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Abstract. The present study explored the efficiency of a p-n heterostructured hybrid catalyst 

CuO-CdS to convert CO2 selectively into methanol by photoelectrochemical (PEC) method 

under concurrent visible light irradiation and a bias potential -0.4 V vs. NHE. The results showed 

that the inclusion of CdS with CuO significantly enhanced the activity of PEC CO2 reduction to 

produce methanol by facilitating the separation of photogenerated electron-hole (e-/h+) pairs 

through the p-n heterostructured architectures. The yield of methanol, the incident photon current 

efficiency (IPCE) and quantum efficiency (QE) in PEC CO2 reduction were achieved 35.65 

µmoleL-1cm-2, 20.24% and 24.11%, respectively. The present work bears a new understanding 

into the fabrication of high‐ performable artificial p-n type heterostructured catalyst which is 

capable to function as a catalyst for photocathode for the reduction of CO2 and remarkable 

improvement in methanol yield under visible light illumination. 

 

1.  Introduction 

 

Nowadays, recycling of CO2 via clean and environment-friendly photoelectrochemical (PEC) system to 

valuable fuels is a potential solution for energy demand as well as environmental emergency. In the PEC 

system, the concurrent flow of electrons generated by photo and electric field can boost the CO2 

reduction activity. The improvement of the catalyst activity and selectivity with higher utilization of 

solar energy at a lower bias potential is the main research agenda for the development of the PEC system. 

The bias potential in the PEC causes band bending leading to the lower electron-hole (e-/h+) 

recombination rate and oriented transfer of photogenerated electrons. In last few years a significant 

number of works has been reported on PEC reduction of CO2 where the main focus was to develop 

photocathode with higher CO2 reduction efficiency, selectivity and stability. In order to have an effective 

photocathode for the CO2 reduction in the PEC system p-type photocathode are preferred [1]. p-type 

CuO, Cu2O, InP have gained specific attention as photocathode in PEC systems due to their low band 

gap [2-5], favorable band positions for CO2 reduction and H2O oxidation and higher electron 

conductivity [6]. Despite having the positive properties, the activity of the catalysts is low due to the 

higher e-/h+ recombination rate. Wang et al., (2018) reported that the creation of heterostructure is an 
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effective way to boost up the efficiency of the reaction as well as the products selectivity in the PEC 

CO2 reduction process [7]. Approaches like a combination of different types semiconductors, 

implementing co-catalysts and fabricating a heterojunction between two materials have been reported 

to heighten the photocatalytic efficiency, stability, reduce the e-/h+ recombination rate of the catalyst [1]. 

Cadmium sulfide (CdS) is a well-known n-type wide bandgap semiconductor (~2.4 eV), having higher 

charge separation properties and light harvesting capacity and widely used as photocatalyst for different 

reactions [8-10]. The position of CB of CdS is more negative than -0.61 V vs. NHE which is favourable 

for the reduction of CO2 [11]. Kamimura et al., (2016) reported that the photocurrent response as well 

as the selectivity of the products were improved by the inclusion of n-type CdS with p-type CuZnSnS4 

in CO2 reduction [12]. Although, CdS is prone to photo-corrosion [13],  it is shown by some researchers 

that by incorporation of CdS with metal or non-metallic catalysts or fabricating heterojunctions, the 

stability of the catalyst can be improved [14, 15]. Xu and co-workers reported that when CdS is 

incorporated with BiVO4 then the stability of the hybrid catalyst increased significantly [16]. 

Considering this, incorporation of p-type CuO with n-type CdS can be an effective strategy which has 

never been explored in the PEC reduction of CO2. 

