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In this study, four nanostructured ZnO morphologies, nanoribbons, nanorods, nanoparticles, and 
nanoshuttles, were synthesized at annealing temperatures of 300 °C, 500 °C, and 700 °C. Structural 
properties were studied by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy 
(TEM), X-ray Diffraction Spectroscopy (XRD), and Differential Scanning Calorimetry (DSC). Optical 
properties were analyzed by UV–Visible Spectroscopy and Photoluminescence (PL). Electrical transport 
properties were studied by the Cole–Cole plot technique and electrical resistivity. From the impedance 
spectroscopy analysis, we extracted the carrier lifetime, the RC time constant, and grain and grain 
boundary parameters in each morphology. We observed that resistance decreased with increasing 
temperature in all samples in general, while nanorods, nanoshuttles, and nanoribbons showed 
well-defined semicircle profiles due to grain and grain boundaries at higher temperatures. From 
wettability studies, we obtained that surface with ZnO nanoparticles has hydrophobic properties, while 
nanorods, nanoribbons, and nanoshuttles resulted in a superhydrophobic surface. The optimum ZnO 
nanomorphology based on impedance studies can be used for developing electrodes for dye-sensitized 
solar cells.

Introduction
Among the various nanomaterials, Zinc Oxide (ZnO) is one 
of the most versatile n-type semiconductors. ZnO has a stable 
wurtzite structure with lattice parameter a = b = 0.3250 nm 
and c = 0.5207 nm [1]. Besides, ZnO has special optical, elec-
trical, mechanical, thermodynamic, and electrodynamic proper-
ties [2], such as a direct wide bandgap of 3.37 eV giving better 
transparency at room temperature, a large free exciton bind-
ing energy of about 60 meV, high electron mobility, and high 
thermal conductivity [3, 4]. Furthermore, nanostructured ZnO 
is an environmentally friendly, highly stable material with low 
toxicity, and is cost-effective for semiconductor device applica-
tions [5].

ZnO has important applications such as biosensors, gas 
sensors, solar cells, photocatalysis, transistors, and photodi-
odes [6–11]. Synthesis of different nanostructured morpholo-
gies and particle sizes is a critical factor in device and medical 
applications [12]. ZnO can be synthesized with different mor-
phologies such as nanorods, nanoflowers, nanodiscs, nanobelts, 

nanotubes, nano-ellipsoids, and nanoparticles [13–19]. ZnO 
nanocrystals have been grown using a wide range of techniques 
such as sol–gel, pulsed laser deposition, hydrothermal, spray 
pyrolysis, microwave-assisted techniques, precipitation method, 
chemical bath deposition (CBD), and chemical vapor deposi-
tion (CVD) [20–27]. Among these techniques, chemical bath 
deposition and microwave methods are attractive because they 
are relatively simple and cost-effective techniques that yield uni-
form growth.

Several physical and chemical parameters control the syn-
thesis of the ZnO nanoparticle’s size and morphology. The pH 
value of the solution is one of the important parameters in the 
solution-based synthesis process. The pH value has a signifi-
cant influence on the properties and morphology of the ZnO 
nanostructure [28]. From previous studies by Zhang et al., the 
pH value is known to control the number of ZnO nuclei and 
growth units [29]. Besides, preparation methods and chemicals 
play an important role in controlling the morphology of nano-
structures. Tamar et al. have reported that different synthesized 
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solvents also control the stabilization of specific crystallographic 
planes in growing nanocrystals [30]. For instance, Wenhui et al. 
have controlled several ZnO morphologies by pretreatment of 
synthesized solution [31]. Li et al. showed that ZnO particle size 
specifically depends on the solution conditions [32]. Moreover, 
annealing temperature also significantly influences the transport 
properties of nanostructures.

This study aims to compare the structural, optical, electrical, 
and wetting properties of four different ZnO nanostructures, 
namely, nanoribbons, nanorods, nanoparticles, and nanoshuttles 
at three different annealing temperatures, 300 °C, 500 °C, and 
700 °C, and to evaluate them for electrodes used in fabricating 
dye-sensitized solar cells.

