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ABSTRACT

Highly oriented zinc oxide nanorods (ZnO NRs) have been grown on ITO

substrates at various growth times using hydrothermal method. The necessary

ZnO seed layers on ITO have been deposited using spray pyrolysis. Both the

methods have been successfully applied to prepare efficient ZnO NRs-based

photoanodes for DSSCs. FESEM images revealed the vertical growth of ZnO

NRs from the substrates with a length and diameter ranges of 1.2–1.5 lm and

80–120 nm, respectively. The XRD and HRTEM results confirmed the hexagonal

structure with preferential orientation (c-axis) of ZnO NRs. The high optical

transmittance (90%) was observed in the visible region for the ZnO NRs grown

for 9 h. A decrease in optical bandgap was noticed with the increase of growth

times. The natural dye extract absorbed in to the ZnO NRs exhibited a broad

absorption peak in UV–Vis spectra analysis. The power conversion efficiency of

DSSCs prepared with ZnO NRs (9 h) as photoanode showed better performance

compared to other growth times.

1 Introduction

Energy is an essential feature of the development of

humankind. Extensive research has been a wide

investigation on the development of clean renewable

energy resources to reduce energy demands and

environmental pollution [1]. Among the different

renewable energy sources, solar energy is the basic

source because of its low environmental pollution

and worldwide availability. In 1990, Gratzel et al. has

developed a novel type of solar cell, known as dye-

sensitized solar cells (DSSCs) or Grätzel cell [2]. The

fabrication of DSSCs based on low-cost technologies

have given the scope for its promising applications in

harvesting solar energy with higher power conver-

sion efficiency (PCE) than other solar cells [3–5].

Zinc oxide is one of the oldest earth abundant

semiconductor oxide materials widely researched in

different fields, as it is nontoxic, wide bandgap,

flexible multifunctional material [6]. Also, as it
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possesses good chemical and photostability, high

exciton binding energy, high carrier conductivity and

mobility, good transparency, tunable bandgap, high

piezoelectric effect and high refractive index, it is

used in different fields, such as gas sensor, LEDs,

cosmetics, photocatalyts, solar cells, piezoelectric,

varistor, and optoelectronic devices [7–14]. Over the

past few decades, ZnO nanostructures has been

considered as one of the best alternative electrode

materials for the most widely used TiO2 because of

their similar properties [15]. The PCE of the DSSCs

depends on the morphology of the photoanode. The

photoanode must possess good charge separation,

high charge collection, high electron mobility, large

surface area, and high light scattering ability [16].

Recent survey revealed that many researchers have

prepared various ZnO-based nano-structured

(nanoparticles, nanorods, nanowires, nanoribbon,

nanowalls, nanofiber, and nanoneedle) electrode

materials to improve the photovoltaic performance of

solar cells [17]. Among these structures, ZnO

nanoparticles used as photoanode in DSSCs with

larger surface area have slower electron transfer,

which is attributed to the multi-trapping events.

To solve these issues, one-dimensional (1D) ZnO

NRs were considered, which considerably enhanced

the electron transfer in photoanodes for DSSCs cell

and photoanodes rapidly stored photovoltaic elec-

trons via the direct conduction path provided by the

photons. Hence, 1D ZnO NRs, which not only

improve the electron transport but also increase light

absorption and decreases the electron diffusion dis-

tance, thereby reduce the charge recombination. ZnO

nanorod arrays not only increase surface area but

also promote an enhanced charge transport property

due to the improvement of direct electron conduction

when compared with scattered ZnO nanoparticles

[18].

Many methods, like chemical vapor deposition,

MOCVD, pulsed laser deposition, and hydrothermal

and thermal evaporation, are devoted for preparing

nanorods depending on the field of application

[19–23]. However, ZnO NRs prepared by

hydrothermal method is broadly used as a photoan-

ode in DSSCs because of cost-effectiveness, less haz-

ardous, simplicity in the mechanism, easy

adaptability, eco-friendly, and large-scale production

for commercialization [24]. Generally, pre-coated

glass plates are used in the hydrothermal method to

achieve growth direction and to control morphology

of ZnO NRs [25].

Several deposition techniques were employed to

prepare the seeded substrates that are metal organic

chemical vapor deposition (MOCVD) [26], sputtering

[27], sol–gel [28], and spray pyrolysis [29]. Among

these, the spray pyrolysis technique becomes a sig-

nificant one in recent years, as the basic structural

and morphological characteristics of the prepared

materials can be controlled by growth conditions

with which the grown film leading to exhibit the

essential functionality for particular applications [30].