The present study, a p-n type heterostructure catalyst CuO-CdS was synthesized by the ultrasound 

assisted wet impregnation method. The hybrid catalysts were further characterized by using X-ray 

diffraction (XRD), Field emission scanning electron microscopy (FESEM), Energy-dispersive X-ray 

spectroscopy analyzer (EDX), UV-vis spectroscopy, photoluminescence spectroscopy (PL) and Mott-

Schottky analysis technique. PEC characterization was carried out using the linear sweep voltammetry 

(LSV) and Chronoamperometry. The as-prepared catalyst was used to fabricate photocathode and 

investigated in the evaluation of PEC reduction of CO2. The liquid products were analyzed by GC-FID 

(6890 series GC system, Agilent Technologies Co.). 

2.   Experimental Study 

2.1.  Preparation of catalysts and electrodes 

CuO was prepared with a slight modification of the conventional chemical precipitation method [17]. 

Firstly, 0.1M concentrate solution of copper nitrate (Cu (NO3)2.3H2O) and copper chloride (CuCl2) were 

prepared. Then a 0.1M solution of NaOH was gradually mixed continuous stirring (pH = 14) and black 

precipitates were achieved. The achieved precipitates were washed by water and ethanol up to the pH 

reached 7. Afterwards, the washed precipitates were centrifuged and dried for overnight at 80 °C. 

Finally, the powdered solid was calcined at 550 °C for 5h to obtain CuO. Chemical precipitation method 

was used to obtain the CdS nanoparticles with a slight modification of the method described by Devi et 

al., (2015) [18]. Initially, 0.1M of CdCl2 and Na2S solutions were prepared. Then the solution of CdCl2 

was kept under continuous starring and Na2S solution was added dropwise in the solution of CdCl2 until 

the yellow precipitation formed which was ripened by keeping for 2.5 h under stirring at room 

temperature. The particles were separated by centrifuge and washed with DI water. Finally, the obtained 

CdS nanoparticles were kept in the vacuum oven overnight at 50 °C. CuO-CdS hybrid catalyst was 

prepared by wet impregnation method. For that, as prepared CuO and CdS mixed into 100 ml of absolute 

ethanol at a wet ratio of 1:1. Then the mixture was ultrasonicated in a closed vial for 2 h at room 

temperature. After that, the mixture was again ultrasonicated while the vial was kept open at 80 °C for 

3 h until the powder sample was dried. The powder sample was then grinded and dried at 80 °C using a 

tubular furnace under N2 condition for 1 h. The electrodes of as-prepared catalysts were equipped with 

the scheme described by Karim et al., (2018) [19]. Briefly, for the preparation of the electrodes, catalyst 

ink was prepared by adding 0.022 g of catalyst with the mixture of 150 μL of 5 wt% Nafion and 

isopropanol (C3H8O) and then the mixture was ultrasonicated for 30 minutes. Consequently, as prepared 

ink was brushed on the surface of Toray carbon paper (A = 1 cm2). For the drying of the prepared 

electrodes were placed into the vacuum oven for 120 minutes at 80 °C. 
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2.2.   Characterization  

X-ray diffraction was done for the assessment of the crystalline structure of the as-prepared catalysts by 

using a diffractometer (RIGAKU Miniflex II) Cu Kα radiation range 2θ=10-80° and surface 

morphologies were investigated by FESEM (FESEM: model JEOL JSM-5410LV, Japan). The UV−vis 

and PL spectra of the catalyst powders were recorded employing UV 2600, Shimadzu spectrophotometer 

and PerkinElmer LS55 luminescence spectrophotometer, respectively. Photoelectrochemical properties 

and the activity of the PEC reduction of CO2 were carried out in a double chamber PEC cell (three-

electrode configuration System) where the as-prepared electrode, Ag/AgCl and platinum foil used as 

the working, reference and counter electrode, respectively. The PEC cell was connected to a potentiostat 

(Auto lab Compact PGSTAT 204, Netherland). The photocathode and anode chamber were separated 

by a Nafion 117 membrane and 0.1M NaHCO3 solution (pH 6.8) was used as an electrolyte in both 

chambers. To determine the band edges of the prepared catalyst, Mott-Schottky analysis was done at a 

potential -0.4 V vs. NHE under CO2 bubbling condition (500 Hz frequency). The LSV were done in the 

range of 0.2 to -1.0 V potential at a scan rate of 100 mVs-1 in both N2 and CO2 bubbling conditions in 

saturated 0.1M NaHCO3 solution. Different cut-off filters were used on the photocathode surface in the 

range of 470 to 730 nm during the light on condition (source: XD 300 high brightness cold light) to 

evaluate the photocurrent response. Light sensitivity of the as-prepared catalyst was evaluated under the 

