
HAL Id: hal-03234292
https://hal.science/hal-03234292v1

Submitted on 25 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Gradient doping of Cu(I) and Cu(II) in ZnO nanorod
photoanode by electrochemical deposition for enhanced

photocurrent generation
F.Z. Nouasria, D. Selloum, A. Henni, D. Zerrouki, Sophie Tingry

To cite this version:
F.Z. Nouasria, D. Selloum, A. Henni, D. Zerrouki, Sophie Tingry. Gradient doping of Cu(I) and Cu(II)
in ZnO nanorod photoanode by electrochemical deposition for enhanced photocurrent generation.
Ceramics International, 2021, �10.1016/j.ceramint.2021.03.312�. �hal-03234292�

https://hal.science/hal-03234292v1
https://hal.archives-ouvertes.fr


1 
 

Gradient doping of Cu(I) and Cu(II) in ZnO nanorod photoanode by electrochemical 

deposition for enhanced photocurrent generation 

F. Z. Nouasria1, D. Selloum 1, A. Henni 1*, D. Zerrouki 1, S. Tingry 2 

1 Lab. Dynamic Interactions and Reactivity of Systems, Kasdi Merbah University, Ouargla 

30000, Algeria. 

2 Institut Européen des Membranes, UMR 5635, Université Montpellier, ENSCM, CNRS, 

Montpellier, France 

 

* Corresponding author. Abdellah Henni 

E-mail address: henni.abdellah@gmail.com, henni.abdellah@univ-ouargla.dz  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Abstract  

 

This study describes the synthesis and characterization of Cu-doped ZnO nanorods 

(NRs) by an electrochemical method in the presence of two different Cu precursor (Cu+2 and 

Cu+) in order to improve photocurrent generation. Analyses of the resulting materials by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), UV-Vis and electrochemical 

photocurrent (ECP) spectroscopy confirm the formation of well-aligned ZnO Würtzite 

nanostructures in the form of hexagonal rods. For both doping source with a concentration of 

up to 0.5%, the following changes were observed: a distortion of the ZnO morphology, an 

increase in transmittance to 96% for ZnO doped with Cu+2, and a reduction of the energy gap 

from 3.36 eV to 3.06 and 3.02 eV for ZnO doped with Cu+2 and Cu+, respectively. From 

photoelectrochemical tests, the photo-current density was improved up to 0.05 mA.cm-2 in the 

presence of Cu doping, which is twelve times superior to that of undoped ZnO nanorods, which 

means that the incorporation of Cu+2 or Cu+ significantly improves the separation efficiency of 

photogenerated electron-hole pairs. These results can be considered promising for 

optoelectronic and photocatalysis applications. 

 

Keywords: Electrodeposition; Copper(II) chloride; Copper(I) chloride; Nanorods; Photo-

current 
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1. Introduction  

Semiconductors based on nanomaterials of metal oxide have been booming over the 

recent decade because of the remarkable electronic and optical characteristics of these systems, 

which make it possible to envisage future components for micro- and nano-optoelectronics 

[1,2]. Among these metal oxides, the properties of zinc oxide (ZnO) are of particular interest, 

notably because of its non-toxicity, biocompatibility, ease of synthesis at low cost, physical and 

chemical stability [3], and photo-spectroscopic characteristics such as a room temperature band 

gap of 3.37 eV and a high exciton binding energy of 60 meV [4]. 

Intensive studies carried out on ZnO have led to the synthesis of various morphological 

structures from 1D to 3D Intensive studies conducted on ZnO have led to the synthesis of 

various morphological structures from 1D to 3D [5], leading to their use in numerous 

applications such as solar cells [6–9], photo-catalysis [10–12], photoelectrochemical (PEC) 

water splitting [13,14], self-cleaning surfaces [15], supercapacitor [16], sensors and biosensors 

[17,18]. The synthesis of ZnO is based on different manufacturing processes including 

sputtering [19], spray pyrolysis [20], hydrothermal [21], sol gel [22] and electrodeposition 

