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Abstract
Recently, there is growing concern over environmental pollution rising specifically from the water contamination due 
to industrial wastes that primarily comprise of organic dyes such as the Congo Red (CR) dye. On the other hand, semi-
conductors based nanomaterials have proven to be a powerful remediation tool for the polluted environment. Here in, 
we report an in situ approach for the development of strong interface via one pot hydrothermal synthesis of ZnTe/ZnSe 
heterostructures by precisely adjusting the chalcogens (Te/Se) concentration. The as-synthesized photocatalysts have 
further been characterized via various analytical techniques including X-ray diffraction for the phase confirmation, scan-
ning electron microscopy together with energy dispersive X-ray spectroscopy for the morphological as well compositional 
analysis, and X-ray photoelectron spectroscopy along with UV–Vis diffuse reflectance spectroscopy to plot the alignment 
of energy levels. Finally, the synthesized heterostructures have been employed as potential photocatalysts for the UV–vis-
ible induced degradation of the CR dye. The results reveal remarkable efficacy where heterostructured photocatalysts 
exhibit enhanced degradation efficiency for up to ~ 94% in 65 min. The synergy between the individual counterparts 
in heterostructure i.e. ZnTe and ZnSe, via the formation of a strong interface plays a significant role in photocatalytic CR 
fixation by suppressing the charge recombination which is also the key issue in these semiconductor nanomaterials.
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1 Introduction

The textile industries are considered as the primary source 
of release of dyes and effluents in the ecosystem. Among 
various classes of dyes, the most used dyes especially in 
the textile industry are azo dyes and hence they are con-
sidered to be the most detrimental class of organic pol-
lutants due to their hazardous nature. In the past few 
decades, the wastewater effluents from dyes and textile 

industries pose major environmental concern mainly 
due to their strong color, the existence of high levels of 
aromatic rings as well as the existence of dissolved solids 
which makes them potentially more harmful and toxic [1]. 
CR is one of the most important azo dyes being exten-
sively used in textile industries for dyeing of fabrics and 
paper, and also is several other dyeing industries. CR is 
highly soluble in water and show high persistence in the 
environment. Once released, it is readily absorbed by the 
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skin. Furthermore, these dyes also possess high resistance 
to wastewater treatment techniques such as bacterial 
and fungal biosorption and bio-degradation in aerobic or 
anaerobic environment [2, 3]. Several physical, biological 
and chemical methods have been carried out during the 
past few decades for their treatment. However, transfor-
mation of contaminants from one phase into the other 
is one of the main disadvantages of using these conven-
tional methods [3]. In the recent past, advanced oxidation 
processes (AOP) have gathered much attention and are 
regarded as an alternative treatment strategy for the com-
plete photo-degradation of azo dyes [4, 5].

While using the semiconductor nanomaterials, photo-
catalysis is considered as a green approach for the envi-
ronmental remediation and the solar energy conversion 
i.e. simultaneous pollutant degradation and hydrogen pro-
duction, mainly to cope with the energy and environmen-
tal crisis [6]. Therefore, many efforts are carried out on the 
development of photocatalysts which can be efficiently 
utilized for the degradation of pollutants. So far, various 
photocatalytic materials under different experimental con-
ditions have been utilized for the organic pollutant deg-
radation. Nevertheless, anatase  TiO2 has been classified as 
the most promising material for hydrogen production and 
degradation of many pollutants [7]. In contrast to this,  TiO2 
has certain limitations owing to its larger band gap that 
makes it UV-responsive which constitutes to only ~ 4% of 
the electromagnetic spectrum [8]. Besides, several other 
oxides of zinc, cadmium, cerium, vanadium, chromium 
and tin have also been widely used for organic pollutant 
fixation because of their capacity to absorb wide range 
of wavelength of solar spectrum [9]. Several researchers 
across the globe have previously reported a variety of pho-
tocatalysts including simple oxides  Bi2WO6 [10] and  WO3 
[11], complex oxides like  Bi2WO6 [12], sulphides CdS [13] 
and Nitrides  C3N4 [14] for enhanced solar energy utiliza-
tion to investigate their photocatalytic activity. In addition, 
many efforts have also been made so far on designing the 
visible-light active photocatalysts but there are certain 
disadvantages such as short life span of photogenerated 
electrons-hole pairs which in turn limit their practical 
realization [13]. The recombination of photo-generated 
electron–hole pairs during photocatalysis is considered 
as one of the most important factors that mainly govern 
photocatalytic activity. The recombination of the photo 
generated charge carriers must be controlled for enhanc-
ing the photocatalytic activity [15].

