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Abstract
Green hydrogen production using solar water splitting and solving water pollution issues are intricately intertwined global 
goals which are hindered by the scarcity of highly active photocatalytic materials. Herein, we have presented a simple strat-
egy to couple two semiconductors (Cu2O and ZnCdS) to form a type-I heterojunction with high visible light response. The 
as-synthesized heterojunction was well characterized by the battery techniques, such as TEM, HAADF-STEM elemental 
mapping, XRD and XPS. The visible light response was higher for composite than individual components, as was also sup-
ported by UV–vis DRS. The Cu2O-ZnCdS composite showed a higher visible light-driven photocatalytic H2 production rate 
(78.5 µmol g–1 h–1). The catalyst was also active for photocatalytic degradation of a model dye-methylene blue (MB)-with a 
degradation rate constant of 0.079 min−1. The enhanced performance of the Cu2O-loaded ZnCdS catalysts can be ascribed 
to both factors, such as enhancement of the visible light absorption and the growth of Cu2O-ZnCdS heterojunction. The 
heterojunction formation facilitates efficient charge separation with smaller charge resistance, as evidenced by transient 
photocurrent response and electrochemical impedance spectroscopy (EIS) studies. This study strongly indicates that the 
photocatalytic reactions with this catalyst material are kinetically favoured by coupling the two semiconductors.
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1  Introduction

Climate change and water pollution are inextricably linked 
entities, and the current situation of our Earth needs the uti-
lization of both renewable energy and the formation of novel 
materials for water purification [1, 2]. Hydrogen (H2) has 
been recognized as one of the most reliable clean energy 
carriers that can replace fossil fuels. Hydrogen energy has 
found extensive applications in various industries such as 
petroleum, chemical, energy, and transportation. However, 
carbon dioxide and other greenhouse gases are released dur-
ing the steam reforming process for hydrogen production 
[3, 4]. Over the last few decades, green hydrogen (hydrogen 
generated without greenhouse gases emission) production 
techniques, such as water thermolysis, photolysis, and elec-
trolysis, have gained a lot of interest from the scientific com-
munity [5–9]. Among all green techniques, photocatalytic 
water splitting is a promising technology due to its more 
straightforward, cheaper, and scalable system design and 
operation [10].
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Moreover, water contamination by industrial waste sig-
nificantly harms aquatic life systems and human health. The 
most frequent effluent that the textile and printing industries 
discharge into water bodies is dye, which has a bright hue, 
complex aromatic structure and resistance to light, heat and 
chemicals [11–13]. Therefore, removing those dangerous 
dyes from water is crucial. There are several traditional ways 
of degrading these effluents. Still, they are less efficient due 
to their high maintenance and operational costs and high 
concentration of phenolic and aromatic rings in dye mol-
ecules, making them harder to degrade [14, 15]. Compared 
to these conventional approaches, the photocatalytic oxida-
tion process might be considered a good alternative with 
great efficiency and simpler design [16].

It would be interesting to see a photocatalyst that could 
act both for photocatalytic H2 production and dye degrada-
tion for water purification. One such promising visible light 
active semiconductor is Cu2O, which has received wide-
spread recognition for its use in various fields, including 
photocatalysis, photo-electrocatalysis and water splitting 
[17–19]. Due to its small bandgap (2.0–2.4 eV), Cu2O has a 
significant potential for capturing solar energy. The energy 
efficiency is further improved by forming heterojunction 
band alignment of Cu2O with other semiconductors [20, 21]. 
These characteristics are necessary to effectively enhance 
photogenerated electron–hole pair separation, leading to 
enhanced degradation efficiency. Until now, several semi-
conductors, including metal oxides, metal sulfides, metal 
nitrides, and carbon nitride, TiO2-based photocatalysts have 
been well-researched [22, 23]. However, metal sulfide stands 
out among them for oxide combination photocatalysts due 
to its exceptional photocatalytic capability [24–26]. ZnCdS 
could be one example of a promising photocatalyst for het-
erojunction formation due to its adequate bandgap, appro-
priate band edge position, and strong visible light response. 
However, it is often difficult to get pure Cu2O in the hetero-
structure using a facile strategy, given the three oxidation 
states of Cu species that are often displayed in a composite. 
Moreover, the complex fabrication process usually raises the 
overall cost of the system [27, 28].

Herein, we have presented a simple strategy to synthesize 
the Cu2O nanosphere and loaded ZnCdS nanoparticles to 
form a heterojunction composite. The heterostructure com-
posite (Cu2O-ZnCdS) was used for photocatalytic H2 pro-
duction and methylene blue (MB) dye degradation.

