by
Eq. 1 and average crystallite size (D) was calculated
from the full width half maximum value (β) using the
Debye-Scherrer formula (Eq. 2):

1
d2
=

4
3a2

(h2 + k2 + h · k) +
l2

c2
(1)

D =
0.9 · λ
βhkl · cos θ

(2)

where d, hkl, a and c, λ, and θ are the distance between
the planes, the Miller indices, lattice constants, the X-
ray wavelength (1.541 Å) and the diffraction angle, re-
spectively [29].

The calculated values are given in Table 1. It can be
seen that the average crystallite size and the lattice con-
stants of the Se-doped ZnO samples increase with Se ad-
dition. As it was mentioned, Se doping causes a stretch-
ing of ZnO lattice and changes the lattice constants [30].
These changes can affect the band gap energy values and
particle sizes of materials [19].

3.2. Surface morphology

FESEM images of the ZSe samples at a magnification
of 20.000× are shown in Fig. 3. The surface morphology
of all ZSe samples was found to be irregular and varied
with doping concentration. With increasing Se content,
the ZnO particle size decreases and the distribution be-
comes more uniform. Coarse grain particles with less
homogeneous structure are characteristic of the ZSe-0
sample, whereas the ZSe-5 powder exhibits a granu-
lar shape with relatively uniform particle size distribu-
tion. The samples with higher Se-content ZSe-10 and
ZSe-15 have smaller particle sizes and larger agglom-
erates. These observations confirm that the percentage
of Se doping affected the formation and characteris-

Figure 3. Surface morphology of Se-doped ZnO powders
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Figure 4. EDX spectra of Se-doped ZnO powders

tics of ZnO nanoparticles [31]. Similar results were also
obtained by Song et al. [32] who synthesized Se/ZnO
based on Aloe vera extract.

3.3. Elements composition

The EDX spectra in Fig. 4 confirm the presence of
Zn, O and Se elements and provide quantitative infor-
mation on the composition of the ZSe samples. It proves
that the Se-doped ZnO was successfully synthesized.
Zn is the most dominant element with the highest peak
compared to the other two elements. The ZSe-0 sam-
ple does not contain Se and atomic percentage of Se in-
creases with the doping. On the other hand, O element
has only one peak whose intensity decreases with dop-
ing (i.e. substitution of O with Se).

3.4. Optical analysis

Figure 5a shows the UV-Vis absorbance spectra of
the matoa leaf extract and ZSe samples. Matoa leaf ex-
tract has an absorption peak at a wavelength of 275 nm.
Similar results were also obtained for Rosmarinus offic-

inalis extract that indicates absorption of extracts con-
taining antioxidant compounds [18]. The ZSe samples
show strong absorption in the UV region (350–370 nm)

that gradually weakens in the visible light region (370–
700 nm). This characteristic is in accordance with the
optical absorption of ZnO at 370 nm [26]. The absorp-
tion peak shifts to the left (blueshift) from 367 nm (for
the ZSe-0 sample) to 357 nm (for the ZSe-15 sample)
with increasing Se concentration. This indicates that
there is a combined reaction between ZnO and Se which
causes a quantum confinement effect [17].

The band gap energy in the ZSe sample was deter-
mined by the Tauc plot method using the following
equation:

(α · h · ν)2 = A(h · ν − Eg) (3)

where h is the Planck constant, ν is the frequency, α
is the absorption coefficient, Eg is the band gap energy
and A is the proportionality constant [27]. This method
involves extrapolating the curve between (α · h · ν)2 and
photon energy (h·ν) and then identifying the point where
it intersects the x-axis at y = 0. This intersection point
represents the band gap energy of a material.

The band gap energy curves and extrapolated values
of Eg for the ZSe samples are shown in Fig. 5b. The
Se-doped samples have wider band gap energy than the
pure ZnO. This indicates that the addition of Se affects

Figure 5. Absorbance spectra (a) and band gap energy curves (b) of Se-doped ZnO powders
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Figure 6. Adsorption-desorption isotherms of Se-doped ZnO
samples

the amount of free charge content in the sample [14]. In
addition, the observed decrease in particle size can also
have influence on the band gap energy [27].

3.5. Adsorption-desorption analysis

Adsorption-desorption behaviour of the ZSe sam-
ples was evaluated with nitrogen gas at 77 K. The
adsorption-desorption isotherms (Fig. 6) belong to a
typical type IV, indicating the presence of mesopores.
The adsorption-desorption curve for each ZSe shows
a similar pattern, with a slight increase at low relative
pressure (P/P0) and then a spike increases when P/P0
approaches one [33].

Surface area, pore size and total pore volume of the
ZSe samples are given in Table 2. The samples with
higher Se concentration (10 and 15 at.%) have higher

Table 2. Surface area (Sv), pore size and total pore volume
(V p) of Se-doped ZnO samples

Sample
S v Pore size Vp

[m2/g] [nm] [cm3/g]
ZSe-0 12.2 15.4 0.094
ZSe-5 10.1 19.5 0.098

ZSe-10 15.2 18.1 0.137
ZSe-15 18.4 17.9 0.164

surface area and larger total pore volume. This is con-
sistent with the observed reduction in particle size in the
doped ZnO powders. Kumar et al. [17] obtained similar
results and reported that Se doping can increase the sur-
face area and porosity of the Se2+/ZnO samples synthe-
sized by sol-gel method.