Several strategies are employed in the past to mini-
mize the electron–hole recombination. However, the 
heterostructure formation has gained the attention of 
the researchers which effectively improves the activity 
of photocatalyst by promoting the effective charge sepa-
ration [16–19]. Many composites such as carbon based 

materials [20], AgBr–Ag–Bi2WO6 [21, 22] and  Bi2WO6 super-
structures decorated with  Bi2O3 nanoparticles [23] have 
been synthesized for photocatalytic applications. Further-
more, several metal oxides based hybrid materials such as 
CuO–TiO2 [24],  WO3–TiO2 [25], ZnO/TiO2 [26], ZnO/SnO2 
[16] and  TiO2/MgO [27] were also synthesized as potential 
photocatalysts.

On the other hand, semiconductors of type II–VI (Zn, Cd, 
Hg; and S, Se, Te) have been proven to be the most prom-
ising class of chalcogenide materials for the solar energy 
conversion applications as well as are viable constituent 
material in several electronic devices [28–31]. Among oth-
ers, ZnSe with the bandgap of ~ 2.7 eV has been exten-
sively utilized for photocatalytic dye degradation and for 
water splitting [32].

In the present work, for the first time to the best of 
our knowledge, we have used an in situ hydrothermal 
approach to combine ZnSe with zinc telluride (ZnTe). ZnTe 
is a p-type semiconductor having a direct band gap value 
of 2.20 eV at 300 K and is a promising material owing to its 
wide range of applications in solar cells [33], blue–green 
Led’s [34], and in optoelectronic devices [35]. ZnTe is also 
considered as an attractive material in photocatalysis for 
its applications in  CO2 photoreduction [36–39].

2  Experimental

2.1  Chemicals and reagents

Zinc powder (99.8%), tellurium powder (99.8%), sele-
nium powder (99.6%), potassium hydroxide (analytical 
grade, > 85%) and absolute ethanol (> 99.5%) were used 
for the synthesis of materials. These chemicals and rea-
gents were purchased from Sigma Aldrich and were used 
as such without any further purification. Furthermore, 
deionized water was used during all the synthesis.

2.2  Synthesis of photocatalysts

In total, 5 different catalysts were synthesized including 
two bare ZnTe and ZnSe (further labelled as ZT and ZS, 
respectively) along with three ZnTe/ZnSe hybrids (further 
labelled as ZTS 1, ZTS 2 and ZTS 3) with details given in 
Table 1. In a typical procedure, 0.1 M zinc powder was dis-
persed to a 3 M KOH solution followed by the addition 
of different concentrations of the tellurium and selenium 
powders as given in the Table 1. The resulting mixture was 
then transferred to Teflon-lined tubes filling 80% of their 
capacity. These tubes were sealed in the stainless steel 
high-pressure autoclaves which were further heated in 
oven at 120 °C for 2 h. The obtained precipitates were cen-
trifuged, washed several times with deionized water and 
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finally with absolute ethanol. The obtained precipitates 
were dried in vacuum oven at 70 °C. The dried powders 
were finally ground and stored for further characteriza-
tions and photocatalytic applications.

The reaction steps involved during the synthesis of 
ZnTe/ZnSe have also been proposed in Eqs. 1‒6. It can 
be seen that when zinc powder chemically interacts with 
KOH at high temperature and pressure to form potassium 
zincate with the liberation of hydrogen gas (Eq. 1). This zin-
cate is then dissociated into the constituent ions which are 
mobilized in the reaction system (Eq. 2). In addition, the 
respective tellurium and selenium powders, at elevated 
reaction conditions, react with KOH to give respective 
potassium tellurite/selenite which are water soluble and 
thus are dissociated into the anion species of their respec-
tive oxides (Eqs. 3–4) which are further reduced to give 
 Te2−/Se2− (Eq. 5). Finally, these anions react together with 
 Zn2+ to give the composite materials as final catalysts.

