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      ZnO nanoparticles are prepared with lime juice by the green, facile solution combustion method and act as a photoanode for DSSC 

fabrication. The structural and morphological features of ZnO nanoparticles are examined via XRD, FTIR, UV-Vis, DLS, and SEM. The 

XRD detects defect-free wurtzite hexagonal structure with a crystallite size of ~16.28 nm. SEM image reveals a spherical morphology with 

a uniform spreading of ZnO nanoparticles (~45 nm). UV-Vis analysis exhibited high absorbance in the UV (~200 to 400 nm) and vital 

transparency in the visible region (~400 to 600 nm). The band gap (3.07 eV) is estimated and is blue-shift and associated with the bulk of the 

ZnO (3.37 eV) because of the impact of quantum confinement. The doctor blade approach is adopted to prepare photoanode. ZnO-based 

DSSC is constructed, wherein Pt is the counter electrode, with an iodine redox couple as the electrolyte and N719 dye utilized as a sensitizer. 

Photovoltaic performance (Voc, Jsc, η, and FF) of the fabricated FTO/ZnO-N719 dye/iodide redox coupled electrolyte/Pt/FTO device is 

studied. The maximum (PCE) η 3.7447% is achieved with a maximum Voc ~ 0.734 mV, Jsc ~ 9.768 mA cm-2, and FF ~ 0.5223. Hence, 

synthesized ZnO nanoparticles may be an excellent photoanode material for DSSC application. 
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INTRODUCTION 
 

      Nowadays, transition metal oxides such as V2O5 

(vanadium pentoxide), ZnO (zinc oxide), ZrO2 (zirconium 

dioxide), TiO2 (titanium dioxide), and WO3 (tungsten 

trioxide) with nanostructure have attracted more attention in 

many areas of technology [1]. One of them, ZnO, is the most 

gifted II-VI compound semiconductor (n-type). ZnO, an 

inorganic oxide, is classified as a transparent conductive 

oxide. ZnO nanoparticle exhibits a direct band gap                        

(~ 3.22 eV), high excitation binding energy (~ 60 meV), and 

electrical conductivity (~103 to 104 S cm-1) at room 

temperature (RT). Owing to their low carrier concentration 

and oxygen vacancies, ZnO nanoparticles are highly resistive 

at RT [2,3]. ZnO nanoparticles have been at the forefront of 

research in  various fields  owing to  their  unique  electrical,  
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mechanical, and optical assets (stability, excellent electron 

mobility, high conductivity, and high electron affinity) [4]. 

Because of these features, ZnO nanoparticles have 

potentially been applied in various sectors like gas sensors, 

textiles, photoelectrode, water purification, cosmetics, 

photocatalysis, solar cells, light-emitting devices, and 

biomedical applications (targeted drug delivery, bioimaging, 

anticancer and wound healing) [5-7]. 

      Photovoltaic (PV) translation of solar energy is a critical 

alarm of today's world to part to meet the energy requirement 

through an environmentally non-polluting mechanism that 

partially solar cell converts sunlight into electricity directly 

[8]. DSSCs (Dye-sensitized solar cells) have recently 

occurred as the most favorable photovoltaics in recent years 

for mass production. DSSCs are based on an electrolyte, 

counter electrode, and oxide semiconductors (photoanode) 

absorbed by organic dyes or metal-organic complex dyes to 

achieve  efficient  solar-energy  conversion  [9]. Due to their  
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simple fabrication methods, flexibility, and potential low 

manufacture costs compared with the most versatile silicon-

based photovoltaic devices, they suffer from the efficiency 

and stability of DSSCs [10,11]. 

      The DSSC device, porous structured semiconductor 

oxide (TiO2 and ZnO), is investigated as the photosensitized 

anode material owing to its high surface area for dye 

molecule adsorption. The DSSCs are fabricated using porous 

TiO2 as a photoanode, increasing power conversion 

efficiency by 13% [12]. However, a further rise in the 

conversion power efficiency (PCE) is constrained by 

recombination among electrons and electron-accepting 

species in the electrolyte and energy loss due to the 

oxidization of dye molecules through the charge transport 

mechanism. In recent years, ZnO-based DSSC has emerged 

as an alternative to TiO2. ZnO is preferred as a photoanode 

semiconductor material because of its suitable energy band, 

high electron mobility, longer electron lifetime, fast electron 

transport, and less recombination loss [13]. The ZnO 

nanotube (as a photoanode) using N719 as sensitization 

revealed 1.18% PCE [14]. Keis et al. [15] prepared ZnO 

nanoparticles through the compression method, exhibiting a 

high PCE of 5%. ZnO microspheres prepared by Li et al. 

indicated a PCE of 5.16% [16]. ZnO is much lower than TiO2 

due to the size and shape restraint compared to the 

photoconversion efficiencies. 

