Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:2626-2632
https://doi.org/10.1007/510904-020-01460-6

=

Check for
updates

One Step Synthesis and Characterization
of ZnO-ZnSe Heterostructures by Chemical Precipitation and Its Solar
Photocatalytic Activity

Lakshmi Mohan™#® . Nila Sisupalan' - Kathirvel Ponnusamy? - Saravanakumar Sadagopalan3

Received: 25 October 2019 / Accepted: 28 January 2020 / Published online: 1 February 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

ZnO—ZnSe heterostructures were successfully synthesized by single step chemical precipitation method at room temperature.
The obtained composite structures were systematically characterized for structural, morphological, optical, and vibrational
properties using X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), High-resolution transmis-
sion electron microscopy (HRTEM), UV-Vis DRS, photoluminescence spectroscopy (PL), and Fourier-transform Raman
spectroscopy (FT-Raman). XRD patterns of the synthesized samples exhibit peaks corresponding to wurtzite ZnO and
ZnSe structures which primarily confirmed the formation of single phase heterostructures. ZnO microspheres grown over
the surface of ZnSe nano cauliflower clusters obtained from the FESEM images confirmed the formation of ZnO—ZnSe
heterostructures. A sharp peak around 290 nm in UV—-Vis DRS absorption spectra corresponds to ZnSeO; and a wide weak
absorbance is observed in the visible region (ranging from 370 to 663 nm) corresponding to the nanocomposite structure. In
the Raman spectra, the surface phonon mode which is the characteristic feature of the ZnO-ZnSe heterostructures is observed
at 237 cm™!. Based on the characterization results, the photocatalytic properties of ZnO—ZnSe nanoparticles were evaluated
for the degradation of methylene blue (MB) and was found to exhibit solar photocatalytic property.
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1 Introduction

Nanostructured materials have gained more significance in
the recent past owing to its dependence on the optical and
electrical properties with morphology [1]. With the appro-
priate choice of materials, metal /semiconductors nanostruc-
tures can modify the optical and catalytical properties. They
equally gain importance as they are environmentally safe
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[2, 3]. Zinc oxide (ZnO), one among metal-oxide semicon-
ductors exhibits these properties. The intrinsic properties of
ZnO nanostructures can be tuned by doping or developing
heterostructures or nanocomposites with suitable materials
[4, 5]. Being a wide bandgap semiconductor, absorption of
light in the visible range is not feasible using ZnO nano-
structures (bandgap 3.37 eV). The volant recombination of
charge carriers is another hindrance for not utilizing ZnO
for photocatalytic applications to the fullest. Nanocom-
posites or heterostructures with ZnO can improve charge
separation and photo response [6]. Zinc selenide (ZnSe),
another wide bandgap semiconductor is a metal chalcoge-
nide with 1:1 stoichiometry having a wide range of optical
and catalytical properties. The bandgap of ZnSe (2.67 eV)
is smaller compared with ZnO, hence ZnSe is a desirable
material to synthesize heterostructures along with ZnO, as it
can enhance the charge separation also [7-9]. Various routes
for synthesizing of ZnO-ZnSe heterostructures have already
been reported [10—13]. In this report we detail about the
synthesis of ZnO—-ZnSe heterostructure nanoparticles using
chemical precipitation method and investigate the structural,
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optical, morphological, vibrational properties thus leading to
the photocatalytic degradation property which is confirmed
with methylene blue (MB).

2 Materials and Methods
2.1 Chemicals

Zinc acetate dihydrate [Zn(CH;COO),-2H,0] (Merck),
Polyvinyl pyrrolidone [PVP] (Hi media), Sodium Selenite
pentahydrate [Na,SeO;-5H,0] (Research-lab fine), Ethyl-
ene glycol monobutyl ether [C¢H,,0,] (Research-lab fine),
Hydrazine hydrate [N,H,-H,O] (Research-lab fine), Methyl-
ene blue [C,,H,;CIN,S] (Hi media). All the chemicals used
were of AR grade and used without further purification.
Deionized water was used in all the experiments.

2.2 Synthesis

Various routes for synthesizing of ZnO/ZnSe heterostruc-
tures have already been reported. The one-step synthesis
of PVP coated ZnO/ZnSe nanostructures by chemical pre-
cipitation is as follows. Initially, the required amount of
PVP and 0.2 M Na,SeO;-5H,0 were added to 25 ml, 0.2 M
Zn(CH;C00),-2H,0 under vigorous stirring followed by the
addition of an equal ratio (1:1) of N,H,-H,0 and C¢H,,0,.
The resultant solution was continuously stirred for 7 h. The
neon coral orange colored precipitate obtained was filtered,
washed, and dried, followed by annealing at 200 °C for 3 h.