2.3  Characterization

The crystal structure of the synthesized nanomaterials has 
been probed using X-ray diffraction (XRD) while using Bruker 
D-8 diffractometer with Ni-filtered Cu-Kα radiation. The dif-
fraction patterns were collected in the 2θ range of 20°–80° 
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at a scanning rate of 0.1°/min. Lambda 750 UV/visible/NIR 
spectrophotometer with  BaSO4 as the reference was used to 
investigate the optical properties in the wavelength ranging 
from 250‒800 nm. For the morphological analysis, Hitachi 
S4800 field-emission scanning electron microscope (FESEM) 
was used along with energy dispersive X-ray spectrometer 
(EDX) as well as X-ray photoelectron spectroscopy (XPS) 
using ESCALAB 250Xi X-ray photoelectron spectrophotom-
eter to study the composition of the as-synthesized materi-
als. In addition, XPS was also performed to determine the 
valance band positions of the catalysts.

2.4  Photocatalytic activity

The as-synthesized ZnTe/ZnSe heterostructures were 
employed as potential photocatalysts against the degrada-
tion of CR dye under UV–Vis solar illumination. The UV–Vis 
lamp was used as a source of light for carrying out degrada-
tion activity. The Lamp was placed 15 cm above the beaker 
of 100 mL capacity with 10 mg of photocatalyst (ZT, ZS, ZST 
1, ZST 2 and ZST 3) dispersed in 80 mL of 100 ppm CR. In 
order to establish equilibrium, the catalyst-dye suspension 
was stirred for about 10 min in the dark. The solutions were 
then exposed to UV–visible light irradiations for 65 min. 5 mL 
of the suspension was taken out after every 5 min interval, 
centrifuged and analyzed with respect to CR concentration 
as a function of time using UV–Vis spectrophotometer.

2.5  Calculations

CR degradation efficiency (%) was determined while using 
the following equation:

In addition, different crystalline parameters i.e. crystal-
lite size (D), lattice constants and cell volume (V) of ZnTe and 
ZnSe, have been calculated by using XRD data. Crystallite 
size was calculated with the help of Scherrer equation (Eq. 8) 
while the lattice constant and cell volume were calculated 
by using Eqs. (9‒10). Furthermore, Kubelka–Munk function 
(Eq. 11) was also used to determine the bandgap energy (eV).
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Table 1  Details of precursor concentrations for the synthesis of 
photocatalysts

Sample ID Zn conc. (M) Te conc. (M) Se conc. (M)

ZT 0.1 0.1 0.0
ZTS 1 0.1 0.075 0.025
ZTS 2 0.1 0.05 0.05
ZTS 3 0.1 0.025 0.075
ZS 0.1 0.0 0.1
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Here K is a constant, λ is the wavelength for the X-ray 
radiation (0.15418 nm for Cu-Kα), β is the full width at half 
maxima (FWHM) for the diffraction peak measured at 2θ, 
and θ is the diffraction angle. In addition, In addition, h 
is the Plank’s constant, v is the vibrational frequency, α is 
the absorption coefficient and Eg is the bandgap energy. 
In order to calculate the lattice constant (a) and cell vol-
ume (V) for hexagonal ZnSe, following equations were 
employed.

3  Results and discussion

The crystal structure of the as-synthesized photocata-
lysts has been explored by XRD crystallography and the 
results are given in Fig. 1. For ZT (Fig. 1a), the XRD pattern 
reveals a perfect match with the available diffraction pat-
tern (JCPDS file no. 15-0746). Furthermore, there were no 
impurity peaks for elemental Zn or Te to further confirm 
the presence of single cubic phase. For ZS (Fig. 1e), the 
results also reveal that all the peaks are well-matched with 
the standard patterns (JCPDS # 00-89-2940) corresponding 
to the hexagonal ZnSe. The sharp and narrow peaks for 
both ZnTe and ZnSe demonstrate the high crystallinity of 
the synthesized materials. In addition, the XRD patterns 
for the heterostructures (ZTS 1‒ZTS 3) are also presented 
in Fig. 1b‒d. It can clearly be observed from these pat-
terns that all the peaks are contributed either from the 
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cubic ZT or from the hexagonal ZS. No additional peaks 
are present in the composite materials thereby confirming 
their phase purity and successful one-pot synthesis only 
by adjusting the precursor concentrations. It can also be 
seen from these patterns (Fig. 1b‒d) that the intensity of 
(111) peak corresponding to ZS in Fig. 1e keeps on increas-
ing with a decrease in the ZT (111) peak thereby giving rise 
to ZnSe formation in the composites. These XRD patterns 
(Fig. 1a, e) have also been used for the detailed analysis of 
various structure parameters and the results are presented 
in Table 2.