Yuanyao Dou et al. deposited Ga-doped ZnO seed

layer on FTO substrate by using sol–gel followed by

hydrothermal method and they obtained ZnO

nanorods. A decrease in diameter and density of the

ZnO nanorods with enhanced DSSCs performance

was noticed with increasing Ga concentration [31].

In this present work is to optimize the parameters

to grow ZnO NRs using hydrothermal method and to

investigate the performance of grown ZnO NRs on

ITO substrates as photoanode in DSSCs. The struc-

tural, optical, and electrical properties of prepared

ZnO NRs were analyzed. The surface morphology

(length and diameter) of ZnO NRs was carefully

controlled by adjusting the growth times at a

hydrothermal temperature to improve the carrier

mobility and concentration. Finally, the photovoltaic

performance was examined by the efficiency of the

fabricated DSSCs.

2 Experimental part

2.1 Preparation of ZnO seed layer

The ZnO thin films were deposited onto ITO sub-

strates by spray pyrolysis technique. Standard spray

pyrolysis procedure was reported in ‘‘Elsevier’’ [32].

0.1 M of ZnC10H14O5 precursor was dissolved in

ethanol and the solution was sprayed onto the ITO

substrates maintained at 350 �C for 15 min. During

the spray process the spray rate and substrate to

nozzle distance were 3 ml/min and 23 cm, respec-

tively. The prepared films are allowed to cool slowly

to room temperature, which is the seed layer for the

growth of ZnO NRs by hydrothermal method.
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2.2 Growth of well-aligned ZnO NRs

The ZnO seed layer coated ITO substrate using spray

technique was kept upside-down in the conventional

beaker with aqueous solution (100 ml) containing

0.02 mol of zinc acetate and 0.4 mol of sodium

hydroxide. Then the beaker was kept in the autoclave

and nanorods were grown at a temperature of 95 �C
for different growth times. After the growth, the

substrates were rinsed with deionized water and

ethanol and dried in air. Further, the samples were

annealed at 400 �C for 1 h in muffle furnace. The

films grown for 3 h, 6 h and 9 h were named as ZnO

NRs 3 h, 6 h, and 9 h, respectively (Fig. 1a).

2.3 Dye extraction

Natural dye extracts are prepared using the following

procedure: 10 g of fresh flower petals (hibiscus rosa-

sinensis) were cut into small pieces and kept in a

beaker. The chopped petals were soaked in 50 ml

ethanol by using an indirect hydronic heating

method in boiling water and refluxed for 15–30 min.

Finally, the solid dregs were filtered out by using

filter paper and the obtained pure natural dye solu-

tion was stored properly. To investigate the effect of

solvents on the performance of DSSCs, dye extract of

hibiscus rosa-sinensis were prepared using various

solvents, such as, ethanol, water, and methanol. The

schematic diagram of dye extract preparation is

depicted in Sect. 3.5.

2.4 Preparation of electrolyte

The electrolyte is an essential part of DSSCs and its

function is collecting the charge carriers at the cath-

ode and return the electrons to the dye molecules. In

organic solvents, I-/I3- is commonly used as the

electrolyte in acetonitrile solution. Lithium ion (Li)

was included in this work to ensure that electron

transport takes place without interruption. The elec-

trolyte is prepared using the combination of 0.3 M of

Lithium Iodide (LiI) and 0.03 M of Iodine (I2) in

acetonitrile and tert-butyl alcohol.

2.5 Working principles of DSSCs

DSSCs consist two transparent conducting electrodes

in a sandwich arrangement (Fig. 1b). Each layer has a

specific function in the cell. The transparent

electrodes allow the absorbed sunlight to dye mole-

cule layer. The nanocrystalline semiconductor (ZnO

NRs) provides an important surface area for dye

absorption. The dye molecules which absorb photon

from sunlight are excited to LUMO from the HOMO.

The dye molecules become oxidized after the injec-

tion of the electron into the conduction band of

nanoporous semiconductor (ZnO NRs).

This introduced electrons are transported through

the nanoporous semiconductor thin film toward the

conductive electrode (anode). Finally, the electron

travels through the wire (external load) and reaches

the counter electrode (cathode) after performing the

work, as electrical energy. The electrons reaching the

cathode are transferred to the electrolyte. The elec-

trolytes (I/I3) act as a connecter between cathode and

ZnO NR photoanodes. The Iodide ion (I) on redox

releases the electron, which replaces the electron lost

by the dye molecule. On redox, (I-) becomes I3- and

is regenerated to I- by receiving an electron from the

counter electrode. The circuit is fulfilled by the for-

eign electron through the external load.