      Various approaches are used to synthesize ZnO 

nanoparticles, like chemical precipitation, sol-gel, solution 

combustion, hydrothermal, solvothermal, solution-free 

mechanochemical methods, sonochemical, microwave, 

chemical bath deposition (CBD), etc. These approaches 

require unique, expensive instrumental setups, high 

temperatures, and toxic chemicals that are unfriendly to the 

environment [17-23]. The solution combustion method is 

attracting much attention for preparing ZnO nanoparticles 

owing to its accessibility, cost-effectiveness, and eco-

friendliness compared to other approaches [3]. 

       This research is to green synthesize ZnO nanoparticles 

by the solution combustion route using citrus limon (lemon) 

extract and investigate the photoconversion efficiency of the 

DSSC device.  Different analytical techniques like XRD, 

FTIR, UV-Vis, DLS, and SEM are used to examine the 

synthesized ZnO nanoparticles' structural, chemical 

composition, optical properties, band gap, and morphology.  

 

 

      The devices were fabricated by coating the synthesized 

ZnO nanoparticles paste onto the FTO substrates via the 

doctor blade technique and acting as a photoanode. In 

contrast, Pt played the role of the counter electrode. The 

electrolyte function in the DSSC was evaluated by 

introducing 𝑎𝑛 𝐼ଷ
ି/𝐼ିredox couple. The photovoltaic 

behavior of the constructed DSSC device, FTO/ZnO-N719 

dye/iodide redox coupled electrolyte/Pt/FTO was studied in 

terms of Voc, Jsc, η, and FF from the J-V curve. The maximum 

photoconversion efficiency of (η) ZnO-based DSSC was 

revealed a 3.7447% and quite impressive related to the 

various preparation routes of ZnO nanoparticles as 

photoanode. Thus, the better performance of ZnO-based 

photoanode is ascribed to the low band gap of ZnO 

nanoparticles by facile solution-combustion route through 

the citrus lemon extract. Therefore, the constructed FTO/ZnO 

- N719 dye/iodide redox coupled electrolyte/Pt/FTO dye-

sensitized solar cells may be an efficient solar cell device. 

 
EXPERIMENTAL  
 

Materials  
      Himedia provided the Zn(NO3)2.6H2O (Zinc nitrate 

hexahydrate). FTO (Fluorine-doped tin oxide) substrates, 

99% acetylacetone, 99% pluronic 123, and Triton-X-100 

were received from Sigma Aldrich. N719 dye, iodolyte (HI-

30), and plastisol T/SP were obtained from Solaronix SA. 

Merck supplied ethanol (99%), Tetrabutanol, and 

acetonitrile. All analytical grade (AR) chemicals were 

utilized without further treatment. DI (Deionized) water was 

used during the present research work.  

 

Preparation of ZnO Nanoparticles 
      The ZnO nanoparticles were prepared by solution 

combustion route using Zn(NO3)2.6H2O (oxidation agent) 

and afresh synthesized citrus limon juice (biofuel). In the 

synthesis, 1 M of Zn(NO3)2.6H2O was dissolved in DI water 

and stirred at RT for 5 min. An appropriate amount of freshly 

prepared citrus limon juice was added gradually. A magnetic 

stirrer continued stirring the above solution until it became 

homogenized. After that, the obtained homogeneous solution 

was then kept at a hot plate (100 °C) [24-26]. The resultant 

end product was well grounded by mortar and pestle. Then, 

the residue was shifted into the muffle furnace and annealed  
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at 500 °C (3 h). Finally, fine ZnO nanoparticle powder was 

obtained and used for further analysis.  

 

Preparation of ZnO Photoanode  
      The doctor blade method was utilized to construct the 

ZnO photoanode [27-29]. Initially, FTO glass substrates were 

cleaned with water (DI), acetone, ethanol, and isopropyl 

alcohol using the ultrasonic treatment for 15 min and then 

dried in a vacuum. A 1 g of synthesized ZnO nanoparticles 

was mixed with acetylacetone and ground well with mortar 

and pestle assistance until a paste was attained. Then, the 

paste was stirred with DI water and ethanol (1:1) volume 

solutions. Triton-X was added drop by drop to form a 

homogenous paste. In the film coating, the edges of the 

precleaned FTO substrate were enclosed with scotch tape 

(adopt the thickness) and an active area of ~1cm2 of the film. 