[23,24]. The latter is interesting because it is inexpensive, achievable at low temperatures, 

allows modulating the morphology of ZnO (thin layers or high-quality nanostructures) by 

adjusting the deposition parameters (potential, current density, bath temperature and precursor 

concentration [25]). In addition, several literature studies have confirmed that doping ZnO 

nanocrystals with an adequate amount of Mg, Ni, Al , Fe and Cu [26–31], modifies its electrical, 

magnetical and optical properties. In particular, Cu is considered an interesting dopant due to 

its low cost and its many chemical and physical characteristic similar to those of Zn due to the 

similarity of its electronic structure, leading to the replacement of Zn by Cu in the low-energy 

ZnO lattice [32]. The production of UV photodetection devices based on the growth of ZnO 

nanorods doped with different amounts of copper sulfate as a source of doping by deposition in 

a chemical bath has been reported, allowing to achieve a photocurrent of 3.27 mA at a bias 
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voltage of 5 V [33]. Another work describes the sol-gel process to elaborate Cu2+ doped ZnO 

thin films [34].  A zinc acetate bath was used as a growth medium with two different copper 

precursors (Cu(CH3COO)2 and CuCl2) to enhance the sensing properties of ZnO nanomaterials 

in the propane gas atmosphere. A highest sensitivity value was recorded for the CuCl2 

precursor, reflecting changes in the morphology of the surface of the material, and thus a change 

in the adsorption energy of the contact zone.  

The influence of the copper precursors (Cu(CH3COO)2 and  Cu(NO3)2) was also studied on Cu-

doped ZnO grown hydrothermally on a quartz substrate seeded with a ZnO layer. The nanorods 

doped with Cu(CH3COO)2 had better crystallization and a larger diameter than the nanorods 

doped with Cu(NO3)2, however, the total transmittance increased from 80% to 90% when the 

Cu source changed from Cu(CH3COO)2 to Cu(NO3)2, respectively [35]. The growth method of 

ZnO and the chemical source of copper have been identified as the key issue to improve the 

properties of ZnO-based nanostructures. However, the majority of studies have focused on the 

use of copper acetate or copper nitrate as a source of dopant to form ZnO nanorods while the 

influence of copper chloride in the valence state (+2) has been rarely reported and, to our 

knowledge, no studies have been conducted previously with copper chloride in the valence state 

(+1). 

In this work, we provide a basic understanding of how the source doping and the concentration 

of copper can alter the electrical properties of ZnO material prepared by electrochemical 

method. In general, ZnO is electrodeposited by applying a potential or a current from an 

aqueous medium containing zinc salts at low temperature and in the presence of OH- anions 

that could be supplied from (NO3
-), (O2) or (H2O2) [36]. In this study, H2O2 was chosen to 

provide the OH- anions and contrary to previous research, the Cu dopant from copper chloride 

in the form of two different valences Cu+ and Cu+2 in the starting solutions was selected. A 
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progressive Cu doping was applied to study the optical, structural, photo-electrochemical and 

morphological properties of ZnO (NRs). 

 

2. Experimental 

2.1 Materials 

Zinc chloride ZnCl2 (Biochem, purity ˃ 98%), potassium chloride KCl (Sigma-Aldrich, purity 

˃ 99%), hydrogen peroxide H2O2 (Biochem, 30%), copper(I) chloride CuCl (Sigma-Aldrich), 

copper(II) chloride CuCl2 (Sigma-Aldrich), sodium sulfate Na2SO4 (Sigma-Aldrich) were used 

as received. ITO glass was obtained from (SOLEMS, resistivity ~ 30 Ω/square). 

