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Abstract. Photoanodes and dye solutions are indispensable in the stability and efficiency of Dye-Sensitized 

Solar Cells’ performance. In this study, the photoanode uses a ZnO sample doped with Cu, made using a green 

synthesis technique with bio-reduction from pineapple skin extract. Meanwhile, using the maceration method, the 

dye solution is made from mulberry fruit extract and moringa leaves. For Dye-Sensitized Solar Cells applications, 

ZnO photoanodes doped with 1%, 3%, 5%, and 10% Cu were each depleted on ITO glass and immersed in the dye 

solution for one day. The results were then tested for electrical conductivity and performance in Dye-Sensitized 

Solar Cells. Adding Cu doping concentration to the ZnO photoanode can affect the performance of the Dye-

Sensitized Solar Cell. In this work, the ZnO sample doped with 5% Cu as a photoanode showed the highest efficiency 

at 1.67% with an electron lifetime of 12 ms, compared to the photoanode without Cu doping or with Cu doping at 

concentrations of 1%, 3%, and 10%. Thus, Cu-doped ZnO nanoparticles and dye solutions from natural materials 

can be further developed for Dye-Sensitized Solar Cells applications.  

 

Keywords:  Dye-Sensitized Solar Cells, ZnO nanoparticles, Cu Doping, Dye Solution, Green synthesis. 

1. Introduction  

Dye-sensitized solar Cells (DSSC) are third-procreation solar cells with low outlay, simplicity, and high 

efficiency. These advantages make DSSCs attractive to industry because they offer renewable energy solutions 

with low pollution levels and are environmentally friendly. However, DSSCs have weaknesses in the type of 

dye solution, namely ruthenium, where the availability in nature is minimal (0.0001 ppm) [1] so it is not 

practical for large-scale use even in the long term, although this material has a high energy conversion value, 

reaching 13%. It is a consideration for large-scale DSSC applications, so an alternative to using dye solutions 

from natural materials is needed. 

Natural pigments such as chlorophyll, carotenoids, anthocyanins, lutein, rutin, and betalains extracted 

from various parts of plants, including flowers, fruits, and leaves, can be used as sensitizers in DSSC [2]. Black 

mulberry fruit (Morus nigra L.) and moringa leaves (Moringa oleifera) are rich in anthocyanins and 

chlorophyll. Black mulberry fruit contains anthocyanin pigments of 570.10 ± 77.09 mg/100 g [3] and a light 
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absorption peak of 550 nm. That absorption is similar to ruthenium's, even showing a power conversion 

efficiency of 1.3% [4]. Likewise, Moringa leaves have a chlorophyll content of 10.19-16.51 mg/liter [5] and a 

peak light absorption of 665 nm [6].  

Not only dye solutions but also semiconductor materials, such as photoelectrodes, also affect the 

efficiency of DSSC performance. One of these materials is ZnO, which features a bandgap of 3.37 eV with an 

exciton binding energy of 60 meV [7]. This value is higher than other metal oxides, making ZnO efficient for 

various applications, including antibacterial medication, dye removal, gas sensors, and photoanodes for water 

splitting [8]. Compared to TiO2, ZnO can absorb energy at a larger wavelength and higher electron mobility 

[9]. However, using ZnO on a large scale still needs improvement, given its low efficiency in visible light and 

the rapid recombination of electron-hole pairs [10]. In addition, ZnO tends to form an agglomeration layer on 

the surface [11]. Therefore, doping with cationic elements such as Cu is needed to enhance the ZnO sample's 

ability to absorb visible light, reduce charge pair recombination, and increase electron mobility [11]. 