2.6 Characterization techniques

The crystallographic properties of ZnO NRs were

analyzed through a SHIMADZU-6000 X-ray diffrac-

tometer. The morphology was determined from a

SUPRA 55 Carl Zeiss using field emission scanning

electron microscopy (FESEM) attached with EDS.

Optical measurements were studied using the JASCO

V-670 spectrophotometer and PL analysis of the

nanorods was recorded using 450 W Xenon lamp as

the excitation source with VARIAN spectropho-

tometer. The electrical properties were carried out by

Hall Effect measurement system (ECOPIA HMS-

3000) in van der Pauw’s configuration. The current–

voltage tests were examined by using a Keithley

(2450 source meter) under the illumination of the

simulated at standard test condition (100 mW cm-2,

AM 1.5G).

3 Results and discussion

3.1 Surface morphology and compositional
analysis

Figure 2 shows the surface morphologies of the ZnO

NRs at various growth times. Figure 2a, b, d, and e

13420 J Mater Sci: Mater Electron (2021) 32:13418–13429



shows uniformly distributed ZnO NRs (3 and 6 h)

covered the entire surface with the hexagonal shape

on the top surface to confirm the stable structure. On

increasing the growth time, the density of ZnO NRs

(9 h) is being increased (Fig. 2g–h). The hexagonal-

shaped ZnO NRs with the large surface area can

improve the dye absorption for dye-sensitized solar

cells and are expected to provide promising indus-

trial photocatalytic applications. Vertically well-

aligned ZnO NRs grown from the substrates have

uniform thickness and length distribution. The length

and diameter of NRs are in the ranges 1.2–1.5 lm and

80–120 nm, respectively. The cross-sectional images

indicate that ZnO NRs (length and diameter) can be

controlled by adjusting the growth time. Figure 2c, f,

and i illustrates the cross-sectional images of ZnO

NRs, which corresponds to the growth time at 3, 6,

and 9 h, respectively. Energy dispersive X-ray spec-

troscopy (EDS) was used to identify the type of ele-

ments present in the samples. The EDS spectrum of

ZnO NRs (9 h) exhibited the distinguished peaks of

elements Zn and O (Fig. 3). The atomic percentage

ratio of Zinc (51.76) and Oxygen (48.24) is nearly

close to stoichiometric ZnO. Both the elements Zinc

Fig. 1 a Schematic diagram for preparation of ZnO NRs. b Working principle of ZnO NRs based DSSCs
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and oxygen together contribute 100% of the total

weight. This result indicates that the prepared sam-

ples are pure ZnO and free from impurities [33].

3.2 Structural analysis

The crystallographic properties of prepared ZnO NRs

are determined by the XRD pattern. Figure 4 repre-

sents the XRD pattern of ZnO NRs at different

hydrothermal growth times.

The observed diffraction peaks are perfectly

indexed to the hexagonal crystal structure of ZnO

and calculated lattice constant values, a = 3.245,

c = 5.206, and space group = P63mc, which are in

well consistent with standard JCPDS card no

36–1451. The diffraction patterns with 2h values

34.50�, 36.52�, 47.58�, 56.82�, 63.05�, 66.68�, and 69.40�
are corresponding to the planes (002), (101), (102),

(110), (103), (200), and (201) of ZnO NRs, respectively

[33]. No other secondary peaks (related to Zn or

ZnO2) have been detected in the XRD pattern. On

increasing the hydrothermal growth time from 3 to

9 h, the observed sharp and intense peak in XRD

pattern revealed better crystallinity and preferential

orientation (002) along c-axis that is normal to sub-

strate surface. Kahraman et al. [34] reported that the

greater intensity of (002) plane indicates the prefer-

ential orientation of crystallites along the c-axis nor-

mal to the substrate.

The trend to lower the surface energy during

growth is the reason for the self-ordering effect and

hence preferential orientation takes place [34]. The

average crystallite size is calculated using Debye–

Scherer formula [35], and the values are given in

Table 1. The increase of crystallite size with increas-

ing growth times shows the enhancement of

crystallinity.

Fig. 2 FESEM images of ZnO NRs with different growth times a, b 3 h, d, e 6 h, g, h 9 h, c, f and i Corresponding cross-sectional

images
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3.3 HRTEM analysis

HRTEM and SAED patterns are also used to analyze

the microstructure of ZnO NRs prepared with

growth time of 9 h. Figure 5a shows the lattice fringe

spacing value of 0.26 nm, which is in good agreement

with the inter-planer spacing of the (002) planes of

the hexagonal ZnO. These findings confirm once

again the structure of nanorods exhibiting preferen-

tial c-axis orientation. The TEM micrograph of the

prepared sample shows rod-like morphology (inset

Fig. 5a). The SAED patterns shown in Fig. 5b reveal

the presence of sporty diffraction rings with regular

spot patterns, which confirms the crystalline nature

with growth along the c-axis direction.