2.3 Characterization Techniques

Different characterization techniques were used to investi-
gate the structural, morphological, optical, and functional
properties. In this work, the structural analysis of the pre-
pared samples were recorded using XRD Philip PW1700
(wavelength 1.54 A, 40 kV 40 mA) in 20 geometry in the
range of 25°-65°. The field emission scanning electron
microscope (FESEM) and energy dispersive X-ray analysis
(EDX) is used to study the surface morphology and elemen-
tal composition of the synthesized samples using Carl Zeiss.
Jeol/JEM 2100 system was used for High-resolution trans-
mission electron microscopy (HRTEM) measurements using
LaBg as the source and was operated at 200 kV. To study
the optical reflectance and absorbance properties, UV-Vis
diffused reflectance spectra was recorded in the wavelength
range of 250-800 nm at room temperature, using JASCO
UV-Vis NIR spectrometer (model name; V-670). The Pho-
toluminescence (PL) studies were performed using a JASCO
FLUOROSCENCE spectrum (model name; FP-8300)
with Xenon lamp at an excitation wavelength of 300 nm.

Raman spectra of the sample was recorded in the range
100-600 cm™! using BRUKER RFS 27.

2.4 Photocatalytic Studies

The solar photocatalytic activity of the synthesized sample
was evaluated by estimating the photocatalytic degrada-
tion of Methylene blue in water 0.10 mg of the synthesized
sample is dispersed in 100 ml of MB solution (10 mg 17})
and was continuously stirred for 30 min in dark, to ensure
adsorption—desorption equilibrium. These samples were
irradiated with sunlight for 210 min (3.5 h). At every 30 min
interval, the absorbance of the sample was noted. A partial
dose of the solution was extracted and centrifuged to remove
the photocatalyst to measure the absorbance using a UV-Vis
spectrophotometer. The maximum absorbance of MB is cen-
tered around 664 nm (Fig. 9) [14, 15].

3 Results and Discussion
3.1 X-Ray Diffraction Analysis (XRD)

Figure 1 represents the X-ray diffraction pattern of the syn-
thesized samples The patterns exhibits peaks corresponding
to wurtzite ZnSe structure which is in well agreement with
the JCPDS card data (80-0008) and three standard peaks at
31.79°, 34.42°,36.25° corresponding to hexagonal wurtzite
structure of ZnO was observed which was also corroborated
with the JCPDS card data (36-145).Two additional peaks at
35.57° and 43.34° correspond to orthorhombic Zinc Selenite
(ZnSeO;) (JCPDS card no: 01-089-2940). No other impu-
rity peaks were detected, there by indicating the possibility

* ZnSe ( Hexagonal)
+ ZnO ( Hexagonal)
* Se0

« (100)

Intensity (a.u)

25 30 35 40 45 50 55 60 65

20 (deg)

Fig.1 XRD diffractogram of ZnO-ZnSe heterostructure
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of formation of heterostructures. Synthesis of ZnO/ZnSe
wurtzite heterostructures were not reported much using
chemical co-precipitation method at room temperature. The
suggested reaction mechanism for this case can be explained
as follows:

The dissociation of Zinc acetate in the solution gives
rise to Zn>* ions in the solution onto which PVP is added.
PVP serves as a surfactant in the reaction. Dissociation of
Na,Se0;-5H,0 gives Se04>~ ions in the solution. Ethylene
glycol along with hydrazine hydrate acts as reducing agent
and reduces SeO,”" into Se. The unreduced SeO;* combines
with Zn** to form ZnSeO, [16-19]. The reaction can be
represented as follows

Se0,?” + H,N,O — Se + N, + OH™ + 2H,0 1)

Zn** + Se+ OH™ + Se0,> — ZnSe + ZnOH + ZnSeO,
(unreduced)
2

On drying the sample followed by annealing ZnOH gets
converted to ZnO.

The crystalline size was calculated for the (100) peak
using Debye Scherrer formula [18].

(D = KA/fcosh) (3

The wurtzite lattice parameters like the interplanar spac-
ing (d) [5] lattice constants (a) and (c), bondlength (L)

and volume (V) are calculated using the following equa-
tions (Egs. 4-7) [20, 21] and the values are summarized in
Table 1.