2 � Experimental

Detailed materials characterization information and applica-
tion details have been provided in the supporting information 
file.

2.1 � Preparation of Cu2O nanosphere

The Cu2O nanospheres were synthesized as follows: first, 
0.01 mol of copper(II) acetate monohydrate and 1 g PVP 
(K-15) were mixed into 50 mL diethylene glycol. After a 
clean solution formation, then the mixture was heated up to 
175 °C under N2 atmosphere and maintained at that constant 
temperature for 2 h. Afterwards, the mixture was cooled 
down to room temperature, the precipitate was collected 
with centrifugation, washed with ethanol, and dried in a 
vaccum oven.

2.2 � Preparation of Cu2O‑ZnCdS heterostructure

The heterostructured Cu2O and ZnCdS was synthesized by 
using our previous protocol [29] described briefly as follows. 
Firstly, the Cu2O nanosphere were dispersed in DI water, 
afterwards, the Zn, Cd and sulfide precursors were added 
dropwise simultaneously to get the 10wt% of ZnCdS. After 
completion of the addition, the samples were centrifugated 
and washed (with water and ethanol) and dried in a vacuum 
oven.

3 � Results and discussion

The size and morphologies of Cu2O-ZnCdS heterostructure 
in the as-synthesized samples [27] were investigated first 
by transmission electron microscopy (TEM) and scanning 
electron microscope (SEM). Figure S1 shows the SEM and 
TEM images of the Cu2O nanospheres, which are about 
200–300 nm in size and have spherical morphology. Fig-
ure S1c shows the SEM image of ZnCdS, which is about 
10–20 nm in size and has an irregular shape. (Figure S1c) 
As can be seen in Fig. 1a and Figure S1d, the Cu2O-ZnCdS 
composite exhibited spherical morphology with ZnCdS 
nanoparticles surrounding the Cu2O nanosphere. The high-
resolution image shows the Cu2O nanospheres and ZnCdS 
are made up of prismatic bulge-like structures in closely 
packed arrays. (Fig. 1b) However, it was difficult to dis-
tinguish between ZnCdS and Cu2O, which might lead to 
them being packed together. Therefore, the HAADF-STEM 
element mapping technique was employed to confirm the 
homogeneous and stable dispersion of ZnCdS onto the Cu2O 
nanosphere. The elemental distribution for individual ele-
ments scan for the selected area has been taken in element 
mapping images for all the metals enclosed in the catalyst 
material presented in Fig. 1c-g. The overlay image derived 
from element mapping images presented in Fig. 1h showed 
that the ZnCdS is homogenously distributed onto the Cu2O 
nanosphere. The characteristics of homogeneity in the 
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morphology results may correlate with possible metal-to-
metal interactions and the support material for the successful 
mutual transference of electrons and better ductile behavior 
required for photocatalytic reaction.

Further, the powder X-ray diffraction analysis (XRD) of 
as-prepared samples was done to confirm the crystal struc-
ture. The XRD results of Cu2O, ZnCdS and Cu2O-ZnCdS 
samples are given in Fig. 2. The XRD data of the Cu2O 
nanosphere is in good agreement with the literature (Cu2O: 
JCPDS NO. 65–3288) with five typical peaks proportions 
located at 29.6°, 36.5°, 42.4°, 61.4° and 73.6° attributed 

to (110), (111), (200), (220) and (311) planes ascribed to 
Cu2O, respectively [30, 31]. No clear features of Cu or CuO 
could be observed in the XRD spectrum, indicating that the 
products obtained consist of only the Cu2O phase. The XRD 
spectrum of the Cu2O-ZnCdS sample is also well matched 
with the cubic Zinc blend phase (ICSD # 80–0020) where 
peaks indexed at 27.34°, 45.32° and 53.66° correspond to 
(111), (220) and (311) planes, respectively [32]. The XRD 
of Cu2O-ZnCdS shows diffraction peaks of both ZnCdS and 
Cu2O phases, indicating a composite formation. However, 
additional diffraction peaks appearing at 2θ = 43.3° and 
50.5° correspond to the (111) and (200) plane of Cu (Cu: 
JCPDS NO. 04–0836), indicating the presence of the impu-
rity phase [33].