3.4 Optical properties

Figure 6 shows the optical absorption spectrum of

ZnO NRs with different growth times.It was found

that the optical absorption edge value of ZnO NRs is

380, 384, and 390 nm for the growth times 3, 6, and

9 h, respectively. The transmittance spectra of ZnO

NRs at various growth times are depicted in Fig. 7.

The nanorods are highly transparent in the visible

region and transmittance values increase with the

increase of growth time. The higher transmittance

value of ZnO NRs with growth time 9 h is associated

with better crystalline quality and a higher ratio of

length/diameter. The highest ratio of length/diame-

ter of ZnO NRs is the essential parameter for

increased light trapping in solar cells [36]. The

obtained results are consistent with the observed

FESEM results.

The optical bandgap is another important optical

parameter of the TCO materials, which is used for

photovoltaic applications. The bandgap of ZnO

nanorods was obtained by extrapolating the linear

part of the plots of (aht)2 verses ht. Figure 8 shows

the optical bandgap (Eg) values of 3.26, 3.23, and

3.18 eV for the ZnO NRs grown for 3, 6, and 9 h,

Fig. 3 EDS spectrum of ZnO NRs

Fig. 4 XRD pattern of ZnO NRs with various growth times
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respectively. A decrease in optical bandgap is noticed

with the increase of growth time, which is due to the

quantization effect of photo-generated electron–hole

pairs. The tunable bandgap with growth time con-

tributes to enhance the efficiency of DSSCs.

3.5 Photoluminescence

Photoluminescence analysis allows the investigation

of electronic structure and optical features of semi-

conducting materials by generating information on

defects, surface oxygen vacancies, along with sepa-

ration, and recombination of photoinduced charge

Fig. 5 TEM analysis of

ZnO NRs a Fringe pattern

(Inset Fig. Images), b SAED

Pattern

Fig. 6 UV–Visible absorption spectra of ZnO NRs prepared at

various growth times
Fig. 7 Transmittance spectra of ZnO NRs prepared at various

growth times

Table 1 The structural and electrical properties ZnO nanorods prepared at various growth times

Samples

(Hours)

h k l

plane

Crystallite Size

(D) nm

Resistivity q (X
cm) 9 10–4

Carrier concentration n

(cm-3) 9 1021
Mobility l (cm2/

Vs)

3 002 33 1.24 15.50 32.52

6 002 35 1.12 16.12 34.65

9 002 38 0.75 21.22 39.28

13424 J Mater Sci: Mater Electron (2021) 32:13418–13429



carriers [37]. The room temperature photolumines-

cence (PL) spectra of nanorods are shown in Fig. 9.

ZnO NRs exhibit intense UV emission located at

395 nm and one more deep-level emission at 515 nm.

The greater intensity of NBE emission originates from

ZnO NRs reveals a good crystallinity with fewer

crystal defects [38]. The high intensity of green

emission is attributed to a large number of ionized

oxygen deficiencies. The increasing growth time of

nanorods increases the kinetic energy of the atoms in

ZnO lattice, which in turn increases the evaporation

of oxygen atoms than adsorption amount, and hence,

new vacancies are generated [39]. Figure 10a–d

shows the UV–Vis spectra of natural dye extract-ab-

sorbed ZnO NRs. The absorption peaks for hibiscus

rosa-sinensis extract are observed at 535 nm (Fig. 10b).

Schematic diagram of hibiscus rosa-sinensis dye-sen-

sitized ZnO nanorods are shown in Fig. 10c. The

absorption band is broadened and red shifted com-

pared to the UV–Vis spectra of dye solution

(Fig. 10d). The broadening of peaks showed the

possibility of a larger amount of dye molecules

adsorbed on the oxide surface, which in turn

increased the cell performance. Moreover, the red

shift shows the dye molecules are absorbed onto ZnO

NRs surface and this leads to better light-harvesting

nature [40].

3.6 Electrical properties

The electrical properties of ZnO NRs are studied

using Hall effect measurement at room temperature.

The electrical properties can be controlled by adjust-

ing the growth process. Table 1 summarizes the

electrical properties of ZnO nanorods grown on ITO

substrate with different growth times. The decrease

in resistivity of the ZnO NRs with increasing growth

time is due to the decrease in the volume of grain

boundaries. The recorded lowest resistivity value of

0.75 9 10–4 X cm for the nanorods prepared at 9 h is

due to the improved film crystallinity. The increase of

carrier concentration and mobility with increasing

growth time is due to the enhancement of film crys-

tallinity. The enhancement of film crystallinity helps

reduce the loss of carriers due to the scattering at the

grain boundaries.