CO2 bubbling condition by the chronoamperometry analysis at -0.4 V vs. NHE. To determine the liquid 

product in the PEC, CO2 was purged constantly through the cathode chamber for 4 h and the current vs 

time data was recorded. The liquid products were collected from the cathode chamber at different time 

interval and analyzed by GC-FID (6890 series GC system, Agilent Technologies Co.) using DB-Waxetr 

Column (Agilent Technologies). 

3.   Results and discussion  

 

The morphology of the as-synthesized CuO-CdS nanostructures were visualized by FESEM. Figure 1(a) 

represents the FESEM images of CuO-CdS nanoparticles and the FESEM images of CuO is presented 

in the inset in the image which reveals that the CuO nanostructures appear sheet-like morphologies. 

Figure 1(a) reveals that CdS are homogeneously distributed on the CuO nanoparticles surface. XRD 

patterns exposed the crystallinity of the CuO and CdS nanoparticles for the as-prepared CuO-CdS and 

is shown in Figure 1(b). The XRD pattern of Hawleyite structured CdS reveals the distinguishable peaks 

at 2θ = 26.62°, 43.99° and 52.03° at the planes of (111), (220) and (311), respectively. Whereas, the 2θ 

value of 32.59°, 35.65°, 38.71°, 46.42°, 48.94°, 53.43°, 58.21°, 61.61°, 66.44°, 68.15°, 72.30° and 

72.30° represent the plane of (110), (002), (111), (112), (202), (020), (202), (002), (113), (022), (113), 

(312) and (004), respectively of Tenorite structure of the CuO (DB card number 1011194). The crystal 

size of the as prepared CdS and CuO were calculated using Scherrer formula [20] and were found 51.06 

and 64.33 nm  for (002) and (111) plane, respectively. The XRD pattern of the as-prepared CuO-CdS 

demonstrates the peaks for both Hawleyite CdS and Tenorite CuO phase demonstrating the presence of 

CuO and CdS in the hybrid catalyst. The CuO-CdS diffractogram shows peaks with lower intensities 

than CuO and CdS which could be due to the surface of the CuO particles covered by CdS could lead 

crystal diffraction. 

Band gap of CuO, CdS and CuO-CdS catalysts was determined from the Tauc plot presented in 

Figure 1(c) and was found as 1.65, 2.41 and 1.91 eV, respectively. The band gaps of CuO and CdS in 

the present study are in close agreement with the band gaps reported in literature for similar morphology 

and crystallite phases of CuO (1.7 eV) [21, 22] and CdS (2.4 eV) [23]. The band gap energy of the as-

prepared CuO-CdS was modified compared to CuO and CdS and revealed that the composite material 

can be excited by the light with lower energy (650 nm). Further study for the optical properties of as-

synthesized catalysts was analyzed by the photoluminescence spectroscopy (PL) and the emission 

spectra are presented in Figure 1(d). For, CdS and CuO samples exhibit an intense peak centered at 640 

and 615 nm, respectively. However, the inclusion of CuO with CdS the emission spectra was 

significantly reduced, demonstrating a reduction in the recombination rate of e-/h+ which is possibly 
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related to the formation of oxygen vacancies in CuO and an improvement in the charge carrier separation 

in the composite catalyst [24]. The results demostrate that the inclusion of CuO with CdS can be an 

effective approach to modify the band gap and to promote the charge pair separation which may enhance 

the photocatalytic efficiency of the catalysts [25]. 