3.6. Degradation of 4-nitrophenol pollutant

Photocatalytic capability of the ZSe powders was
evaluated by degrading the pollutant 4-nitrophenol (4-
NP) under UV irradiation. The absorbance spectra of
the degraded 4-NP solutions by the ZSe particles are
shown in Fig. 7a. The characteristic absorption band of
4-NP exists at the wavelength of 400 nm [34]. There was
a decrease in the absorbance of the 4-NP band with in-
creasing irradiation time, indicating that the ZSe sample
degradation process was successful. It occurs due to the
direct UV-C rays hitting the ZSe particles with greater
energy than the band gap energy [6]. Moreover, dur-
ing the degradation process, the 4-NP solution changed
from a yellow to a clear solution (Fig. 7b).

The reaction rate of the photocatalysis process can
be determined by linear fitting of ln A/A0 versus irra-
diation time dependence, as presented in Fig. 8a. The
ZSe samples with various Se contents have succeeded in
degrading 4-NP pollutants which was confirmed by an
increase in reaction rate constants from −0.0076 min−1

Figure 7. Absorbance curves (a) and changes in 4-NP pollutant solution (b) after degradation process by Se-doped ZnO
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Figure 8. lnA/A0 vs. time plots (a) and photocatalytic efficiency (b) of Se-doped ZnO in degrading 4-NP pollutant

Table 3. Comparison of degradation efficiency of doped ZnO photocatalysts for various dye pollutants

Material Dye Light source (time) Doping [at.%] Degradation [%] Ref.
0 55

[19]
Mg/ZnO Metilen Blue Sunlight 3 65

50 mg (3 × 10−5 M) (120 min) 5 77
7 96

Ag/ZnO RhB UV lamps 0 41
[20]

50 mg (5 ppm) (120 min) 4 74
0 6

[35]
Cu/ZnO MB Visible 1 54
25 mg (10 ppm) (100 min) 2 69

3 73
0 74

This work
Se/ZnO 4-NP UV lamps 5 88
10 mg (10 ppm) (120 min) 10 80

15 68

(the sample ZSe-0) to −0.0218 min−1 (the sample ZSe-
5). This is similar to the previous results of Lemecho et

al. [35], who reported the degradation of methylene blue
(MB) pollutants using ZnO and Cu-doped ZnO with re-
action rates of 0.0063 and −0.0109 min−1, respectively.
It proves that doping effect can speed up reaction rates
and increase the ability of ZnO photocatalysts to de-
grade pollutants.

The photocatalytic mechanism starts from the pair
exciton that is produced when material is exposed to a
light with energy greater than the bandgap energy. The
formed pairs dissociate into electrons (e−) in the con-
duction band and holes (h+) in the valence band. Then,
h+ directly reacts with hydroxyl (OH– ) and H2O to give
hydroxyl radicals (•OH). Meanwhile, e− reduces oxy-
gen (O2) adsorbed on the ZnO surface into superox-
ide radicals (•O –

2 ). Therefore, the 4-NP pollutant can
be photocatalytically decomposed by the resulting •OH
and •O –

2 [23]. However, recombination of electrons and
holes often occurs, which can prevent oxidation and re-
duction reactions from occurring on the surface of the
photocatalytic material [5].

Figure 8b shows that the photocatalytic efficiency
of the ZSe samples in degradation of 4-NP pollutant
is higher than 65%. The ZSe-5 powder has the high-

est degradation rate of 88.4%. This is due to the opti-
mum concentration of Se required for modification of
the ZnO structure. So, selenium content of 5 at.% is
considered as optimum. In addition, this result is sup-
ported by the largest pore size of 19.5 nm. Meanwhile,
the ZSe-15 sample with the largest percentage of Se had
the lowest photocatalytic efficiency of 68.8%. It is due
to the increased structural defects in ZnO thereby re-
ducing the photocatalytic performances [17]. Compar-
ison of degradation efficiency of ZnO particles doped
with different elements for various types of pollutants is
given in Table 3. Based on these results, it can be con-
cluded that the efficiency degradation of ZnO increases
with the doping compared to the pure ZnO. The utiliza-
tion of Se-doped ZnO combined with mediated matoa
leaf extract as a mediator for the degradation of 4-NP
pollutants has not been explored before. Therefore, this
research can be developed for the application of photo-
catalysts in degrading pollutants that cause water pollu-
tion.

IV. Conclusions

Se-doped ZnO powders were prepared using a simple
synthesis method mediated by matoa leaf extract. The
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Se doping increases the lattice parameters in the crys-
tal structure and widens the energy band gap. With in-
creasing Se doping, the ZnO particle size decreases and
the distribution becomes more uniform. It also increases
the surface area and pore volume. The ZnO doped with
5 at.% Se produced the highest photocatalytic efficiency
(88.4%) compared to the pure ZnO (74.3%). The high
photocatalytic capability of the Se-doped ZnO can im-
prove the quality of ZnO and reduce 4-NP pollution of
wastewaters.
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