Cu metal has an ionic radius similar to Zn, allowing Cu to enter the ZnO matrix and change its optical 

properties [12]. Several methods, including co-precipitation, have successfully synthesized Cu-doped ZnO 

nanoparticles for DSSC photoanode applications [8], Layered Double Hydroxide (LDH) [13], sol-gel [14], 

hydrothermal [11], adsorption, and successive ionic layer reaction (SILAR) [2]. Nevertheless, these methods 

generally use special and toxic chemicals as intermediaries to reduce the size and stabilize nanoparticles, so 

they are not environmentally friendly. The use of green synthesis pathways is very relevant to in the 

manufacture of nanoparticles today because the toxicity level of the synthesis process can be reduced so much 

that the negative impact on the environment [15] and does not even require high temperatures and excessive 

energy and is environmentally friendly [16]. Khan et al. [17] reported using the green synthesis method to 

synthesize Cu-doped ZnO from horsetail leaf extract (Stachytarpheta jamaicensis). However, the study only 

focused on antibacterial applications, and the fabrication results still contained Cu ions with a 5 wt% doping 

composition. In previous studies [18], they successfully synthesized nanoparticles of ZnO through green 

synthesis using bioreduction from pineapple peel extract. However, that study was only for photocatalyst 

applications. In contrast, DSSC applications have never been reported, let alone the material used: ZnO 

nanoparticles doped with Cu, which is manufactured using the green synthesis method.  

This research focuses on manufacturing Cu-doped ZnO nanoparticle photoanodes using the green 

synthesis method from pineapple peel extract with dye solution modification from black mulberry fruit extract 

and moringa leaves for DSSC applications. Pineapple peel has been considered organic waste, and its 

utilization can be even better besides being used as animal feed. It should be noted that pineapple peel contains 

bioactive compounds such as saponins, flavonoids, tannins, anthocyanins, vitamin C, carotenoids, and 

bromelain enzymes, which can reduce Zinc ions into ZnO nanoparticles [18]. In addition, these compounds 

can also function as stabilizers in metal solutions by binding to hydroxyls and carboxylates, forming a 

protective layer around metal particles, preventing aggregation, and even maintaining particle size and 

distribution [19]. This study was conducted to determine how adding Cu doping to ZnO nanoparticles affects 

the efficiency and absorption of photon energy in DSSC. 

2. Materials and Methods 

2.1 Materials 

The following are the materials that need to be prepared in this study: Moringa leaves (Moringa Olivera), 

black mulberry fruit (Morus Nigra L.), distilled water, ethanol (Merck), CuSO4.5H2O (Merck), 

Zn(CH3COO)2.2H2O (Sigma Aldrich), NaOH (Sigma Aldrich), acetic acid (Merck), potassium iodide 0.5 M 

(Merck), KCl 3 M (Merck), acetonitrile (Emsure), iodine 0.05 M (Emsure), 8B pencil (Staedtler), PVA 

(Merck), and ITO glass (Sigma Aldrich, 8-12 Ohm-Sq). The equipment used in this study included a mortar 

pestle, digital balance, dry oven, magnetic bar, hotplate stirrer, beaker glass, petri dish, funnel glass, universal 

indicator pH, Whatman filter paper, erlenmeyer flask, pipette, spatula, separatory funnel, scotch tape and 

clamp. 

2.2 Preparation of Cu-doped ZnO nanoparticles  

Before making ZnO nanoparticles by doping with Cu using the green synthesis method, ZnO 

nanoparticles were prepared, as described in previous research [18]. Pineapple fruit was separated from the 

skin to take the pericarp, and the pulp was washed with distilled water. Furthermore, 10 g of pineapple skins 

were soaked in distilled water and stirred at 75 °C for 1 hour at 350 rpm. The lateness was then left open and 
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filtered to obtain a yellow filtrate. After that, the solution was mixed with 3 g of Zn (CH3COO)2·2H2O and 

CuSO4·5H2O at concentrations of 1, 3, 5, and 10 wt.%. It was then added to distilled water and sonicated at 

40°C for 90 minutes. The result was blended with 4 g of NaOH and 100 mL of distilled water, then centrifuged 

at 3000 rpm for 5 minutes. The result was heated at 120°C for 12 hours and then calcined at 500°C for 2 hours.  