To determine the flat band potential (Efb) of CdS and CuO electrodes, Mott–Schottky experiments 

were done. The flat band potential (Efb) were calculated from the intercept of the Mott-Schottky plot and 

the results are presented in Figure 1(e-f)  [25]. For CdS, the slope of the plot (Figure 1(e)) was found 

positive indicating the formation of n-type material whereas for CuO the slope was negative (Figure 1 

(f)) indicating the formation of p-type material. The x-axis intercepts for CdS and CuO were found as -

0.54 V and +0.92 V vs. NHE. In the case of p-type semiconductor, the Efb value lies close to the VB, 

while the Efb value lies close to the CB for the n-type semiconductor. Efb value was estimated for CdS 

and CuO were determined as -0.56 and +0.95 V vs. NHE, respectively [25]. Consequently, the VB of 

CuO and CB of CdS were +0.95 V and -0.56 V, respectively which are in agreement of the literature 

values [26, 27]. Considering the band gap energies equation, EVB(CuO) = ECB(CuO)+EBG(CuO) and EVB(CdS) = 

ECB(CdS)+EBG(CdS) (where EBG is the band gap of the semiconductors) [28], the CB of CuO and VB for 

CdS were determined and were found as -0.70 V and +1.85 V, respectively.  
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Figure 1. (a) FE-SEM image of CuO-CdS composite and inset CuO; (b) XRD pattern of as-prepared 

CdS, CuO and CuO-CdS; (c) Tauc plot of CdS, CuO and CuO-CdS for calculation of bandgap energy; 

(d) PL spectra for CdS, CuO and CuO-CdS at an excitation wavelength of 470 nm and Mott–Schottky 

plots of (e) CdS and (f) CuO-CdS at 0.5 kHz in 0.1M NaHCO3 aqueous solution with CO2 bubbling 

 

The effect of applied potential on current density was recorded at a scan rate of 10 mVs−1 in 0.1M 

NaHCO3 saturated with N2 and CO2 for the CdS, CuO and CuO-CdS electrodes in the dark 

(electrocatalytic) and light irradiation (photo-electrocatalytic) condition and are presented in Figure 2(a) 

and 2(b), respectively. In Figure 2(a) under N2 saturation and dark condition all the electrodes showed 

very low reducing current suggesting the poor electrocatalytic activity for water reduction [29]. Though, 

under light illumination, the reducing current was slightly increased at all potential. When CO2 was 

purged, a significant increase of reducing current was observed for both dark and light on the condition 

in Figure 2(b). The onset potential (defined as the potential when current crossed from positive to 

negative region) for CdS, CuO and CuO-CdS at dark conditions were found as -0.56, -0.50 and 0.054 

V, respectively, while at light on conditions the onset potentials were sifted to -0.50, 0.11 and 0.135 V 

respectively. The results clearly demonstrated that the composite catalyst could reduce CO2 at a more 

positive potential compared to the bare catalysts. Additionally, the reducing current for the CuO-CdS 

electrode is significantly higher than the CuO electrode at all potentials. At 1 V vs. NHE the CdS-CuO 

photocathode, under the light on condition, produced 22.78 mA/cm2 compared to CuO (13.01 mA/cm2) 

at the same potential. The result demonstrated that CuO-CdS achieved 2 times higher current than CuO.  

 

  

Figure 2.  LSV result of CdS, CuO and CuO-CdS; (a) N2 condition and (b) CO2 condition at a scan rate 

of 10 mVs−1 in 0.1M NaHCO3 at pH 6.8 
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The time-dependent photoresponse by periodically turning light on and off illumination at 470 nm at 

an applied potential of -0.4 V vs. NHE was performed to evaluate the photocurrent density of the 

photocathode and the results are shown in Figure 3(a). As CdS is an n-type semiconductor it showed an 

anodic current whereas CuO and CuO-CdS showed cathodic current in both light and dark condition. 

