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Abstract 
The superior optical and electronic properties of Cu₂O make it a promising 
semiconductor material for various applications. To enhance its performance, 
several approaches have been explored, including cobalt (Co) doping, which has 
been reported to improve light absorption, reduce crystal size, and enhance the 
crystallinity of Cu₂O. Moreover, the morphology of the material plays a crucial role 
in determining its functional performance. Photoelectrodeposition offers a unique 
advantage in tailoring material morphology through light-assisted deposition 
processes. Therefore, this study aims to investigate the effect of Co concentration 
on the crystallinity, structure, and morphology of Cu₂O synthesized via 
photoelectrodeposition. The results demonstrate the successful synthesis of pure 
Cu₂O and Co-doped Cu₂O phases. X-ray diffraction analysis indicates that Co atoms 
successfully substitute Cu atoms, leading to a reduction in crystal size. Raman 
spectroscopy further confirms an increase in oxygen vacancies in the doped 
samples. In addition, the particle morphology undergoes significant changes 
attributed to the influence of illumination during the deposition process. 
 

Keywords: Cu2O doped Co, crystallinity, photoelectrodeposition  

1. Introduction 

Copper(I) oxide (Cu₂O), as a p-type semiconductor with 

a narrow band gap of 2.17 eV, is an attractive material for 

various applications [1]. Cu2O has been developed as a 

material for efficient solar cells [2]. Furthermore, Cu₂O 

exhibits photocatalytic activity under visible light, making 

it a promising candidate for the degradation of synthetic 

dye[3–5], CO2 reduction [6],  and hydrogen production via 

photoelectrochemical water splitting [7,8]. Due to its 

unique electrical properties also opens up opportunities 

for the utilization of Cu₂O in the development of 

supercapacitors and Li-ion batteries [9]. In addition, Cu₂O 

has also been used in H₂S gas detection [10]. 

The electronic and optical characteristics of Cu₂O can 

be adjusted to meet specific functional requirements 

through heterojunction formation [11], composite 

development [12], and doping either metal or non-metal 

[13]. Among these strategies, metal doping is particularly 

notable. This technique can induce structural and 

electronic modifications in the host lattice, potentially 

altering the bandgap energy [14]. The incorporation of 

dopant ions also created defects, which can modify 

diffusion behavior and enhance charge transport and 

carrier mobility [15]. Transition metals, including cobalt 

(Co), have been extensively investigated as Cu2O dopants. 

Co-doping has been reported to influence the crystal 

structure of Cu₂O and modulate its bandgap, thereby 

enhancing visible light absorption [16].  

Beyond electronic and optical enhancements, the 

performance of Cu₂O for any application can also be 

improved by modifying its physical attributes, such as 

morphological particle [17]. In electrodeposition 

techniques, morphological control is achieved by adjusting 

various synthesis parameters, including changing applied 

voltage and current, adding additives, and modulated 
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precursor concentration [18]. Nevertheless, a particularly 

promising approach involves the utilization of light during 

synthesis, commonly referred to as 

photoelectrodeposition. Light irradiation during 

deposition can influence the morphological evolution of 

Cu₂O by generating photoexcited electrons within the 

growing film, which participate in the reduction of 

precursor ions [19]. This process may alter particle growth 

dynamics and lead to the formation of unique 

morphologies with enhanced surface activity. 

In this study, Cu2O and Co-doped Cu₂O were 

synthesized via photoelectrodeposition. The aim of this 

study is to investigate the effects of varying Co ion 

concentrations on the crystallinity, structural properties, 

and morphology of the resulting Cu₂O thin films. The 

findings are expected to contribute to the development of 

optimized Co-doped Cu₂O materials tailored for advanced 

functional applications. 

2. Materials and Methods 

2.1 Materials 

The materials used in this study were copper(II) sulfate 

pentahydrate (CuSO₄·5H₂O), sodium sulfate (Na₂SO₄), 

sodium hydroxide (NaOH), and lactic acid (C₃H₆O₃), 

supplied by PT. Merck Tbk, Indonesia. The substrate was 

indium tin oxide (ITO) coated onto a polyethylene 

terephthalate (PET) film. 