Further, XPS analysis was also carried out to evaluate 
the chemical composition of the elements in the compos-
ite catalyst material's surfaces, their valance states, and 
the possible interactions influencing the photocatalytic 
performance. Figure S2 shows the survey scans for the 
Cu2O-ZnCdS sample, presenting the existence of Cu, O, 
Zn, Cd and S in agreement with our findings from HAADF-
STEM elemental mapping. Figure 3a shows the core-level 
spectra of Cu2p showing the typical characteristic peaks 
for Cu2O at 932.54 and 952.71 eV, ascribed to Cu2p3/2 and 
Cu2p1/2, respectively. The broad peak raised at a higher 
binding energy side was also observed and characterized 
as a satellite peak and correlated to the presence of CuO 
and a minuscule amount of Cu(OH)2 considered as the pos-
sible surface interaction between atmospheric oxygen and 
water vapour [34, 35]. The high-resolution XPS spectrum 
of O1s also shows a peak centered at 530.07 eV, assigned 
to lattice oxygen of Cu–O bonds (Fig. 3b), while the higher 

Fig. 1   TEM image for as-pre-
pared Cu2O-ZnCdS sample at 
lower (a) and higher magnifica-
tions (b), SAEED area element 
mapping images for individual 
elements i-e Zn, Cd, S, Cu & 
O, respectively (c-g), overlay 
image for element mapping (h)

Fig. 2   XRD spectrum for Cu2O nanosphere, ZnCdS nanoparticles 
and Cu2O-ZnCdS samples
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binding energy region could be considered oxygen (from 
surface adsorbed O2) that is coupled with water and CO2 
in the form of O–H and O–C groups, respectively [36, 37]. 
The high-resolution XPS spectrum of Zn2p shows peaks 
centered at 1021.70 eV & 1044.77 eV, typical for 2p3/2 and 
2p1/2 components, respectively. The Cd3d spectrum also 
contains 3d5/2 & 3d3/2 spin–orbit components at 405.45 eV 
& 412.21 eV, respectively [38]. (Fig. 3c,d) The obtained 
XPS results are in good agreement with the XRD analysis 
and confirm composite formation. The amount of ZnCdS 
was also confirmed by XPS and ICP analysis, which shows 
a value of 7.8wt% and 9.1wt%, respectively, close to the 
experimentally adjusted value of 10wt%.

Having confirmed the composite's morphology, crys-
tal structure and elemental composition, UV–vis DRS 
analysis were also performed to obtain the optical prop-
erties and understand the electronic transition and visible 
light response [39]. The UV–vis DRS spectra for pristine 
Cu2O, ZnCdS and Cu2O-ZnCdS composite are shown in 
Fig. 4. The Cu2O shows strong absorption in the visible 
region (peak around 460 nm) with a green colour (Fig. 4a, 
inset a), while the ZnCdS sample exhibits lower visible 

absorption efficiency (yellow colour, Fig. 4a, inset b). How-
ever, after composite formation, the Cu2O-ZnCdS showed 
intense brown colour (Fig. 4a inset c) and the absorption 
edge moved towards a higher wavelength (Fig. 4a). The 
corresponding band gap values were also calculated, and 
Cu2O and ZnCdS showed a value of 2.0 eV and 2.25 eV, 
respectively (Fig. 4b). From UV–vis DRS, it is evident that 
the Cu2O-ZnCdS composite showed lower band gap value 
and higher visible light absorbance, leading to a significant 
enhancement in the photocatalytic response.

The photocatalytic activity for H2 production of Cu2O, 
ZnCdS and Cu2O-ZnCdS was investigated under the irra-
diations of visible light. Figure 5a exhibits the generation 
of hydrogen that is time-dependent, the amount of pro-
duced H2 increased linearly with irradiation time for all 
the samples. The Cu2O and ZnCdS showed photocata-
lytic hydrogen production rates of 34.7 µmol g–1 h–1 and 
12.3 µmol g–1 h–1, respectively. The photocatalytic H2 pro-
duction rate of the Cu2O-ZnCdS sample was determined 
to be 78.5 µmol g–1 h–1, which was about two times higher 
than pristine Cu2O and six times higher than ZnCdS. This 
shows that combining individual photocatalysts to form 

Fig. 3   XPS high-resolution scans for Cu2O-ZnCdS sample at Cu2p (a), O1s (b), Zn2p (c) and Cd3d (d) region
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a heterojunction is an effective strategy that has been the 
most widely used in the past few decades. The heterojunc-
tion formation is known to overcome the serious drawbacks 

of fast charge recombination and the limited visible-light 
absorption of semiconductor photocatalysts [40–42]. Both 
these factors can refer to the enhanced photocatalytic activity 