Scanning electron microscopy (SEM) analysis was car-
ried out to investigate the morphology of the synthe-
sized materials and the results are given in Fig. 2. It was 
observed that ZnTe (Fig. 2a) has irregular morphology 
comprising of some distorted spheres and nanoparticles. 
On the other hand, it can be observed in Fig. 2e that ZnSe 
shows the flakes-like structures. However, both these 
morphologies are visible in Fig. 2b‒d with the increasing 
density of ZnSe flakes with increasing ZnSe content in the 
heterostructures.

Energy dispersive X-ray spectroscopy (EDX) also helped 
to determine the composition and elemental distribu-
tion of all the synthesized materials and the results are 
shown in Fig. S1 in the supplementary information. No 
extra peaks other than Zn and Te can be seen in Fig. S1a 
thereby confirming its impurity free synthesis. This is also 
observed for the ZnSe in Fig. S1e showing Zn and Se as the 
main constituent peaks. However, both Te and Se peaks 
are present in the EDX spectra [Fig. S1(b‒d)] attributed to 
the formation of the heterostructures. Moreover, no extra 
peak is observed which indicate that all samples are highly 
pure except two small peaks of carbon and silicon which 
are ascribed to come from sampling preparing procedure.

In addition to the EDX spectroscopy, composition of 
the as-synthesized materials with respect to the oxidation 
states of the constituent elements was also confirmed via 
the XPS analysis and the results are presented in Fig. 3. As 
evident from the Fig. 3a, Zn, in ZnTe, shows two charac-
teristic peaks at 1044.8 and 1021.26 eV corresponding to 
 2P5/2 and  2P3/2 shell, respectively for its 2+ oxidation state. 
For Te, its 3d shell XPS scan shows four peaks as shown in 
Fig. 3b. However, only two peaks at 582.76 and 572.46 eV 
are responsible for its 2− oxidation state in ZnTe whereas 
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Fig. 1  XRD patterns of a ZT, b ZTS 1, c ZTS 2, d ZTS 3, e ZS

Table 2  Crystalline parameters derived from XRD patterns for ZnTe 
and ZnSe

Sample Crystallite size (D) 
(nm)

Lattice constant 
(a) (Å)

Cell vol-
ume  (a3) 
(Å3)

ZT 53.5 6.09 226.76
ZS 64.4 5.67 182.28
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Fig. 2  SEM micrographs of a ZT, b ZTS 1, c ZTS 2, d ZTS 3, e ZS with high magnification images in the insets

Fig. 3  XPS Spectra of the 
respective elements in as-
syntehsized photocatalysts: a 
Zn 2p in ZnTe, b Te 3d, c Zn 2p 
in ZnSe, d Se 3d 
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the other two peaks at 586.55 and 576.08 eV (though with 
less intensity) are attributed to the 2− oxidation state of Te 
from its oxide which might also be formed in very minute 
concentrations during the chemical synthesis. However, 
no such evidence has significantly been observed from 
other characteristic analytical techniques. In addition to 
that, Fig. 3c for Zn in ZnSe shows the similar phenom-
enon as already explained for Zn in ZnTe. Nevertheless, 
Se (Fig. 3d) shows two peaks for the 3d scan at 55.14 and 
54.13 eV for its 2− oxidation state.

3.1  Alignment of energy levels

The alignment of energy levels is an important parameter 
to understand the mechanism of photocatalytic reactions 
and the bandgap energies of constituent semiconductors 
as well as their valence band positions against the stand-
ard hydrogen electrodes (SHE) are two fundamental ele-
ments to further draw the alignment.

For this, the bandgap energies for both photocata-
lysts i.e. ZnTe and ZnSe, have been calculated from the 
UV–visible spectroscopy and the results are given in Fig. 4. 

It can be seen in Fig. 4a that ZnTe shows a significance 
light absorption at around 559 nm corresponding to the 
bandgap energy of 2.22 eV also given in the inset of Fig. 4a 
while using the Eq. 11. Furthermore, Fig. 4b shows strong 
absorption of visible-light for ZnSe at 480 nm with the 
bandgap of 2.62 eV as displayed in the inset.