Using a glass rod, the prepared paste was coated uniformly 

onto the washed FTO substrate and reserved at room 

temperature (15 min) to evaporate the solvent. Then the ZnO-

deposited FTO substrate was annealed at 450 C (30 min) to 

evaporate the binder materials. The measured thickness of the 

synthesized ZnO nanoparticles coated with FTO substance 

was ~15 µm, and a thickness profilometer measured it. The 

prepared ZnO photoanode was soaked in N719 dye in 

tertbutanol and acetonitrile (1:1 volume) solution for 1 day in 

the ark atmosphere at RT. Later, the substrates were detached 

from the N719 dye and cleaned with ethyl alcohol to remove 

unabsorbed dye from the ZnO-coated FTO substrate surface 

and dried in the air. This N719 dye-absorbed FTO/ZnO 

substrate acted as the photoanode for DSSC device 

fabrication.  

 

Preparation of Counter Electrode and Electrolyte 
      For the construction of DSSC, electrolyte, and counter 

electrodes were prepared. The plastisol T/SP as the platinum 

precursor was coated over the precleaned FTO glass substrate 

using the doctor blade technique to prepare the counter 

electrode. Finally, the FTO substrate was annealed for 30 min 

at 400 °C. The Pt (platinum) coated FTO glass substrate acted 

as a counter electrode.  

      The electrolyte solution was synthesized by dissolving 

iodine (0.127 g) and potassium iodide (0.83 g) in ethylene 

glycol (10 ml).  

 

 

Fabrication of DSSCs 
      The DSSC was fabricated by N719 dye adsorbed 

FTO/ZnO photoanode, was connected to the top of the Pt 

counter electrodes, and clamped tightly using binder clips. A 

drop of the iodide solution (electrolyte) was injected into the 

two electrodes. The invented device is abbreviated as 

FTO/ZnO-N719 dye/iodide redox coupled 

electrolyte/Pt/FTO. The photocurrent measurement was 

carried out to evaluate the characteristic photovoltaic 

performance.  

 

Material Characterization  
      Various characterization methods examined the 

physicochemical behavior of the synthesized ZnO 

nanoparticles. The crystalline and structural nature of the 

prepared ZnO nanoparticles was surveyed by powder 

PANalytical X-ray diffractometer (CuKα radiation) with                

λ = 1.5406 Å in 2θ range between 20° to 80°. The functional 

groups in the synthesized ZnO nanoparticles were analyzed 

in the spectral range of 500 to 4000 cm-1 by PerkinElmer, 

Waltham, MA, Fourier transform infrared spectroscopy. The 

absorbance spectra in the wavelength between 200 to 800 nm 

were monitored by PerkinElmer Lambda 35 UV-visible 

absorbance spectrophotometer to survey the optical 

properties. Nanophox Sympatec dynamic light scattering 

(DLS) investigated the particle size distribution of ZnO. The 

surface morphology of the ZnO was surveyed by FEI Nova 

400 Nano scanning electron microscopy.  

 
RESULTS AND DISCUSSION 
 
XRD Analysis  
      Figure 1 displays the XRD pattern of prepared ZnO 

nanoparticles. The sharp deflection peaks located at 31.4°, 

34.1°, 35.9°, 47.1°, 56.2°62.5°, 66.1°, 67.7°, 68.9°, 72.2° and 

76.6° are indexed to the (100), (002), (101), (102), (110), 

(103), (200), (112), (201), (004) and (202) crystalline planes, 

respectively. The detected planes are the distinguishing peaks 

of the hexagonal wurtzite structure of ZnO nanoparticles well 

matched with the JCPDS data file (Card No. 89-0510). 

Moreover, the XRD spectra authenticate that no diffraction 

peaks of the second phase are recorded, indicating that single-

phase ZnO nanoparticles are formed. The sharp diffraction 

peaks of ZnO nanoparticles  suggest their  high  crystallinity  
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Fig. 1. XRD pattern of synthesized ZnO nanoparticles. 