Fig. 4   UV–visible diffuse reflectance spectra (a) and corresponding tauc plot (b) for Cu2O, ZnCdS and Cu2O-ZnCdS; the insets (a) are the digi-
tal photographs of Cu2O, ZnCdS and Cu2O-ZnCdS samples

Fig. 5   Time courses of photocatalytic H2  evolution from water splitting (a); A schematic diagram illustrating the band positions and charge 
transfer process (b), Photocurrent response vs. time (c) and Nyquist plot curves from EIS (d) for Cu2O, ZnCdS and Cu2O-ZnCdS composite
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for Cu2O-loaded ZnCdS photocatalysts. We have previously 
observed the effect of loading amount in the composite cata-
lysts (α-Fe2O3/Zn0.4Cd0.6S) for photocatalytic H2 production. 
It was observed that the optimum loading amount to get the 
highest H2 evolution rate was 10wt% [29]. The higher load-
ing amount results in the agglomeration of nanoparticles, 
which reduces the available surface area for photocatalysis. 
The composite coverage is low at a lower loading amount, 
resulting in less active sites for interface contact and charge 
transfer and a lower H2 production rate.

Moreover, in order to understand the charge transfer pro-
cess, the band alignments were also calculated for as-synthe-
sized materials. Several theories appear to produce band off-
set values that are reasonably consistent with the experiment, 
which include electron affinities, Schottky barrier heights, 
bulk band structures and effective midgap energies corre-
sponding to charge neutrality. The experimental techniques, 
including optical spectroscopy, XPS and electrical measure-
ments, are also used for band offset measurement. However, 
the Kraut approach and Anderson's rule are among the two 
popular approaches, where Anderson's rule predicts the band 
alignment based on measurements of separate materials, 
and the Kraut approach directly measures the band offset 
[43, 44]. The Kraut’s approach gives only a single offset 
between the bands during single measurements and multiple 
measurements are required during interface formation for 
detailed band bending, which requires in-situ experiments. 
Thus, Anderson's rule has been applied to assess the band 
alignment, where effective electronegativity of the materi-
als can be used to construct a heterostructure band diagram 
using electronegativity and band gap values. Despite its con-
ceptual simplicity, the method produces electron energies in 
reasonably quantitative agreement with the experiment and 
has been applied to assess the band energies of several semi-
conductors [45, 46]. However, the method is based solely 
on chemical composition and cannot account for the effects 
of bonding, crystal structure and interface interaction, and 
results may vary with experimental values [47].

The values for conduction (CB) and valence band (VB) 
potentials were calculated by following equations [48, 49].

where EVB and ECB are the VB and CB potentials, respec-
tively, Eg is the band-gap energy, Ee is the energy of the 
free electrons on the hydrogen scale, and X is the abso-
lute electronegativity. The band gap energy values were 
calculated using Tauc plot, and corresponding VB and 
CB positions were obtained for ZnCdS nanoparticles 
(EVB = 1.85 eV, ECB =  − 0.39 eV) and Cu2O (EVB = 1.82 eV, 
ECB =  − 0.18 eV). The calculated band edge positions are 

(1)EVB = X − Ee + 0.5 Eg

(2)ECB = EVB − Eg

referred to the standard electrode potential (H+/H2 reference 
energy − 4.44 eV). The band energy diagrams for ZnCdS 
and Cu2O are depicted in Fig. 5b, and the results confirm 
that Cu2O -ZnCdS can form an overlapping band struc-
ture. It can be seen, the VB for ZnCdS is lower compared 
to Cu2O, while the CB is higher [50]. Therefore, when the 
material is irradiated, the electrons are excited from the VB 
to CB of ZnCdS. Then, the photoinduced electrons in the 
CB of ZnCdS move to the CB of Cu2O, generating thus an 
accumulation of electrons in CB of Cu2O (where the H2 
reaction occurs) and an accumulation of holes in the VB 
of Cu2O (where the sacrificial agent consumes the holes, 
thus forming a type-I heterojunction [51, 52]. This type I 
heterojunction system has been known to enhance the charge 
separation process and improve photocatalytic performance 
greatly, such as in ZnS/MoS2 and ZnS@Cu3P heterojunc-
tion [53–56].

The transient photocurrent responses also show that the 
photocurrent value of the Cu2O-ZnCdS electrode is about 
twice that of bare Cu2O and ZnCdS, indicating there is less 
recombination and faster photogenerated electron migration 
on composite. (Fig. 5c) The enhanced charge separation 
occurring at Cu2O-ZnCdS might result from the favorable 
synergy and band alignment of individual components [57, 
58]. The structural and electronic effects might also occur 
at the junction of Cu2O-ZnCdS heterojunction, which are 
responsible for the promotion of charge carrier separation 
as observed in the case of coexposed anatase (001)–(101) 
surfaces [59].