Figure 3(a) reveals that CuO-CdS showed ~5 times higher photocurrent (58.43 µA) compared to CuO 

electrode (11.02 µA). The increased photocurrent under CO2 bubbling for CuO-CdS clearly indicates 

the enhanced generation of electrons, effective charge separation and efficient transfer of the charges 

from the bulk to the reactants which was due to the inclusion of CdS. However, no photocurrent spike 

was observed for CuO-CdS clearly indicates the efficient transfer of photogenerated electrons in the 

composite.  Figure 3(b) shows the effect of applied potentials on the CuO-CdS photocathode response 

vs. time, which were measured under 470 nm light illumination. The photocurrent increases with the 

increase of applied bias (-8.35, 9.57, 20.97, 42.95, 62.22 and 83.42 µA for the bias of -0.1, -0.2, -0.3, -

0.4, -0.5 and -0.6 V, respectively). A higher bias can help to separate the photogenerated e-/h+ pairs, 

leading to a higher photocurrent. While a higher current is obtained at dark condition under a higher 

bias, which is attributed to the more carriers release from the oxygen vacancies traps and the faster drift 

velocity [30]. Compared to the all bias, at -0.4 V vs. NHE the typical p-n heterostructured photocathode 

shows the higher photocurrent response ~53.55 µA cm-2. There, the response times (the rise and decay 

time) are always long for a fixed bias when the light turns off. This kind of slow recuperation is 

accredited to the trapping states of the photogenerated carriers, which could discharge the captured e-/h+ 

slowly under an applied bias potential.  

  

  
 

Figure 3. (a) Chronoamperometry at -0.4 V vs. NHE of CdS, CuO and CuO-CdS; (b) 

Chronoamperometry of CuO-CdS different potential vs. NHE; (c) current decay of CuO and CuO-CdS 

photocathode and (d) EIS Nyquist plots of CuO and CuO-CdS electrodes in 0.1M NaHCO3 
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Figure 3(c) indicates that at an applied potential -0.4 V vs. NHE, the current decay (the current decay 

(Id) is the variance between the initial current (Ii) and final current (If) of a dark/light on/dark cycle under 

a specific bias potential [31]) decreased for the CuO-CdS compared to the CuO photocathode which is 

in good agreement with the stability of the photoresponse. The charge transfer resistance of the 

photocatalyst was investigated through EIS. The EIS results of CuO and CuO-CdS electrodes are shown 

in Nyquist plot (Figure 3(d)). The semicircle of the Nyquist plot of the CuO-CdS electrode is smaller 

than that of the CuO electrode, which demonstrated a lower interfacial charge transfer resistance. 

Therefore, CuO-CdS could achieve the rapid transport of charge carriers and the effective charge 

separation [32] leading to higher photoreduction efficiency [33, 34]. 

The IPCE was calculated using the following equation: 

IPCE (%) = 
1239.7×photocurrent genertion (

mA

cm2) 

Wavelength of light (λ in nm ) × intensity of the irradiated light (
mW

cm2)
× 100          (1)  

 

IPCE action spectrum of CuO-CdS is presented in Figure 4(a). The value of IPCE were found 20.24, 

18.06, 14.65, 9.37 and 7.63% with an irradiation wavelength at 470, 570, 630, 690 and 730 nm, 

respectively. IPCE specified that CuO-CdS has the ability to absorb the visible light that can lead the e-

/h+ generation and the charge transfer in this photocatalyst can drive the reduction of CO2. Product 

distribution during the PEC reduction of CO2 over CuO and CuO-CdS photocathode are presented in 

(Figure 4b). The reduction reaction is conducted for 4h under CO2 purging condition at an applied 

potential -0.4 V vs. NHE. In that condition, methanol was found as a major product with the yield of 

15.25 and 35.65 µmole/Lcm2 for CuO and CuO-CdS, respectively in the liquid phase. The methanol 

yield was increased ~87% in CuO-CdS compared to the CuO which is in accordance with the results of 

LSV (Figure 2(a-b)) and Chronoamperometry (Figure 3(a)). In the gas samples insignificant amount of 

CO was also detected during the reduction reaction (0.35 and 2.7 μmolL-1cm-2 for CuO and CuO-CdS, 

respectively). However, 0.45 μmolL-1cm-2 H2 was found for CuO-CdS photocathode only. Finally, CO2 

reduction was accomplished for 4h over CuO-CdS photocathode in the PC, EC and PEC system. 