2.3 Preparation of dye-sensitizer solution  

A total of 10 g of Moringa oleifera leaves (Moringa oleifera) and black mulberry fruit (Morus nigra L.) 

were crushed with a blender. After that, each ingredient was dissolved with ethanol for the maceration process, 

left for one day, and then strained using Whatman paper. Black mulberry extract and Moringa leaves were 

combined in a 1:1 ratio. Then, the natural dye extract was gradually dripped with HCl until a pH of 5 was 

reached. Furthermore, filtration was carried out, and a dye solution was obtained from a mixture of Moringa 

leaves and black mulberry fruit. 

2.4 Fabrication of DSSC 

In the fabrication of DSSC, the first step is to make a photoanode by coating ZnO nanoparticle powder, 

either without doping or with Cu doping, on the conductive surface of ITO glass using the doctor blade method. 

Before the coating was carried out, 1.5 g of PVA was dissolved in distilled water and stirred for 30 minutes at 

80℃, forming a gel. After that, the gel was mixed with 0.5 g of ZnO, either without or with Cu doping, and 

then stirred using a mortar and pestle until each formed a paste. Before the paste was applied to the ITO glass 

surface, it was first cleaned with ethanol. The side of the ITO glass was coated with tape, leaving a 2 cm x 2 

cm area open in the middle. The ZnO paste, doped with Cu and without Cu doping, was applied to the middle 

part that was not covered with tape and then heated on a hot plate at 450 °C for 30 minutes. After that, it was 

soaked in a dye solution for 24 hours to achieve maximum absorption. The counter electrode in this study was 

made by referring to previous research [20], specifically by shading an 8B pencil graphite on the ITO 

conductive glass section until evenly distributed.  

Furthermore, 0.8 g potassium iodide was dissolved in 10 ml of acetonitrile to make the electrolyte 

solution. After that, 0.127 g of iodine was mixed with the liquid until it was homogeneous, and an I-/I3
- 

electrolyte solution was obtained. The DSSC construction process uses a sandwich system with two glass 

substrates, one serving as the working electrode and the other as the counter electrode. The electrolyte solution 

of I-/I3
- ions is dripped between the two sides of the glass and clamped using a clamping clip 

2.5 Characterization  

Phase identification of Cu-doped ZnO samples can be determined using the Smartlab Rigaku type X-ray 

Diffraction (XRD) characterization tool, which works using Bragg-Brentano optical rays with a Cu anode 

radiation source, 40 kV, 30 mA, and a CuKα wavelength of 1.54 Å with a testing angle of 20-80°. The 

diffraction pattern of the sample, as determined from the characterization results, was then analyzed 

qualitatively using Match! Software with the search and match technique. The size of the sample's crystallite 

could be reckoned using the Debye-Scherrer formula. The surface morphological structure of the sample can 

be identified using Scanning Electron Microscopy (SEM) characterization, type SU3500, brand Hitachi, with 

a voltage of 15 kV. SEM of characterization results can measure the sample's grain size distribution using a 

bar scale as a reference, which is then processed using ImageJ software by considering 150 grains. The 

absorbance of the sample can be measured using a Hitachi UH-5300 type Ultraviolet-visible spectroscopy 

(UV-Vis) characterization tool at wavelengths of 400-700 nm. The absorbance data from the characterization 

can be used to determine its bandgap energy using the Tauc Plot method analysis. 

The electrochemical properties of DSSC can be determined through Electrochemical Impedance 

Spectroscopy (EIS) characterization using Gamry Instruments, equipped with Reference 3000. This 

characterization provides an impedance response to electrical signals at 0.1 Hz - 10 kHz. Electrical resistance 

in EIS testing is expressed as impedance, a circuit’s ability to withstand the flow of electric current. In the 