 

2.2 Preparation of samples 

The electrodeposition technique was conducted with a classical cell of three electrodes 

using a potensiostat-galvanostat (PGSTAT204) and equipped with the NOVA software. Pure 

and doped ZnO nanorods were electrodeposited onto a glass substrate wrapped with transparent 

conductive oxide ITO (indium doped tin oxide) of an active surface area of 1cm2. The substrate 

was pre-cleaned to remove surface impurities in an ultrasonic bath, twice 10 min in acetone and 

ethanol and finally in diluted HNO3 for 3 min, with rinsing with hot deionized water between 

each cleaning step. A platinum plaque was used as a counter electrode and a saturated calomel 

electrode (SCE) as reference electrode. ZnO was electrodeposited from an aqueous medium 

containing 0.1 M of potassium chloride (KCl), 5 mM of zinc chloride (ZnCl2), and 5 mM of 

hydrogen peroxide (H2O2) [37]. Doped-ZnO samples were obtained by adding in the solution 

the copper salts (CuCl or CuCl2). Various molar concentration ratio of ([CuCl]/[ZnCl2]) and 

([CuCl2]/[ZnCl2])  in the starting solution were tested: 0.1, 0.2, 0.5 and 1%.  

The Cu-doped ZnO materials were named C1ZnO and C2ZnO, where C1 indicates the presence 

of Cu+ and C2 the presence of Cu2+. All samples were synthesized by potentiostatic mode by 

applying the voltage of -1.0 V vs. SCE for 40 min at the temperature of 70°C [38]. Double 



6 
 

distilled water was used to prepare the solutions and the samples were not subjected to any 

annealing treatment. 

  

2.3 Characterization methods  

Scanning electron microscopy (SEM) was performed on a TESCAN ,VEGA3-SBH coupled 

to a microscope for energy-dispersive X-ray (EDX) analyses. X-ray diffraction (XRD) patterns 

were collected using a MiniFlex Benchtop diffractometer with monochromatic Cu K radiation 

(λ= 1.54 Å). UV-Visible analyses were performed on a Shimadzu spectrophotometer (model 

UV-2300) to measure optical transmittance. XPS measurements were carried out on a Kratos 

Axis Ultra using AlKα (1486.6 eV) radiation. The photo-electrochemical tests were carried out 

with a classical cell of three electrodes: a saturated calomel electrode (SCE) as reference 

electrode, a platinum plaque as counter electrode and the doped-ZnO nanorods as working 

electrode. The three electrodes were immersed in 0.1 M Na2SO4 solution and the photo-

response was recorded at 0.2 VSCE under intermittent illumination of UV light using an 

ultraviolet lamp (UV Camag, 365 nm). 

3. Results and discussion 

3.1 Mechanism of ZnO electrodeposition 

The electrochemical process for the deposition of ZnO nanostructures produced from 

hydrogen peroxide follows the different steps: first, H2O2 migrates by diffusion and is adsorbed 

on the working electrode (ITO), giving rise to reduction mechanisms and the formation of 

hydroxide ions (OH-). Once produced, OH- ions accumulate on the surface of the electrode, 

resulting in a local increase in pH. Then, on the electrode surface, the Zn2+ ions react with the 

OH- ions to form Zn(OH)2, which is unstable and evolves into ZnO as a final product at 

temperatures ranging from 60 to 70°C (eq.1) [39]. 

             𝑍𝑛+2 + 2𝑂𝐻− → 𝑍𝑛(𝑂𝐻)2
70 °𝐶
→   𝑍𝑛𝑂 + 𝐻2𝑂     (1)                       
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Copper salts can also react with OH- ions on the surface of the electrode, but the absence of the 

characteristic peaks of Cu2O or CuO in the XRD spectra (see the structural characterization) 

suggests that the introduction of Cu+ or Cu2+ ions into the medium in the presence of Zn2+ ions 

does not noticeably change the chemical structure of ZnO. It can therefore be supposed that a 

minor fraction of Zn is substituted by Cu in the ZnO lattice. 