2.2 Methods 

2.2.1 Synthesize of Cu2O and Co-doped Cu2O 

The electrolyte solution was prepared with the 

following composition: 0.025 M CuSO₄·5H₂O, 0.2 M 

Na₂SO₄, and 2 M C₃H₆O₃. CoSO₄·7H₂O was added with 

varying concentrations as detailed in Table 1. 

Table 1. Concentrations of the electrolyte solution. 

Sample CoSO4.7H2O (M) 

Cu2O 0 

Co-doped Cu2O 1 0.002 

Co-doped Cu2O 2 0.005 

Co-doped Cu2O 3 0.01 

Co-doped Cu2O 4 0.02 

 

The pH of the electrolyte solution was adjusted to 10 by 

the dropwise addition of 10 M NaOH. Subsequently, 

electrodeposition was performed at a constant potential 

of -0.3 V for a duration of 30 minutes under illumination 

from a solar simulator. 

Figure 1. Diffraction pattern of Cu2O and Co-doped Cu2O (a) and shifting diffraction angle at 2θ 36.52° (b). 
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2.2.2 Phase and structural characterization 

Phase analysis was conducted using an X-ray 

diffractometer (XRD, SmartLab Rigaku). Raman 

spectrometer (Horiba Scientific, yexc 532) with a 

wavelength of 532 nm was illuminated, and the Raman 

shift was recorded in the range of 50-1000 cm⁻¹. 

2.2.3 Morphological characterization 

Scanning electron microscopy (SEM, JIB-4610F 

equipped with a Schottky electron gun, accelerating 

voltage ranging from 0.1 to 30 kV) was employed to 

characterize the particle morphology. 

3. Results and Discussion 

The presence of Cu₂O in the synthesized samples was 

confirmed by XRD analysis, as presented in Fig. 1a. The 

diffraction pattern exhibits characteristic peaks 

corresponding to the cubic phase of Cu₂O at 2θ 36.52°, 

42.4°, 61.52°, and 73.72°, which are associated with the 

(111), (200), (220), and (311) planes, respectively, and 

match the reference data COD 10000063. A noticeable 

shift in the diffraction peak of the (111) plane, as illustrated 

in Fig. 1b, indicates successful doping, attributed to lattice 

strain caused by the substitution of Co atoms into the Cu₂O 

lattice [20]. Moreover, the Co-doped Cu₂Osample 

generated sharper diffraction peaks compared to undoped 

Cu₂O, suggesting improved crystallinity [21]. 

The full width at half maximum (FWHM) of the (111) 

diffraction peak was employed to estimate the crystallite 

size using the Debye-Scherrer equation, as shown in 

equation 1 [22]. 

𝐷 =
𝐾𝜆

B(hkl)Cosθ
     (1) 

where D is the crystallite size, K is the shape factor, λ 

represents the wavelength of the CuKα radiation, B(hkl) is 

the FWHM of the diffraction peak, and Cos θ is the Bragg 

angle. The calculated crystallite sizes for Cu₂O and Co-

doped Cu₂O samples are summarized in Table 2. 

Table 2. Crystallite size of Cu2O and Co-doped Cu2O. 

Sample Crystallite size (nm) 

Cu2O 18.3 

Co-doped Cu2O 1 14.4 

Co-doped Cu2O 2 15.0 

Co-doped Cu2O 3 15.0 

Co-doped Cu2O 4 16.0 

 

Incorporating Co dopant influences the crystallite size 

of Cu₂O. Specifically, the dopant leads to a reduction in 

crystallite size, attributed to lattice distortion arising from 

the disparity in atomic radius between Cu and Co [16]. 

Conversely, an increase in dopant concentration generally 

promotes the growth of Co-doped Cu₂Ocrystallites. This 

phenomenon is associated with heightened lattice strain 

and the generation of interstitial atoms, ultimately 

contributing to an expansion in crystallite dimensions 

[23,24]. 

 

 
Figure 2. Raman shift of Cu2O and Co-doped Cu2O with different 
doping concentrations. 