Nyquist graph, the x-axis shows the sample's response data for a given frequency range, specifically the real 

impedance value (Z' = Zreal), while the y-axis represents the imaginary impedance (Z" = Zimg). The elements 

that form the equivalent circuit consist of series resistance (Rs), Constant Phase Element (CPE), charge transfer 

resistance (Rct), and Warburg impedance (W), which are used to determine electrochemical and physical 

phenomena in the cell. Rct is the difference between the highest and lowest values of the semicircle formed on 

the graph or can be calculated from the starting point to the end point of the semicircle formation. The Rs value 

is known from the lowest point on the graph, which is caused by the presence of electrolytes. On the Bode 
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phase plot graph, the value of the effective mass of an electron in the solar cell system (τ) can be determined 

according to Equation (1) by knowing the maximum frequency peak (fmax) in Hertz units. 

𝜏 =
1

2π𝑓𝑚𝑎𝑥
,                                                                                                                                               (1) 

Solar simulator test using ABET Technology equipped with Source meter model 2400 Keithley that 

simulates sunlight to test the performance of photovoltaic devices, such as solar cells. The test was conducted 

at a voltage range of 0 to 2 V, an irradiation area of 0.25 cm2, and a light intensity of 100 mW/cm2. The 

efficiency of converting light energy into electricity (η) and the fill factor in DSSC (FF) can be calculated 

using Equations (2), where JSC is the current density (mA/cm2), VOC is the open circuit voltage (Volt), and Pin 

is the light power received from the light source (solar simulator). 

 

𝜂 =  
𝐽𝑆𝐶 × 𝑉𝑂𝐶 × 𝐹𝐹

𝑃𝑖𝑛
× 100%,                                                                                                                     (2) 

3. Result and Discussion 

3.1 Analysis of phase  

The XRD test produced data with diffraction peaks on ZnO samples, both with and without Cu doping 

(ZnO-Cu) at concentrations of 1%, 3%, 5%, and 10%, as shown in Figure 1(a). The sample had diffraction 

peaks at two theta angles, namely 31.73, 34.42, 36.23, 47.53, 56.52, 62.84, 66.30, 67.88, and 69.05°. Each of 

these diffraction peaks indicates the wurtzite phase with the orientation of the crystal planes in sequence at 

(100), (002), (101), (102), (110), (103), (200), (112), and (201). The highest intensity at an angle of 36.23° 

(101) indicates that the ZnO and ZnO-Cu samples have formed a single phase, according to the Joint 

Committee on Powder Diffraction Standards (JCPDS) card number 36-1451. Previous studies reported that 

the maximum peak intensity of the wurtzite phase occurs at an angle of 36.32°, corresponding to the orientation 

of the crystal planes (101) [17]. 

 

 
 

(a) (b) 

Fig.1. (a) Diffraction patterning of Cu doped and undoped ZnO samples, (b) Shift lattice diffraction pattern of the 

ZnO samples doping Cu 

 

Adding Cu doping to the ZnO sample reduces the intensity and shifts the angle of the diffraction peaks, 

as seen in Figure 1(b). At angles 31.73, 34.42, 36.23, 47.53, 56.52, 62.84, 66.30, 67.88, and 69.05°, there is an 

angular shift to 30.76, 33.48, 35.25, 46.60, 55.59, 61.91, 65.37, 67.01, and 68.14° after the addition of Cu 

doping. This change is due to the replacement of Zn2+ ions by Cu2+ ions at the ZnO site, where it is known that 

the radii of the Zn2+ and Cu2+ ions are similar, namely 0.74 Å and 0.73Å. The addition of doping Cu can also 

reduce the crystallite size in ZnO samples and even increase the number of electrons and the rate of electron 

movement in the conduction band [14]. The crystallite size of ZnO samples without Cu doping was 28.64 nm, 

whilst ZnO samples with Cu doping concentrations of 1%, 3%, 5%, and 10% are 22.52 nm, 22.27 nm, 19.65 

nm, and 18.86 nm, respectively, calculated using the Debye-Scherrer formula. The smaller crystallite size in 

the Cu-doped ZnO sample is caused by lattice deformation and increased defect density, possibly due to strain 

from ion substitution [21].  Additionally, the presence of copper as a dopant can put stress on the doped samples 