 

3.2 Structural characterization  

The crystallographic structure of ZnO, C1ZnO and C2ZnO was investigated by X-ray 

diffraction recorded from 20° to 80° (in 2θ). In Fig.1(a,b), all the diffraction peaks are narrow 

and sharp, which means a good crystallization, and can be indexed to hexagonal Würtzite 

structure of zinc oxide (JCPDS card No. 01-080-0074). The XRD shows a preferential 

orientation along the (002) plane suggesting that the crystalline grains are mainly oriented along 

the c-axis. The appearance of low-intensity peaks for pure ZnO has been referred to (100), (101) 

and (103) planes at 2θ = 31.82°, 36.30° and 62.89°, respectively. In addition, no peaks related to 

any another copper or zinc phases (i.e. no impurities) are observed, indicating that the 

concentration of the dopants are below the solubility limit. 

The intensity of C1ZnO and C2ZnO peaks decreases with increasing Cu concentration and this 

decrease is greater for C2ZnO than for C1ZnO. This can be explained by the ionic radius of Cu2+ 

(71 p.m), which is slightly smaller than that of Cu+ (73 p.m) and close to that of Zn2+ (74 p.m) 

[40,41]. The substitution of Zn2+ in the ZnO lattice with Cu2+ ions creates shorter bonds than in 

the presence of Cu+ ions, which can degrade the quality of the crystal. In addition, in the 

presence of Cu2+, the peak position of (002) plane shifts to higher angles (Fig 1a). According 

to P.Jongnavakit et al. [42], the replacement of Zn2+ by Cu2+ ions shifts the peaks to higher 

angles, which confirms our observation. However, for C1ZnO, the peak position of (002) plane 

moves toward lower angles values when the Cu+ concentration is increased (Fig 1b). In general, 
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the XRD spectra obtained for C1ZnO and C2ZnO are quite similar to those reported in previous 

researches [29,41]. We believe that the oxidation state (+1 or +2) of the Cu ions in the ZnO 

lattice is responsible for the discrepancy in the above findings. 

 

Fig. 1. XRD patterns: a) C2ZnO and b) C1ZnO for different molar concentration ratio: 0, 

0.1, 0.2, 0.5 and 1%  

 

In order to properly understand the effect of doping by Cu+ and Cu2+ on the structure of ZnO 

(NRs), we have estimated the lattice parameters, a and c, from the (002) and (100) peaks of 

ZnO, using the equation (2) [43], where d is the inter-planer spacing (in Å), h , k and l are the 

miller indices: 

2𝑑 sin 𝜃 = 𝑛𝜆  𝑎𝑛𝑑 𝑑2  = [
4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
]
−1

       (2) 
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From Table 1, the lattice parameters of pure ZnO were estimated to be a = 3.007 Å and c = 

5.2083 Å. For the C2ZnO samples, both parameters decreased with the increase of Cu2+ 

concentration compared with pure ZnO, the shortening in the c-axis proving the substitution of 

Cu2+ by Zn2+ at the Zn sites in the ZnO lattice. Our observation is similar to the result obtained 

by F.Ghahramanifard et al. [40], where a and c parameters decreased with increasing  Cu2+ 

content up to 0.5%. When CuCl was used as Cu precursor instead of CuCl2, the lattice 

parameters value changed slightly as the Cu+ content increases. The difference in the lattice 

parameters between C2ZnO and C1ZnO samples can be assigned to the existence of micro-

strains and lattice defects in the crystal and the small difference in ion radius size between Cu+ 

and Cu2+. According to the literature [44], an ideal ZnO structure has a ratio (c/a) between 1.593 

to 1.603. Our results are slightly higher with a ratio of 1.732, which indicates that Cu+ or Cu+2 

does not caused considerable distortion in the hexagonal structure of ZnO wurtzite. To 

determine the crystallite size of ZnO, C1ZnO and C2ZnO samples, the Scherrer equation (eq. 3) 

was applied [41]: 

D = 
0.9 𝜆

 𝛽 𝑐𝑜𝑠𝜃(002)
          (3) 

Where λ is the X-ray wavelength, β is the full width at half maximum (FWHM) in radians and 

θ is the Bragg’s angle.  