On the other hand, the valence band edges for both 
ZnTe and ZnSe against SHE were determined via the XPS 
and the results are shown in Fig. 5. The zoom-in of the 
valence band edge spectrum is given in the respective 
insets to easily find the valence band position which are 
found to be 0.51 eV (0.53 V vs. SHE) and 1.24 eV (1.26 V vs. 
SHE) for ZnTe and ZnSe, respectively as shown in Fig. 5a, b. 
Based on Figs. 4, 5, the alignment of energy levels is plot-
ted and is shown in the Fig. 6.

3.2  Photocatalytic degradation of Congo red dye

To check the photocatalytic activities, the as-synthesized 
samples including ZT, ZTS 1, ZTS 2, ZTS 3 and ZS were 
irradiated with UV–Vis light source to photodegrade the 
CR. For ZnTe, when it is irradiated with the light of energy 

Fig. 4  UV-visible light absorp-
tion spectrum of a ZnTe, b 
ZnSe with insets showing the 
respective Tauc plots
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Fig. 5  XPS spectra of a ZnTe 
and b ZnSe with the zoom-in 
images for the valence band 
positions in the respective 
insets
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either equal or greater than its bandgap energy, the elec-
trons from its valence band (VB), while leaving the holes 
behind, are excited into the conduction band (CB) and 
thus the redox reactions take place to mineralize the CR 
dye. Similar phenomenon is carried out for the bare ZnSe 
photocatalysts. However, in case of the heterostructures 
as also shown in Fig. 6, the electrons from the CB of ZnTe 
are transferred to the CB of ZnSe owing to the thermody-
namic feasibility while the holes from the VB of ZnSe are 
transferred into the VB of ZnTe thereby separating these 
charge carriers to avoid their recombination to hamper 
the overall photocatalytic activity. The electrons in the 
CB of ZnSe are responsible for the reduction of aqueous 
suspension thereby generating the superoxide anions 
while the holes in the VB of ZnTe oxidize the water mol-
ecules to generate hydroxyl radicals which together with 
the superoxide anions degrade the CR dye. As shown 
in Fig. 7, when ZnTe was used as a photocatalysts, only 
27.1% of dye molecules were degraded after 65  min 
under UV–Vis light irradiation. This lower degradation 
efficiency of ZnTe could be due to its rapid e−/h+ pair 
recombination which dissipates the solar energy in the 
form of heat. On the other hand, when ZnSe was used 
as a photocatalyst, about 64.1% of dye was degraded. 
The degradation efficiency of ZnSe was ascribed to its 
more suitable band positions as compared to ZnTe. In 
case of composite, ZTS 1, when the molar ratio of Se:Te 
was 1:3, 28.7% of the CR molecules were degraded after 
65 min. With the increase in the amount of Se in the com-
posite ZTS 2, the percentage degradation of Congo red 
increases to 94% after 65 min as shown in Fig. 7. The pho-
tocatalytic activity increases because of strong interface 
formation, while in case of ZTS 3 only 78.4% of dye was 
degraded. These results indicate that ZTS 2 shows the 
best photocatalytic activity which might be attributed 
to the reduced charge recombination. Furthermore, it 
was also noted that the presence of a common cation i.e. 

Zn, in the ZnTe/ZnSe heterostructures might also play a 
significant role in enhancing the photodegradation of 
dye [38, 40]. It might act as an additional barrier to hin-
der the charge recombination which is also responsible 
for the higher activities.

4  Conclusion

Hydrothermal approach has been employed as an effi-
cient method for the in situ synthesis of heterostruc-
tures. The crystal structure, morphology and chemical 
composition of the as-synthesized ZnTe/ZnSe nanoma-
terials analyzed by various characterization techniques 
including the XRD, SEM and EDX/XPS, respectively con-
firm the impurity free synthesis of the heterostructured 
materials. In addition, the alignment of energy levels 
was successfully plotted based on the bandgap/valence 
band calculations which conclude the formation of type 
II heterostructure. The photocatalytic results reveal that 
both (1) the heterostructure formation and (2) concen-
tration of constituents within the heterostructure are the 
key factors that facilitate the efficient charge separation 
and result in higher photocatalytic activities.
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