[11]. 
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3.2 Analysis of morphology and particle size   

The morphology of the ZnO sample in this study, with a magnification of 30,000 times, shows a spherical 

shape with nanocrystallite oligomerization, as seen in Figure 2(a). Increasing the concentration of Cu doping 

in the ZnO sample, as seen in Figure 2(b-e), shows changes in shape and morphology. That is due to 

substituting Cu2+ ions into Zn sites. At a magnification of 35,000 times, the morphology of the Cu-doped ZnO 

sample shows a mixture of spherical and rod-shaped grains, as seen in Figure 2(b-e).  

 

   
(a) (b) (c) 

  

 

(d) (e)  
Fig.2. Morphology of samples (a) ZnO, (b) ZnO with 1% Cu doping, (c) ZnO with 3% Cu doping, (d) ZnO with 

5% Cu doping, and (e) ZnO with doping 10% 

 

The particle size distribution can be calculated using ImageJ software, the results are shown in Figure 3. 

Based on Figure 3, the particle size distribution for the ZnO sample without doping is 87.49 nm, while for the 

ZnO sample with Cu doping at concentrations of 1, 3, 5, and 10%, it is 77.77, 62.75, 59.42, and 57.80 nm, 

respectively.  
 

  
 

(a) (b) (c) 

  

 

(d) (e)  
Fig.3. Particle size distribution of the sample (a) ZnO, (b) ZnO with 1% Cu doping, (c) ZnO with 3% Cu doping, 

(d) ZnO with 5% Cu doping, and (e) ZnO with doping Cu 10% 
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The difference in particle size in the ZnO sample without and with the addition of doping, which appears 

smaller, is due to the exchange of Cu2+ and Zn2+ ions in the ZnO lattice, and this is synchronous with the 

smaller crystallite size of the ZnO sample after being doped with Cu, thus affecting the efficiency of DSSC 

performance. Ge et al. [13] reported that a small particle is associated with a large surface area. So, it has the 

potential to increase the performance of DSSC, where the electrode absorbs more dye solution, which 

strengthens the light scattering.  

3.3 Absorption UV-Vis and bandgap energy analysis 

The peak of the UV-Vis absorption spectrum in Figure 4(a) for the ZnO sample is at a wavelength of 358 

nm. However, with Cu doping in the ZnO sample, the absorption peak shifts to 368, 369, 370, and 372 nm for 

concentrations of 1, 3, 5, and 10%. The change in the absorption peak from blue-shifted to red-shifted is caused 

by the increasing concentration of Cu doping in the ZnO sample, resulting in changes in the electronic 

structure, namely the broadening of optical absorption in the ultraviolet region. Figure 4(b) shows the UV-vis 

spectrum at wavelengths from 400 to 700 nm for the dye solution from black mulberry fruit extract and moringa 

leaves, with two absorption peaks at 536 nm and 663 nm. According to previous studies, anthocyanin 

compounds have a wavelength absorption peak of around 450-600 nm [4], while chlorophyll pigments are 

found at wavelengths of 431-680 nm [22]. Mixing dyes containing anthocyanins and chlorophyll causes a 

bathochromic shift, also known as a red shift, so that the absorption peak of the mixed dye shifts to a longer 

wavelength [22]. Thus, the dye solution from this study can be used as a photosensitizer for DSSC. Because it 

has light absorption in the visible spectrum, even a mixture of dyes from chlorophyll and anthocyanin can 

increase absorption and expand the light absorption range [23]. 

 

  
(a) (b) 

Fig.4. UV-vis spectrum of samples (a) ZnO and ZnO-Cu, (b) natural dye solution 

 

In this study, the bandgap energy for ZnO samples, both undoped and doped with Cu, can be determined 

from Tauc plot analysis, as shown in Figure 5(a). The ZnO sample and Cu doped ZnO 1%, 3%, 5%, and 10% 

have bandgap energies of 3.26, 3.00, 2.92, 2.82, and 2.59 eV, respectively. The decrease in band gap energy 

due to doping causes a shift in the red absorption edge, which can increase the electron mobility rate and reduce 

the recombination of charge carriers [24]. 