For hexagonal wurtzite structure, a=b #c;

1 4(h?+hk+K 12
@_§<T>+<c_2 @
a= A c= A

\/Ssine’ sin¢ )

L=\/<%2+<%—u>2c2>, (6)

where u = £ +0.25
V=(a%) xc (N
3.2 Morphological and Elemental Composition

Study

3.2.1 Field-Emission Scanning Electron Microscope
(FESEM)

Figure 2 shows the FESEM image of the synthesized nan-
oparticles and from the figure it was observed that ZnO

Table 1 Lattice parameters of PVP/ZnO/ZnSe heterostructure nanoparticles

Sample name Plane (hkl) Highest peak FWHM (deg) D (crystalline A (A% C (AY Volume (a?)*c Bond length
(20)deg size) nm (nm®) L (nm)

ZP (ZnSe) 100 25.78 0.56 15.03 3.98 6.48 0.08 0.24

ZnO 100 31.90 0.57 14.89 3.23 5.21 0.04 0.19

Element |Series Noﬁmalisecl
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Fig.2 FESEM micrograph and EDAX spectra of synthesized ZnO-ZnSe heterostructures
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microspheres grown over the ZnSe nano cauliflower clusters
thus forming a ZnO/ZnSe layered plate structure confirming
the ZnO/ZnSe heterostructure. This caulifiower morphology
is formed when both the nuclei formation and growth of the
nanoparticles occurred simultaneously [22]. The coating of
PVP can be distinguished on the higher magnification. The
elemental composition of the ZnO-ZnSe heterostructured
nanoparticles was determined by energy dispersive X-ray
analysis (EDX) analysis which is attached to the FESEM
instrument. The existence of Zinc (Zn), Selenium (Se), and
Oxygen (O) elements is confirmed from the EDX analysis
(inset Fig. 2). Analysis showed Zn and Se element existed
with almost 1:1 ratio and composition of oxygen indicates
the formation of ZnSeO; owing to the unreduced SeO;
which corroborates the XRD results [23, 24].

3.2.2 High-Resolution Transmission Electron Microscopy
(HRTEM)

The synthesized ZnO-ZnSe heterostructures nanoparticles
were further characterized using the High-resolution trans-
mission electron microscopy (HRTEM), which is a phase
contrast image that gives information on the atomic scale.
As it can be seen from the Fig. 3 that the ZnO nanoparti-
cles are approximately spherical in shape, and thus can find
similarity from the findings obtained by the FESEM image.
The figure also confirms the PVP encapsulation on the outer
regions.

3.3 UV-Vis Diffuse Reflectance Spectroscopy (UV-
Vis DRS)

The absorbance plot obtained shows absorption in UV
as well as in visible region as shown in the Fig. 4. The
UV-Vis DRS absorption spectra around 310 nm which
corresponds to the characteristic band gap of ZnSeO;
nanocomposites [22]. A broad weak absorbance is

Fig.3 HRTEM images of
synthesized ZnO-ZnSe hetero-
structures

1.2 4

1.0 S

0.8

0.6 4

Absorbance

0.4 4

0.2+

0.0 T v T v T T T T T T
300 400 500 600 700 800

Wavelength (nm)

Fig.4 Absorbance plot of synthesized ZnO-ZnSe heterostructures

observed in the visible region. The visible region absorb-
ance was taken as the key reason in testing photocatalytic
activity of the ZnO/ZnSe heterostructures. The ZnO and
ZnSe peaks are centred around 370 nm and ZnSe absorp-
tion peaks are centered around 470 nm as reported in lit-
eratures [4, 25]. Due to the improved visible light absorp-
tion of the heterostructures there will be an enhancement
in the generation of charged carriers [13]. For this reason
there is a possibility that under visible illumination and it
can exhibit photocatalytic properties.

The optical direct band gap value was obtained from
Tauc plot (Fig. 5) [26, 27]. It is observed that the band-
gap energy plot contains single slop only which suggests
the direct allowed transition only. Heiba et al. has already
reported that unconstrained oxygen occupancy and oxygen
diffusion occurs due to the formation of ZnO and ZnSeO,
[28]. This can be ascribed as the reason for the shift of
band gaps of the synthesized sample [e.g. 3.94 eV] when
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Fig.5 Tauc plot of synthesized ZnO-ZnSe heterostructures
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Fig.6 PL plot of synthesized ZnO-ZnSe heterostructures

compared with that of bulk ZnO, ZnSe and ZnSeO; mate-
rial [2.7 eV].