Methanol was the sole-product in the liquid phase and the achieved methanol yields are shown in (Figure 

4c). EC showed lower methanol yield 9.25 μmolL-1cm-2 compared to the PC 17.1 μmolL-1cm-2 whereas, 

in the PEC system, the yield increased significantly. The QE and the FE in the PEC system were 

calculated by using the method described in Karim et al., (2018) [35].  It was found that the QE was 

increased from 10.34% (for CuO) to 24.11% (for CuO-CdS) which is due to the efficient charge 

separation. The FE was increased from 43% (for CuO) to 86% (CuO-CdS) at an applied potential of -

0.4 V vs. NHE for the reduction of CO2 in PEC due to the inclusion of CdS with CuO. 

The mechanism of enhancement of PEC CO2 reduction due to the transfer of photogenerated 

electrons from CuO to CdS in CuO-CdS heterostructure is illustrated in (Figure 4(d)). Due to the lower 

band gap, CuO could produce the photogenerated electron which could easily be transferred to the CB 

of CdS, as its CB is less negative compared to CuO where the CO2 reduction could take place. On the 

other hand, the VB level of CdS is lower than the CuO and as a result, the photogenerated holes in the 

VB of CdS can easily be transferred to the VB of CuO which can act as the oxidation site. Hence, the 

separation, as well as the migration of photogenerated electrons carriers, could be raised by the internal 

photogenerated electric field resulted in less barrier. Consequently, the possibility of e-/h+ recombination 

can be decreased. Additionally, Jiang et al.,(2001) reported that a suitable bias potential to the 

photoelectrode promoted the separation of charge carriers within the semiconductor electrode which 

played the crucial role to enhance the efficiency of reduction activity at the semiconductor/electrolyte 

interface [36]. Therefor, the applied potential -0.4 V vs. NHE could also effectively separate the e-/h+, 

which is an advantage for the PEC reduction of CO2. Methanol was found as the main product suggesting 

the 6e- transfer reaction of CO2. CuO has an acceptor level and capable to trap electrons from the VB 

[37]. Due to this fact, it can be predicted that the number of holes in CuO is much bigger than that of 

electrons. The reverse is true for the n-type CdS where the electron density is higher in CB. Therefore, 

it can be speculated that the CO2 reduction could occur on the CB of CdS and the p-type CuO VB is 

more suitable for the oxidation of water. 
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Figure 4. (a) UV-vis spectra of CuO-CdS photocathode along with IPCE in several wavelengths (470-

730 nm); (b) Product yield for CuO and CuO-CdS in PEC reduction of CO2; (c) Methanol yield over 

CuO-CdS at -0.4 V vs. NHE potential in 0.1M NaHCO3 solution under 470 nm wavelength light 

irradiation and (d) Proposed mechanism for photoelectrocatalytic reduction of CO2 over CuO-CdS 

photocathode surface 

4.  Conclusion 

 

The present work demonstrated enormous prospective for the heterostructure of CuO-CdS in CO2 

conversion in aqueous phase producing selectively methanol. The inclusion of CuO with CdS can 

effectively promote the separation of photogenerated carriers and provide more active sites for CO2 

reduction. Heterostructured CuO-CdS possessed 20.24 % IPCE at 470 nm which clearly indicates the 

proficiency of CuO-CdS photocathode in absorbing the visible light leading to 35.65 µmoleL-1cm-2 

methanol yield in 0.1M NaHCO3 aqueous solution at an applied potential of -0.4 V vs. NHE. The CuO-

CdS photocathode achieved 86 and 24.11 % of FE and QE, respectively. Overall, these results indicate 

that p-n type of CuO-CdS hybrid nanocomposites is capable of producing value-added chemicals from 

CO2 in PEC system. 
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