To further analyze cobalt doping, Raman spectra were 

obtained, as shown in Fig. 2. Raman analysis revealed 

characteristic Raman shifts corresponding to Cu₂O crystal 

vibrations at 95 and 220 cm⁻¹, which are attributed to the 

Γ₁₅⁻ and 2Γ₁₂⁻ modes, respectively [25,26]. Furthermore, 

peaks at 145 and 625 cm⁻¹ are characteristic of infrared-

active Γ₁₅⁻ vibrational modes induced by oxygen vacancies 

[25,27]. Notably, the peak at a Raman shift of 145 cm⁻¹ was 

absent in the pure Cu₂O sample. This observation indicates 

the successful incorporation of the Co dopant. The 

introduction of Co atoms into the Cu₂O crystal lattice likely 
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perturbs the lattice stability, potentially leading to the 

formation of defects, specifically oxygen vacancies. 

Significant morphological changes were observed in 

the Cu2O samples upon Co doping, as clearly shown in Fig. 

3. The pristine Cu2O sample exhibited a spherical structure 

with random orientation. Both the Co-doped Cu2O 1 and 

Co-doped Cu2O 2 samples displayed an identical structure, 

appearing to be composed of two layers: a pyramidal 

structure coated with a spherical structure. The finest 

particle morphology was observed in the Co-doped Cu2O 3 

sample. The morphology of Co-doped Cu2O 3 and Co-

doped Cu2O 4  showed spherical particle shapes with less 

distinct grain boundaries. This irregular morphology could 

be influenced by illumination during electrodeposition. As 

the Cu2O layer forms, it actively generates photogenerated 

electrons that can be utilized to reduce precursor ions 

[19,28]. These active sites may lead to rapid particle 

growth compared to less active sites, potentially resulting 

in the observed random orientation of particle shapes. 

Table 3 presents the results of the EDS elemental 

percentage measurements. The atomic percentages of the 

constituent elements of the ITO substrate decreased with 

increasing Co doping. This indicates the influence of Co 

doping in enhancing the particle growth rate. The absence 

of detectable monometallic Co in samples Co-doped Cu2O 

1 to 3 suggests the successful incorporation of the dopant. 

Figure 3. SEM micrograph top surface of Cu2O and Co-doped Cu2O with different doping concentration, 0 M (a), 0.00 2M (b), 0.005 M 
(c), 0.01 M(d), and 0.02 (d). 
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However, the higher doping percentage in sample Co-

doped Cu2O 4 resulted in a trace amount of monometallic 

Co, measuring 0.2%. This quantity is relatively smaller 

compared to findings in previous studies [26]. 

Table 3. Compositions of elements contained in Cu2O and Co-
doped Cu2O coated on the ITO substrate. 

Element Cu2O Co-
doped 
Cu2O 1 

Co-
doped 
Cu2O 2 

Co-
doped 
Cu2O 3 

Co-
doped 
Cu2O 4 

Cu 54.1 68.4 72.1 71.3 75.8 
O 41.8 29.5 26.8 27.6 23.3 
In 3.9 2.0 1.0 1.0 0.7 
Sn 0.3 0.1 0.1 0.1 0.1 
Co 0 0 0 0 0.2 

 

4. Conclusion 

The synthesis of Co-doped Cu₂O was successfully 

achieved via a photoelectrodeposition method at room 

temperature. XRD analysis indicated the incorporation of 

Co atoms into the Cu₂O crystal lattice, as evidenced by a 

shift in the (111) diffraction peak. Cobalt doping initially led 

to a decrease in the Cu₂O crystallite size. In addition, the 

crystallite size subsequently increased with higher doping 

concentrations. Raman spectroscopy results corroborated 

the XRD findings, revealing an increase in oxygen vacancies 

upon Co doping. The irregular morphology of the Cu₂O 

potentially arises from the illumination during the 

deposition. Future studies could focus on optimizing the 

doping concentration and illumination parameters to 

further enhance the structural and optical properties of 

Co-doped Cu₂O for potential applications in 

photoelectrochemical devices. 
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