3.4 Photoluminescence Analysis

The photoluminescence (PL) spectrum of the synthesized
ZnO-ZnSe heterostructures at an excitation wavelength
of 300 nm is shown in Fig. 6 with peaks centred around
374,420 and 467 nm. The peaks centered around 3.30 eV
(374 nm) and this is due to the electron hole recombina-
tion [29]. The weak blue emission centered around 2.94 eV
(420 nm) results from recombination of photogenerated hole
with charge state specified defects [30] and that centered
around 2.65 eV (467 nm) can be ascribed to the NBE of
ZnSe (Fig. 7).
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Fig. 7 Energy plot of synthesized ZnO-ZnSe heterostructures
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Fig.8 FT-Raman spectra of synthesized ZnO-ZnSe heterostructures

3.5 Fourier Transform Raman Spectroscopy
(FT-Raman) Analysis

Raman spectroscopy was performed to study the vibra-
tional and electronic properties of the synthesized ZnO/
ZnSe heterostructured nanoparticles. Raman peak located
at about 121 cm™! (Fig. 8) is caused by the clustering effect
as reported by Amirthraj et.al which is quite visible from
the SEM images [31, 32]. The interface phonons forms
near the hetero-interface of a quantum nanostructure. The
peak around 176 cm™' corresponds the E1 mode in wurtz-
ite structure of ZnO/ZnSe [33]. The frequency at 467 cm™!
is the E2 mode characteristic of the wurtzite structure of
Zn0O/ZnSe. The surface phonon mode which is a charac-
teristic feature of nanostructure is seen at 237 cm™" for the
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Zn0/ZnSe heretrostructure nanoparticles. All spectra of the
ZnSe—ZnO exhibit an absorption peak located at ~ 363 cm™!
corresponding to the absorption for bulk ZnO. There is also
a weak and broad peak due to the 2nd order phonon mode
centered around 500 cm™! [33].

3.6 Photocatalytic Activity

The solar photocatalytic of synthesized nanostructure has
been investigated for the degradation of Methylene blue in
water. Figure 9 represents the visible light absorption spectra
of methylene blue (MB) observed at regular time intervals,
with ZnO/ZnSe heterostructures. It was observed that the
residual MB dye concentration decreases with increasing
visible light exposure time for the sample, which suggest
that the synthesized heterostructures using chemical-precip-
itation method exhibit solar photocatalytic activity. The dye
degradation efficiency is calculated based on the following

equation [34]
X 100 = x 100
Go Ay

®)
Figure 10 represents the degradation rate of methylene
blue with time. It is observed that the degradation of the
dye decreases with time and almost ceases at 210 min. The
maximum degradation corresponds to 66%. The possible
reaction mechanism can be as follows. The formation of het-
erostructures enables charge separation and excess oxygen
present facilitates superoxide radical anions and hydroxyl
radical formation which causes degradation [7]. The pres-
ence of excess oxygen has already been verified by EDX
analysis. The absorption spectra are found to remain con-
stant after 150 min. This hindrance in solar photocatalytic
activity might be due to the adsorption of methylene blue
and also due to the presence of ZnSeO; which is having a
wider bandgap (3.9 eV).

Degradation rate = (

4 Conclusion

This present work spotlights a simple, cost-effective,
environment-friendly single step chemical precipitation
approach for the synthesis of single phase ZnO/ZnSe het-
erostructures. The XRD results confirmed the formation of
hexagonal phase of both ZnO and ZnSe nanoparticles. ZnO
microspheres grown over the ZnSe nano cauliflower clusters
thus forming a ZnO/ZnSe layered plate structure confirming
the ZnO/ZnSe heterostructures is been observed from the
FESEM images and EDAX results confirms the presence
of expected elements in the synthesized nanoparticles. The
presence of ZnSeO; confirmed from the XRD patterns and
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Fig.9 The visible light absorption spectra of methylene blue (MB)
observed at regular time intervals, with the ZnO/ZnSe heterostruc-
tures
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Fig. 10 % degradation of methylene blue (MB) observed at regular
time intervals, with the ZnO/ZnSe heterostructures

excess oxygen from EDX pattern is found to have a profound
effect in the optical as well as photocatalytic property of the
synthesized heterostructures. HRTEM images also confirm
the amorphous nature due to single step nucleation. The
solar photocatalytic performance of the synthesized ZnO/
ZnSe heterostructures has been analysed for methylene blue
under visible light and from the results it was observed that
ZnO/ZnSe heterostructures catalysts showed improved pho-
tocatalytic performance.
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