As shown in table 1 and fig. 2, the decrease in crystallite size with Cu doping is due to the 

appearance of new small crystallites. This is explained by the Zener theory [45], which accepts 

that the introduction of copper ions into the host ZnO crystal acts as an obstacle preventing both 

grain movement and crystal growth. Finally, to identify the state of stress of the samples, the 

strain ε (along the c-axis) and the residual stress σ (parallel to the layer surface) were 

calculated from (eq. 4 and 5) [32,40]: 

 ε (%) = 
𝐶− 𝐶0

𝐶0
× 100       (4) 

σ (Gpa) = - 233 × ε       (5) 
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Where c is the lattice parameter of the electrodeposited layer and c0 is the lattice parameter of 

the standard ZnO powder (c0 = 0.5215 nm).  

As observed in Table1, the negative sign of ε values indicates that the ZnO layer is under a 

compressive strain along the c axis, whereas, the positive sign of the σ values indicates that the 

nanostructures are subjected to tensile stress perpendicular to the c-axis. Besides, it is worthy 

to note that the incorporation of copper in ZnO lattice affects the stress state, which, in turn, 

affects the position of the peak as discussed previously [46,47]. 
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Fig. 2. Variations of crystallite size (D), strain (ε) and stress (σ) for: a) C2ZnO and b) 

C1ZnO for different copper content: 0, 0.1, 0.2, 0.5 and 1%. 

 

 

Table 1. Crystal data extracted from the XRD diagrams of pure ZnO, and ZnO doped with 

Cu+ and Cu2+ for different molar concentration ratios: 0, 0.1, 0.2, 0.5 and 1%. 

Sample 
2θ (°) 

(002) 

Lattice 

parameters c/a 

ratio 

D 

(nm) 
ε (%) 

σ 

(Gpa) a=b 

[Å] 

c 

[Å] 

Pure 

ZnO (0%) 
34,410 3,007 5,208 1,7319 39,04 -0,0012 0,29 

0.1% C2ZnO 34,462 3,002 5,200 1,7321 32,81 -0,0027 0,63 

0.2% C2ZnO 34,471 3,001 5,199 1,7324 34,27 -0,0029 0,69 

0.5% C2ZnO 34,536 2,996 5,189 1,7319 33,9 -0,0048 1,12 

1%  C2ZnO 34,473 3,001 5,199 1,7324 32,75 -0,0030 0,70 

0.1% C1ZnO 34,428 3,005 5,205 1,7321 35,61 -0,0017 0,41 

0.2% C1ZnO 34,388 3,008 5,211 1,7323 36,34 -0,0006 0,15 

0.5% C1ZnO 34,445 3,004 5,203 1,7320 30,84 -0,0022 0,52 

1%  C1ZnO 34,394 3,008 5,210 1,7320 34,72 -0,0008 0,19 
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3.3 Morphological characterization  

The morphology in top view of the ZnO, C1ZnO and C2ZnO samples is showed in Fig. 3. The 

ZnO material obtained without Cu doping appears as a flat surface consisting of uniform and 

closed hexagonal nanorods packed against each other. For C2ZnO, with the increase in the Cu2+ 

concentration in the ZnO lattice, the shape of the nanorods changes: at 0.1% Cu, the size of the 

nanorods becomes smaller, then the nanostructures coalesce at 0.2% Cu2+ and some of them 

overlapped with each other, manifesting themselves on the surface as a flower-like structure. 

Srinivasan [48] has clarified this phenomenon as a result of the increased surface energy of ZnO 

in the presence of impurities, which give rise to the development of nano-flowers. At 0.5 and 

1% Cu2+, other structures begin to appear with a deterioration of the majority of the hexagonal 

rods and a random distribution of their diameter between 134 and 308 nm. 

For C1ZnO, the effect of ZnO doping with Cu+ results in a different evolution of the material. 