The Nyquist plots from EIS also show smaller resistance 
for Cu2O-ZnCdS heterojunction, facilitating faster interface 
charge transfer. (Fig. 5d) The diameter of Cu2O-ZnCdS is 
lower than that of Cu2O and ZnCdS, indicating that the 
resistance of the charge movement was significantly lower 
at the interface, which is beneficial to an acceleration of the 
electrochemical reactions and separation of photoinduced 
electron–hole pairs [60, 61]. The conductivity enhancement 
at Cu2O-ZnCdS is attributed to the interface effect and the 
local electric field resulting from electron redistribution in 
the interface area, which enhances the contact field between 
the electrolyte and electrode and thus boosts the conductivity 
of the composite [62, 63].

Furthermore, the photocatalytic activity for photodegra-
dation of methylene blue (MB) was also examined under 
visible light illumination for as-prepared catalysts. Figure 6 
shows the MB photocatalytic degradation versus time for 
solution with Cu2O, ZnCdS and Cu2O-ZnCdS catalysts. As 
can be seen, there is no significant change in dye concentra-
tion under dark conditions after 30 min. (Fig. S3) However, 
a weak photodegradation was observed for Cu2O under vis-
ible light irradiation and ZnCdS samples. (Fig. 6a,b) Such 
behaviours can be assigned to the large band gap energy and 
incapable performance under visible light conditions [64, 
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65]. However, in the case of the Cu2O-ZnCdS catalyst, the 
degradation process of the pollutant accelerated by increas-
ing the time of irradiation and almost completely degraded 
after 30 min of irradiation. (Fig. 6c) The photocatalytic 
kinetics under the visible light illumination for each sample 
was also investigated with a pseudo-first-order based on the 
following Eq. 3;

In the above equation, the "k" represents the rate con-
stant, "t" is the time of illumination and "C0 and Ct" are the 
initial and final concentrations before and after the irradia-
tion, respectively. The k values were calculated using the 
slope of plots of ln(Ct/C0) against t, as shown in Fig. 6d. The 
rate constant for MB degradation over the Cu2O and ZnCdS 
samples is 0.025 min−1, 0.012 min−1, respectively. The rate 
constant for Cu2O-ZnCdS was calculated to be 0.079 min−1, 
which is higher compared to individual components. This 
result strongly indicates that trapping the electrons enhances 
the photocatalytic reactions, consequently hindering the 

(3)ln
(

Ct∕C0

)

= kt

recombination of electron–hole pairs efficiently, and the 
whole process is kinetically facilitated [66]. According to 
the above results, the heterojunction formation by loading 
ZnCdS into Cu2O can boost the overall photocatalytic activ-
ity for both H2 production and dye degradation. Hence, these 
results highlight that the application of composite materials 
with different semiconductors is significantly important to 
have synergistic effects and a modified electronic transition 
to boost the photocatalytic activity compared to the indi-
vidual components.

4 � Conclusion

In conclusion, we have successfully prepared the 
Cu2O-ZnCdS composite. TEM, XRD, and XPS analysis 
confirmed the composite's morphology, crystal structure 
and elemental composition. Moreover, the optical proper-
ties were also measured by UV–vis DRS studies to under-
stand the electronic transition and visible light response. The 
composite showed a photocatalytic H2 production rate of 

Fig. 6   Change in methylene blue (ME) absorbance in UV–vis spectra over time under visible light irradiation for Cu2O nanosphere (a), ZnCdS 
nanoparticles (b), Cu2O-ZnCdS composite (c), and corresponding reaction kinetics (d)
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78.50 µmol g–1 h–1, which is surprisingly higher than that 
of individual components. Enhanced performance is mainly 
attributed to heterojunction formation in composite, which 
facilitates charge separation as evidenced by transient pho-
tocurrent response and EIS data. The Cu2O-ZnCdS compos-
ite also showed photocatalytic degradation performance for 
dye-ME with a higher rate constant value (0.079 min−1). The 
improvement in reaction kinetics after heterojunction forma-
tion clearly points towards intimate contact between indi-
vidual components, facilitating the charge carrier in reaction 
participation and promoting stability. It was observed that 
coupling the semiconductors improves the photocatalytic 
performance dramatically, which can help design photo 
catalytically active catalysts.
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