3.7 Photovoltaic characterization (J–
V) of DSSCs

The J–V characteristics of DSSCs prepared with ZnO

NRs grown on ITO substrates as photoanode at dif-

ferent growth times are shown in Fig. 11a. The DSSCs

with ZnO NRs (3 h) showed a short-circuit current

density (Jsc) of 1 mA/cm2, open-circuit voltage (Voc)

of 0.5 V, and fill factor (FF) 0.54 in the PCE of 0.27%.

The Jsc, Voc, FF, and PCE of the DSSCs with ZnO NRs

prepared at 6 h is 0.55 V, 0.61, 1.78 mA/cm2, and

0.59% respectively. When the growth time is

increased to 9 h, the Jsc, Voc, FF, and PCE values are

significantly increased and reach a maximum value

of 2.25 mA/cm2, 0.60 V, 0.63, and 0.85% respectively.

Fig. 8 Plots of (aht)2 vs (ht) for ZnO NRs prepared at various

growth times

Fig. 9 Photoluminescence spectra of ZnO NRs prepared at

various growth times
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This result indicates that the hibiscus rosa-sinensis dye

extract absorbed onto the ZnO NRs surface, absorbs

more photons, and helps transfer electron across the

dye/ZnO interface. The enhanced device perfor-

mance with increased growth time is mainly due to

the increased Jsc, and the higher surface area of ZnO

NRs with larger dye loading. Figure 11b shows that

the Voc values are increased from 0.5 to 0.6 V, because

of the increase of the ZnO quasi-Fermi level with an

increasing amount of electron injected from the dye

into the conduction band (ZnO). The resistance of the

cell, which is offered by ITO substrate, photoanode,

electrolyte, and the counter electrode, determines the

fill factor of DSSCs. From Fig. 11c, it is clear that the

FF value increases along with growth time [40]. In the

present study, the power conversion efficiency of

0.85% is obtained for DSSCs with ZnO NRs (9 h) as

photoanode and hibiscus rosa-sinensis dye extracts as a

sensitizer.

The J–V characteristics of DSSCs with ZnO NRs as

photoanodes and sensitized with hibiscus rosa-sinensis

natural dye using different solvents are shown in

Fig. 12. The intensity of the dye and absorption

wavelength also influences the performance and

stability of the DSSCs [41]. It is evident from Fig. 12

that hibiscus rosa-sinensis dye extracted using ethanol

solvent-based DSSCs achieves a maximum g of 0.85%

compared to other solvents. The g value of DSSCs

using ethanol as solvent is more efficient than that of

using water (0.15%) and methanol (0.35%) as sol-

vents. The aggregation of dye molecules is less when

anthocyanin is more soluble in ethanol; however,

aggregation of dye molecule is more when water is

used as solvent. The improved efficiency of DSSCs

Fig. 10 a Dye extract preparation, b UV–Vis Spectra of hibiscus rosa-sinensis dye extract, c Schematic diagram of hibiscus rosa-sinensis

dye-sensitized ZnO nanorods, d UV–Vis Spectra of dye-sensitized ZnO NRs
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might also be due to the uniform and better disper-

sion of dye molecules on the oxide surface [42].

4 Conclusion

In summary, diameter controlled ZnO NRs were

grown on ITO conducting substrates by two steps:

(i) seed layer by spray pyrolysis followed by (ii)

growth of nanorod using a hydrothermal method at

different growth times. The XRD analysis confirmed

the wurtzite structure with preferential orientation

along (002) direction. FESEM images revealed the

uniform distribution of ZnO NRs with hexagonal

structure. The presence of Zn and O was confirmed

by compositional analysis. A strong near band edge

emission (385 nm) and green emission (505 nm)

observed from PL spectra confirmed the better crys-

talline quality with lesser defects. UV–Vis analysis

Fig. 11 a J–V characteristics of ZnO NRs based DSSCs, b Jsc and g, c Voc and FF

Fig. 12 J–V characteristics of DSSCs using hibiscus dye with

different solvents
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revealed that the broad absorption band of natural

dye extract indicates the absorption of dye molecules

onto the ZnO NRs. The maximum PCE of 0.85% was

achieved for fabricated DSSCs based on ZnO NRs

using growth time at 9 h. The efficiency of DSSCs

could also be improved by changing the dye

extracting solvents.
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