 

 

nature. This result agrees well with previously reported 

literature [30,31]. Debye - Scherrer formula is utilized to 

estimate the crystallite size by Eq. (1) [32-34] 

 

      
cos

k
D


 

           (1) 

 
      Where D denotes the crystallite size,   refers to FWHM 

of the deflection peak, θ is the angle of diffraction (Bragg's 
angle), k depicts the Scherrer constant (k = 0.9),   represents 

X-ray wavelength ( = 1.5406 Å). The estimated average 

crystallite size of the prepared ZnO nanoparticles was                  

16.28 nm.  

      The interlayer spacing (d) between atoms was assessed 

through Brass's law relation (2), which is given below [35,36] 
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
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      The prepared ZnO nanoparticles' interlayer spacing (d) 

was 2.242 Å.  

      Lattice parameters of a, b and c, microstrain (ε), 

dislocation density (δ), and unit cell volume (V) were 

estimated from the following Eqs. (3), (4), (5) and (6) [35,37]  
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      The values of lattice constants, a = b = 3.241 Å and                
c = 5.217 Å,   = 1.235 × 10-3 lines2/m4,   = 3.77 × 1015 

lines/m2 and V = 47.46 Å3 are prepared ZnO nanoparticles.  

 
FTIR Analysis 
      The FTIR spectrum of synthesized ZnO nanoparticles is 

represented in Fig. 2. The fingerprint region of Zn-O 

stretching mode vibration appeared at 570 cm-1 [38].              

Figure 2 authorizes the formation of ZnO in the hexagonal 

crystalline phase. The mode at 1378 cm-1 is indexed as C=O 

carboxyl group stretching vibration, owing to roughly 

organic traces from the citrus lemon extract [24]. The 

bending mode vibration of O-H is noticed at 1620 cm-1. 

Furthermore, the less intense mode (2856 cm-1 and                         

2922 cm-1) and broadband at 3449 cm-1 appeared, which is 

predictable to the O-H stretching vibration of hydroxyl 

groups [39]. Hence, this analysis justifies the single phase of 

ZnO nanoparticles in the prepared samples.  

 

 

 
Fig. 2. FTIR spectra of synthesized ZnO nanoparticles. 
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UV-Vis Analysis  
      The UV-Vis absorption spectrum of the prepared ZnO 

nanoparticles is depicted in Fig. 3a. It is clear from the range 

with high transparency in the visible light sector (~400 to 600 

nm) and strong absorption in the ultraviolet sector (~200 to 

400 nm). Figure 3a shows a prominent exciton absorption 

band observed at 308 nm, characteristic of highly crystalline 

ZnO. The blue shift in the absorption band (308 nm) of the 

prepared ZnO nanoparticles compared to the bulk ZnO                        

(358 nm) suggests that more diminutive than the Bohr radius 

of the exciton [40]. No other absorption peaks were noticed, 

confirming the high purity of the synthesized ZnO 

nanoparticles. The obtained result is well-matched with the 

previous report.  

      The energy gap (band gap) of the ZnO was estimated 

using the Tau-plot relation (7) [41,42]  

 
         2

gh  h  –  E            (7) 

 

      Where, h, Eg, β, α, and υ represent Planck's constant 

(6.626 × 10-31 m2 kg s-1), band gap, proportionality constant, 

absorption coefficient, and photon frequency, respectively. 

The value of Eg was assessed from the plot (see Fig. 3b) 

among hυ and (αhυ)2. The Eg was estimated from Fig. 3b at 

3.07 eV. It is vital to observe that Eg’s values are smaller than 

the previously reported  data of ZnO (3.37 eV). As  a  result,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the blue shift in the Eg can be ascribed to quantum 

confinement effects, and the electron is quickly excited from 

the VB (valence band) to the CB (conduction band) due to 

the smaller Eg. 

 
DLS Analysis 
       DLS analysis was shown to measure the size and 

distribution of the prepared ZnO nanoparticles. The size 

distribution spectrum (DLS) of the ZnO nanoparticle is 

represented in Fig. 4. It signifies that the distributed particle 

size is 7 nm (d10) to 53 nm (d50). From Fig. 4, it was validated 

that all sizes of the particles in the nano regime for the 

synthesized ZnO nanoparticles and the result following SEM 

analysis.  

 

SEM Analysis  
      Figure 5 depicts the surface morphology of prepared ZnO 

nanoparticles. The SEM image revealed the spherical shape 

with uniformly distributed ZnO nanosize particles with a 

particle size of ~45 nm. Besides, fewer agglomerated 

nanoparticles are noticed.   