 

  
(a) (b) 

Fig.5. Bandgap energy of (a) ZnO and ZnO-Cu samples, (b) natural dye solution 
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Figure 5(b) shows that the bandgap energy of the dye solution from black mulberry fruit extract and 

moringa leaves is 2.8 eV. Combining anthocyanins and chlorophyll from these plant extracts can produce a 

broader absorption spectrum, allowing more energy absorption from sunlight. This wider absorption 

wavelength can reduce the energy required for electron excitation to the conduction band, allowing the mixture 

of two dyes in this study to increase the photosensitizer's absorbance coefficient. 

3.4 Performance DSSC 

EIS measurements in dark conditions were carried out on the DSSC prototype with photoanode, counter 

electrode, and electrolyte to detect the possibility of electrochemical processes, especially in the charge 

transport process that occurs in the DSSC. The EIS test results are a Nyquist graph and a Bode phase plot, 

shown in Figure 6. The first semicircle (Rct-CE) in the Figure 6(a) represents the charge transfer resistance at 

the counter electrode/electrolyte interface. In contrast, the second semicircle (Rct-photoanode) describes the 

recombination resistance at the photoanode/electrolyte interface.  

 

  
(a) (b) 

Fig.6. (a) Nyquist curve, (b) Bode plot phase of ZnO nanoparticles doped Cu photoanodes 

 

The shape of the Nyquist curve in DSSCs consists of three semicircles located in the low, mid, and high-

frequency regions. In the mid-frequency range, a slope exceeding 45° (a specific angle) in the curve indicates 

the Warburg diffusion resistance related to the diffusion of charge carriers in the electrode material. This 

Warburg diffusion is an essential factor in the performance of electrochemical cells because it involves the 

movement of ions or molecules in the electrolyte, which shows the balance between resistance and reactance 

in DSSCs. This balance indicates good system stability, which can optimize the conversion of sunlight energy 

into electricity in solar cells. In the future, the Rs value will indicate the series resistance value associated with 

the system’s external circuit. Electrodes with Rs values lower than the semicircle (Rct) have better 

electrochemical energy storage performance. The DSSC on the ZnO photoanode has the largest giant 

semicircular shape compared to the ZnO photoanode doped with Cu. It indicates a less efficient electron 

transfer process because the resistance to electron flow is quite significant, thus reducing system performance 

and energy conversion efficiency in solar cells.  

However, with the addition of Cu doping to the ZnO photoanode, the Rct resistance value becomes lower, 

as seen in 5% Cu doping, which has a minor semicircular shape among 1%, 3%, and 10% Cu doping, which 

indicates that a lower of the resistance to electron transfer, so that the electron mobility is high [13]. Figure 

6(b) shows the Bode phase plot curve, where the frequency peak shifts to a lower value with Cu doping on the 

ZnO photoanode. It shows that the charge carrier recombination rate decreases with Cu doping, allowing more 

light energy to be converted into electrical energy and increasing photoconversion efficiency. Cu doping at 

5% has a lower frequency peak than doping at 1%, 3%, and 10%. The lifetime value of charge carriers is also 

an essential aspect of a solar cell’s performance.  