Up to 0.2% Cu2+, a higher density of smaller diameter nanorods is observed, and from 0.5% 

Cu+, the diameter of the nanorods appears to increase slightly, giving rise to popcorn-like 

structures in the presence of 1% Cu+. This result is in agreement with our observations from the 

previous XDR analyses, which showed a deformation of the lattice parameters with the 

presence of Cu in ZnO.  The number of the ZnO nanorods per unit area (density) obtained is of 

the order of 7×108 NRs/cm2 while the nanorods density is 8×108NRs/cm2 for arrays doped with 

0.5 % of Cu2+ and 9×108NRs/cm2 for those doped with 0.1% of Cu+. 

 

It is interesting to note that the growth medium of ZnO is sensitive to compositional changes. 

Consequently, the incorporation of Cu+ or Cu2+ ions modifies the growth procedure of the 

nanorods which act as defects in the ZnO host lattice [49]. 
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Fig. 3. Top view SEM images for ZnO, C1ZnO and C2ZnO for different molar concentration 

ratio: 0, 0.1, 0.2, 0.5 and 1% 

 

A qualitative analysis for C1ZnO, C2ZnO and ZnO samples was performed by EDS analysis.  

From Fig. 3, for undoped ZnO, the existence of both Zn and O elements confirms the formation 

of ZnO structures. After doping, the presence of Cu indicates the successful integration of Cu 

into the ZnO lattice. As expected, the percentage of Cu increases with the increasing in CuCl2 

and CuCl salts in solution. The higher Cu content observed in the ZnO lattice that was obtained 

from the CuCl salt can be explained by the release of a lower amount of Cl- anions, which 

adsorbed on the surface of the electrode and thus slowed down the ZnO (NRs) deposition 

mechanism. The EDS analysis does not reveal the presence of other peaks from possible 

impurities, and the findings are in good agreement with those obtained by X-ray diffraction.  
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Table 2. Cu content in the initial medium and in samples detected by EDS. 

Sample 

Initial Cu 

concentration  

(μmol) 

Molar 

concentration ratio 

(Cu salt/Zn salt)  

Atomic Cu content 

measured by  

EDS (at.%) 

CuCl 

5 0.1 0.04 

10 0.2 0.14 

25 0.5 0.28 

50 1 0.87 

CuCl2 

5 0.1 0.02 

10 0.2 0.09 

25 0.5 0.10 

50 1 0.13 
 

 

3.4 Optical properties  

The influence of Cu doping on the transmission and on the band gap of the samples was 

studied by UV-Visible spectrophotometry. From Fig. 4, it is clear that both C1ZnO and C2ZnO 

exhibit a red shift of the absorption edge compared to ZnO. This observation can be taken as 

an indicator for the decrease of the optical band gap [32].  According to Fig. 4a, the transmission 

value increases from 77.46 for ZnO to the maximum value of 96.13% for C2ZnO (doped with 

0.1% Cu2+). This trend has also been observed by Kumaresan et al. for the doping of ZnO with 

copper and aluminum. For C1ZnO samples (Fig. 4b), we observe two trends: first, the 

transmission value increases to the maximum value of 86.03% for ZnO doped with 0.2% Cu+, 

and second, the transmittance value drops sharply to 51% for ZnO doped with 1% Cu+. The 

increase in transmission can be explained by the formation of a thin layer of electrodeposited 

nanorods on the electrode, while a thicker layer of electrodeposited nanorods results in lower 

transmission. The highest transmission values are obtained for C2ZnO, which can therefore be 

considered a preferable material to C1ZnO for electro-optical UV applications and solar cells, 

as they require the use of materials with high optical transparency and electron conduction 

properties. However, the lower transmittance of C1ZnO (doped with 1% Cu+) indicates that this 
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material has a higher absorbance in the visible region, which is preferable for photocatalytic 

applications using visible light. The band-gap energy (Eg) can be estimated using the following 

equation  [49]:  

h = A (h - Eg)
n                                                                                                                    (6) 

Where  is the absorption coefficient, h is the photon energy, Eg is optical band gap and the 

exponent n is equals to (1/2) in our case.  