 

Photovoltaic Performance  
      The photovoltaic behaviors of the invented DSSC devices 

with FTO/ZnO-N719 dye/iodide redox coupled 

electrolyte/Pt/FTO are monitored through the J (current 

density) as a function of V (applied voltage). The  fabricated 

 
Fig. 3. UV-Vis (a) absorbance spectra. (b) Tauc's plot of ZnO Nanoparticles. 
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Fig. 4. DLS particle distribution spectrum of synthesized 

ZnO nanoparticles. 

 

 

 
Fig. 5. SEM images of ZnO nanoparticles. 

 

 

DSSC architecture consists of synthesized ZnO 

semiconductor nanoparticles as a photoanode, N719 

ruthenium dye used as a sensitizer, 𝐼ଷ
ି/𝐼ି redox electrolyte 

for boosting the redox couple regeneration and reducing 

oxidized dye and platinum (Pt) is operated as a counter 

electrode. The performance of the fabricated device is tested 

under simulated sunlight with intensities of 100 mW cm-2. 

The active area of the FTO substrate was 1 cm2. The                      

J-V curve of the constructed DSSCs is shown in  Fig. 6. The  

 

 

 
Fig. 6. J-V curve for the DSSCs with ZnO as photoanode 

material. 

 

 

detailed photovoltaic performance characteristics like                  

Jsc (short-circuit current density), η (power conversion 

efficiency), FF (fill factor), and Voc (open-circuit voltage) are 

estimated. The “FF” and “η” of the fabricated DSSC device 

can be obtained from Eqs. (8) and (9), respectively [8,27]. 

 
      max max

sc oc

FF J V
J V





                      (8) 

 
      sc oc

in

FFJ V
P


 

         (9) 

 

Where Vmax is the maximum voltage, Jsc is the short circuit 

photocurrent density, Jmax is the maximum current density, 

and Pin is the power of incident radiation (mA cm-2), Voc is 

the open circuit photovoltage. It is observed that the 

fabricated device exhibited Jsc is 9.768 mA cm-2 and Voc is    

0.734 V with FF of 0.5223, leading to the conversion 

efficiency () of 3.7447%. The η of the present study is 

greater than the data reported in the previous literature. For 

example, the ZnO nanoflower photoanode exhibits 1.0% 

[43]. Bundle-like ZnO nanorods showed an of 1.38% [44]. 

Chatterjee et al. [45] achieved 1.56% in ZnO nanorods. ZnO 

rods synthesized by a hydrothermal route exhibited 1.62% 

[46]. Hence, the obtained photovoltaic characteristics of 

DSSCs  such as  FF  and  ZnO  nanoparticles as  photoanode  
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confirm the superior power conversion efficiency compared 

to the formerly published literature.  

 
CONCLUSION 
 

      The present research demonstrates the preparation of 

ZnO nanoparticles via a green, facile solution combustion 

method and is utilized as a photoanode material to construct 

the DSSC. XRD, FTIR, UV-Vis, DLS, and SEM studied the 

crystallinity, functional group, surface morphology, optical 

properties, and band gap. The XRD confirms the ZnO 

nanoparticles' pure single-phase wurtzite hexagonal 

structure; no secondary phases were presented. The                          

average crystallite size (D = 16.28 nm), interlayer spacing                                 

(d = 2.242 Å), lattice constants [a = b = 3.241 Å and                      

c = 5.217 Å], dislocation density (δ = 3.77 × 1015 lines/m2), 

microstrain (ε = 1.235 × 10-3 lines2/m4) and unit cell volume 

(V = 47.46 Å3) were estimated. The Eg (Bandgap) of the ZnO 

nanoparticles was estimated as 3.07 eV via Tau Plot. The 

SEM image reveals the spherical ZnO nanoparticles in 

homogenous form with a particle size of ~50 nm. The DSSC 

was built with the structure of FTO/ZnO-N719 dye/iodide 

redox couple electrolyte/Pt/FTO. The photovoltaic 

characteristic, such as Jsc, Voc, and FF, was estimated to be 

9.768 mA cm-2, 0.734 V, and 05.223 respectively. A 

maximum photovoltaic conversion efficiency, PCE (η) of 

3.7447%, was reached for the fabricated DSSC under 

standard sun illumination (100 mW cm-2). The synthesis 

route is crucial for preparing photo anode to construct more 

efficient photoelectric conversion efficiency DSSCs. Hence, 

the prepared ZnO nanoparticles may serve as an excellent 

photoanode material for DSSCs applications.  
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