The lifetime of electrons in the cell system (τ) can be determined from the Bode phase plot curve using 

Equation (1), with the results presented in Table 1. Table 1 shows a significant difference in the electron 

lifetime in DSSCs of doped and undoped Cu photoanodes. The smaller the maximum frequency (fmax), the 

longer the electron lifetime (τ). Undoped and Cu-doped ZnO photoanodes with concentrations of 1%, 3%, 5%, 

and 10% have fmax of 74.25, 65.14, 25.74, 12.31, and 36.23 Hz, respectively, with electron lifetimes of 2.1, 

2.4, 6.1, 12, and 3.6 ms.  
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Table 1. EIS parameters of research results of DSSC photoanodes 

Photoanode 

Types 

Rs (Ω) Rct (Ω) fmax (Hz) τ (ms) 

CE Photoanode 

ZnO 1.11 ± 0.29 7.29 ± 0.15 4.63 ± 0.50 74.25 2.1 

ZnO-Cu 1% 0.97 ± 0.27 7.01 ± 0.16 4.28 ± 0.54 65.14 2.4 

ZnO-Cu 3% 0.79 ± 0.44 6.23 ± 0.14 3.98 ± 0.49 25.74 6.1 

ZnO-Cu 5% 0.70 ± 0.26 5.52 ± 0.18 3.86 ± 0.53 12.31 12 

ZnO-Cu 10% 0.85 ± 0.21 6.36 ± 0.26 4 ± 0.41 36.23 3.6 

 

A high τ value indicates a longer lifetime of electrons generated by photons in the cell, meaning that 

electrons survive longer before being trapped or returning to the ground state, allowing more electrons to 

contribute to generating an electric current. Increasing the concentration of Cu doping in the ZnO photoanode 

can increase the efficiency of the DSSC. However, the performance efficiency of the DSSC doped with 10% 

Cu decreased. It can be seen from the increase in the Rct values on the photoanode and counter electrode (CE) 

and the electron lifetime, which were 6.36 Ω, 4 Ω, and 3.6 ms, respectively. Cu doping with a high 

concentration (10%) has the potential to create more trap states in the ZnO semiconductor, thus limiting the 

number of free electrons that can move. As a result, the flow of electrons is reduced, impacting the DSSC's 

performance and reducing its efficiency. Cu doping in the DSSC photoanode improves its electrochemical 

performance in energy conversion compared to the ZnO photoanode alone. Ge et al. [13] in their research 

reported that ZnO photoanodes with 1% Cu doping, produced through the hydrothermal method, have an 

electron lifetime of 1.06 ms, which is lower than that of research carried out using the green synthesis method 

for producing Cu-doped ZnO photoanodes. It has been proven that 1% Cu-doped ZnO in this work has an 

electron lifetime of 2.4 ms. Even the electrochemical performance of ZnO photoanodes without Cu doping in 

this study was also better, at 2.1 ms, compared to ZnO prepared through the coprecipitation method (1.96 ms) 

[25] and commercial ZnO (1.32 ms) [13]. It shows that synthesizing ZnO nanoparticles using the green 

synthesis pathway improves electrochemical performance in DSSC. 

The solar simulator test can evaluate the efficiency (η) of DSSC performance, which reflects its ability to 

convert sunlight into electrical energy. The results showing the relationship between voltage (V) and current 

density (JSC) are presented in Figure 7. The figure allows further analysis of the DSSC performance efficiency, 

which is given in Table 2. The ZnO-Cu5% DSSC photoanode shows the highest short-circuit current (JSC) of 

1.11 mA/cm2, while the open-circuit voltage (VOC) of all samples is almost the same due to the very similar 

structure, chemical reactivity, and optical properties between Cu2+ and Zn2+ ions [11].  

The DSSC efficiency value on the ZnO-Cu5% photoanode is 1.67%, higher than that of ZnO-Cu10%, 

which is 1.48%. The excessive influx of Cu ions into ZnO causes a decrease in the effectiveness of the 

transition process and electron transfer in the DSSC [13].  