To verify the optical band gap reduction, we plotted the variation of (αhυ)2 as a function of (hυ) 

as shown in Fig. 5. The band-gap energy (Eg) of ZnO, C1ZnO and C2ZnO is determined from 

the extrapolation of the linear part with the hυ axis for (αhυ) 2 = 0. The Eg value of ZnO (NRs) 

is about 3.36 eV, which is almost the same of ZnO in the massive form 3.37 eV [4]. However, 

when Cu content increases from 0.1 to 1% in ZnO, Eg decreases from 3.20 to 3.06 eV for 

C2ZnO, and from 3.34 to 3.02 eV for C1ZnO (Fig. 5c). The decrease in Eg has also been 

observed by other authors when doping ZnO with Cu [29,41], and is explained by the exchange 

interactions at the p-d orbitals (3d Zn and 2p O to 3d Cu and 2p O) during the introduction of 

copper ions in the ZnO lattice [46,50,51]. Additionally, the significant difference in electro-

negativity between Zn (1.65) and Cu (1.95) atoms may also be a reason for the reduction of the 

band-gap [52]. 
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Fig. 4. Transmittance spectra of Cu-doped ZnO for a) C2ZnO and b) C1ZnO for different 

molar concentration ratio: 0, 0.1, 0.2, 0.5 and 1% 
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Fig. 5. Band gap energy plot for a) C2ZnO, b) C1ZnO for different molar concentration ratio: 

0, 0.1, 0.2, 0.5 and 1%, c) Eg Vs. CuCl and CuCl2 content. 

 

 

3.5 XPS analysis 

To determine the presence of Cu in the doped samples, X-ray photoelectron 

spectroscopy (XPS) measurements were performed on the samples 0.1% C1ZnO, 0.5% C2ZnO, 

and pure ZnO, based on the best results obtained for the photoelectrochemical tests. From the 

survey spectrum in Fig. 6a, the peaks are attributed to the Zn, C, O elements, and additional 

peaks characteristic of Cu 2p are observed at around 965 eV, confirming the presence of Cu 

element in the samples C1ZnO and C2ZnO. The presence of carbon is caused by the inevitable 

air exposure when the sample is placed into the XPS chamber. Fig. 6b shows the Zn 2p spectra 

of C1ZnO, C2ZnO, and pure ZnO samples. The binding energies at 1020.7 and 1043.7 eV are 

related to Zn 2p3/2 and Zn 2p1/2 lines, respectively. The distance between the peaks Zn 2p3/2 and 

Zn 2p1/2 is 23.1 eV, reflecting the oxidation state of  Zn2+ in ZnO [53]. After doping, the peaks 

slightly shift toward a higher binding energy, suggesting that Cu2+ and Cu+ have substituted 

Zn2+ in the ZnO lattice [54,55]. Figs. 6c,e present the O 1s spectrum of C2ZnO and C1ZnO 

samples. The peak is splitted into three peaks. The peak ~530 eV corresponds to the oxygen 

O2− in the crystal lattice linked to Zn2+, forming the O–Zn bonds. The peaks at ~531 eV 

corresponds to the adsorbed oxygen, while the peak at ~532 eV can be attributed to the presence 

of both hydroxyl groups and a small amount of water molecules in the ZnO lattice.  

Fig. 6d displays the Cu 2p spectrum of C2ZnO, where two peaks are detected at 952.2 

and 932.4 eV that correspond to the electronic configurations of Cu 2p3/2 and Cu 2p1/2, 

respectively, confirming that Cu is in a divalent valence state (Cu2+) [55]. For C1ZnO, in Fig. 

6f, the two electronic configurations of Cu are located at 952.4 and 932.6 eV, respectively 
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[17,54]. Based on the XPS results, it is evident that Cu exists in the cationic state Cu2+ or Cu+ 

in the materials as a result of a partial replacement of a fraction of the Zn2+ sites in ZnO. 

 

  

  

 

 

 

 

Fig. 6. X-ray photoelectron spectroscopy (XPS) of ZnO, 0.5% C2ZnO and 0.1% C1ZnO 

nanorods. 
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3.6 Photoelectrochemical tests 

When a semiconductor is exposed to photons of a wavelength exceeding its interval, it 

generates electron-hole pairs (e-,h+) at the point of radiation absorption.  Photoelectroactivity 

tests were carried out by chronoamperometry in a 0.1 M Na2SO4 medium for pure and Cu-

doped ZnO samples. The change in current density was recorded over time under intermittent 

UV light (every 5 seconds) and an imposed potential (E = 0.2 VSCE). The results are shown in 

Fig. 7. In the dark, the photocurrent of all samples decreases quite rapidly until the electrode 

equilibrium is restored. However, under UV illumination (365 nm), an important increase in 

current density is observed for C1ZnO and C2ZnO. For pure ZnO, the photocurrent density is 

about 0.004 mA.cm-2, while for C2ZnO samples (Fig. 7a), the photocurrent response increases 

to the maximum value of 0.05 mA.cm-2 when the molar concentration ratio reaches 0.5% and 

then decreases to 0.016 mA.cm-2 for 1%. In contrast, the photocurrent density of C1ZnO (Fig. 

7b) reaches 0.04 mA.cm-2 at the molar concentration ratio 0.1%, and then gradually decreases 

to 0.01 mA.cm-2 for 1%. Compared to pure ZnO, the improvement is 10 times greater for C1ZnO 

while it is 12 times greater for C2ZnO. The drop in the photo-current response at the molar 

concentration ration of 1% could be caused by the high amount of Cu incorporated in the host 

lattice, which might act as a deep electron trap and thus degrade the photo-activity of the 

resulting material  [28]. As we mentioned earlier, when a semiconductor is exposed to photons 

of a wavelength exceeding its band-gap energy, electrons in the valence band (VB) migrate to 

the conduction band (CB) of the semiconductor material, leaving behind holes in the valence 

band. For pure ZnO, the electrons return to the VB from the CB, however, in the presence of 

Cu, the electrons from the conduction band are rather recovered by the Cu2+ level, inducing the 

reduction of Cu2+ to Cu+, and thus creating defect levels (Cu2+-Cu+) in the mid gap of ZnO. The 

lifetime of the photogenerated carriers is extended and the electron-hole pairs are effectively 
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separated [49]. All electrodeposited ZnO films exhibited an anodic photo-current density, 

characteristic of a n-type semiconductor [26].  

 

 

Fig. 7. Photocurrent-time response of a) C2ZnO, b) C1ZnO, c) photocurrent density vs CuCl 

and CuCl2 content. 
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4. Conclusion  

In this work, we explored the effect of CuCl2 and CuCl doping on the morphological, 

optical and structural properties of ZnO (NRs) using an easy electrochemical deposition 

technique. The XRD results show that the introduction of Cu+ or Cu2+ ions induce defects in 

the ZnO host lattice, leading to the deformation of the ZnO crystal lattice. This phenomenon is 

corroborated by SEM observations, which show changes in the morphology of the 

nanostructures after Cu doping. According to optical measurements, both C1ZnO and C2ZnO 

samples display a redshift in the visible light region as the Cu content increases, which indicates 

a reduction in the optical band gap of ZnO. Lastly, in the presence of Cu dopant, 

photoelectrochemical tests under UV illumination (365 nm) show current densities of 0.04 

mA.cm-2 and 0.05 mA.cm-2 for C1ZnO and C2ZnO, respectively, ten to twelve times superior 

to that of pure ZnO nanorods (0.004 mA.cm-2). The increased photoelectrochemical activity of 

the doped ZnO (NRs) has been attributed to the narrowing of the band gap induced by the 

introduction of defects level in the mid-gap of ZnO lattice. C2ZnO samples characterized by a 

high transmittance and improved photo-current can be considered a preferable material for 

electro-optical UV applications and thin film based solar cells, as they require the use of 

materials with high optical transparency and electron conduction properties. However, the 

lower transmittance of the C1ZnO samples (especially doped with 1% Cu+) might be preferable 

for photocatalytic applications using visible light. 
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