 

 
 

Fig.7. J-V curve of DSSC with ZnO doped Cu photoanode 

 

The efficiency of DSSC with Cu-doped ZnO photoanode synthesized through green synthesis using 

pineapple peel extract has a higher energy conversion efficiency in DSSC than the results of several previous 

researchers, as shown in Table 3.  
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Table 2. DSSC photovoltaic performance with photoanodes and dye solution 

Photoanoda JSC (mA/cm2) VOC (Volt) FF η (%) 

ZnO 0.46 ± 0.03 1.14 ± 0.05 0.23 ± 0.01 0.48 ± 0.04 

ZnO-Cu1% 0.65 ± 0.04 1.14 ± 0.05 0.32 ± 0.01 0.95 ± 0.01 

ZnO-Cu3% 0.84 ± 0.05 1.14 ± 0.05 0.42 ± 0.02 1.60 ± 0.01 

ZnO-Cu5% 1.11 ± 0.08 1.14 ± 0.05 0.33 ± 0.02 1.67 ± 0.01 

ZnO-Cu10% 0.93 ± 0.07 1.14 ± 0.05 0.35 ± 0.01 1.48 ± 0.02 

 

 
Table 3. The efficiency of Cu doped ZnO based DSSCs from green synthesis results compared with previous 

research results 

Synthesis Method Photoanode Type Dye DSSC Efficiency, η 

(%) 

References 

Sequential Ion 

Layer Adsorption 

and Reaction 

(SILAR) 

ZnO-Cu 1% Hypericum 

perforatum L. 

flowers 

0.42 [2] 

co-precipitation ZnO-Cu 3%, ZnO-

Cu 5% 

N3 1.34, 1.09 [26] 

co-precipitation ZnO-Cu 5% N719 0.34 [8] 

co-precipitation ZnO-Cu 5% N3 1.09 [26] 

Radio Frequency 

(RF) sputtering in 

room temperature 

ZnO, ZnO-Cu H2PtCl6.6H2O 

in 2-propanol 

. 

0.16, 0.56 [27] 

Layered Double 

Hydroxide (LDH) 

ZnO-Cu 1% D149 0.83 [13] 

sol-gel ZnO-Cu 5% Xanthene 0.78 [14] 

Green synthesis ZnO, ZnO-Cu 1%, 

ZnO-Cu 5% 

Moringa leaves and 

black mulberry fruit 

0.48, 0.95, 1.67 This work 

 

Cu-doped ZnO photoanodes from various methods that several researchers have reported, as in Table 3, 

show different DSSC efficiency values. ZnO photoanodes without and with Cu doping, from the results of 

synthesis through the green synthesis method in this study, showed better DSSC performance, where the 

efficiency value was higher than the results of previous studies. In addition, dye solutions from natural 

materials, namely black mulberry extract, and moringa leaves, also play an essential role as sensitizers in 

absorbing photons, so they can be used to replace synthetic sensitizer dyes. 

 
4. Conclusion 

 

In this study, the ZnO nanoparticles doped with Cu were well synthesized using bioreduction from 

pineapple peel extract with the green synthesis method. This sample has a wurtzite phase with a nanocrystallite 

size. Increasing the concentration of Cu doping in ZnO samples can cause a decrease in the bandgap energy 

value, where it is known that the bandgap before Cu doping is 3.26 eV, and after Cu doping is 3, 2.92, 2.82, 

and 2.59 eV for doping concentrations of 1, 3, 5, and 10%. Combining anthocyanin and chlorophyll from black 

mulberry fruit extract and moringa leaves produces a broader absorption spectrum at 536 and 663 nm, with a 

bandgap of 2.8 eV. Cu-doped ZnO photoanode increases the performance efficiency of DSSC, as evidenced 

by the results of electrochemical tests, where the electron lifetime for the ZnO photoanode without doping is 

2.1 ms. Conversely, ZnO photoanodes doped with Cu at concentrations of 1%, 3%, 5%, and 10% had electron 

lifetimes of 2.4 ms, 6.1 ms, 12 ms, and 3.6 ms, respectively. Cu doping at a concentration of 5% on the ZnO 

photoanode provided an efficiency DSSC of 1.67%, higher than that of the ZnO photoanode without doping 

(0.48%) and with Cu doping at concentrations of 1% (0.95%), 3% (1.6%) and 10% (1.48%). Thus, a Cu-doped 

ZnO photoanode synthesized by the green route shows good electrochemical performance.  
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