Results
Structural analysis

The morphology and particle size of all samples are investigated 
by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) techniques. Figure 1 shows morphology 
difference and particle diameter size of ZnO nanostructures, 
namely, nanoribbons, nanorods, nanoshuttles, and nanoparti-
cles. Image J software was applied to measure the diameter of 
all ZnO nanostructures. We obtained different morphologies by 
changing chemical composition and synthesis methods. Yildi-
rim et al. also reported that the size and morphologies can be 

controlled by various processing parameters such as reaction 
temperature and solvent type [33]. From Fig. 1f, we observed 
an increase in ZnO nanostructure parameters with increasing 
annealing temperature from 300 °C to 700 °C. ZnO nanorib-
bons have shown a remarkable enhancement in the diameter 
of 104 nm to 255 nm with increasing temperature up to 700 °C.

From Fig. 1c, it is clearly shown that the ZnO nanorods 
have grown perpendicular to the FTO substrate. ZnO nanorods 
diameter size increased from 68 nm to 219 nm as the anneal-
ing temperature increased from 300 to 700 °C. With the rising 
annealing temperature, the ZnO nanoparticles show an incre-
ment in diameter, from 8.48 to 16.99 nm. At 300 °C, the ZnO 
nanoshuttles have a diameter of around 125 nm, and it increased 
significantly to 219 nm at 700 °C annealing temperature.

The crystal nature of ZnO nanostructures was studied using 
the XRD technique. Figure 2 shows the XRD pattern of nanor-
ibbons, nanorods, nanoparticles, and nanoshuttles at 300 °C, 
500 °C, and 700 °C annealing temperatures. The XRD peaks at 
(100), (002), (101), (102), and (110) indicate hexagonal structure 
of ZnO nanostructures according to JCPSD card no 36-1451 
[34]. The other diffraction peaks (002), (101), and (102) also con-
firmed hexagonal-structured Zinc corresponding to JCPDS card 
no 04-0831 [35]. The intensity of (100), (002), and (101) peaks of 
ZnO indicated the behavior of crystallinity nature of nanostruc-
tures. It is observed that all samples are highly crystalline, and the 
intensity of peaks increased sharply for annealing temperature. 
From Fig. 2b, it has high intensity (002) diffraction peak which 

Figure 1:   SEM images of (a) nanoribbons, (b) nanorods, (c) cross-sectional view of nanorods, (d) nanoshuttles, (e) TEM image of nanoparticles, and (f ) 
nanostructure diameter of nanoribbons, nanorods, nanoparticle, and nanoshuttle.
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also varied the growth of the nanorods along the c-axis [36]. Cho 
et al. also observed that a better crystallinity in ZnO nanostruc-
tures resulted in increasing temperature [37]. This higher crys-
talline nature may be due to the increased grain size at higher 
annealing temperatures.

The crystallinity of ZnO nanostructures which are annealed 
to 300 °C was determined by using Differential Scanning Calo-
rimetry (DSC) from 0 to 400 °C at a rate of 5°C min−1 in nitrogen 
atmosphere. Figure 2e shows a comparison of DSC spectra of all 
ZnO morphologies, namely, nanoribbons, nanorods, nanoparti-
cles, and nanoshuttles. As observed in the DSC plot of nanoparti-
cles, it has three endothermic peaks. The three peaks at 59.94 °C, 
132.60 °C, and 329.52 °C may be attributed to the loss of volatile 
surface molecules absorbed, evaporation of the solvent, and forma-
tion of zinc oxide nanoparticles, respectively [38]. All other DSC 
curves of ZnO nanoribbons, nanorods, and nanoshuttles reveal 
several endothermic peaks at lower temperatures range (80 °C to 
200 °C) and one exothermic peak around temperature range of 
(200 °C to 300 °C). The lower temperature peaks may be due to 
volatile surface molecules absorbed, evaporation of the solvent, 
and the exothermic peak is mainly due to crystallization of wurtz-
ite ZnO [39].

The degree of crystallinity ( Xc ) values of the nanostructures 
was determined by using the following equation [40]:

(1)Xc =
�Hf

�Hf(100)
× 100

where �Hf  is the heat of fusion of ZnO nanostructures and 
�Hf(100) is the heat of fusion of 100% ( �Hf(100) = 230 J/g ) [41]. 
The calculated values of the degree of crystallinity for all nano-
structures are listed in Table 1. These results also confirmed the 
purification of ZnO with different morphologies. We observed 
that nanorods have the highest crystallinity values (17.02%) and 
nanoparticles have obtained the lowest value (7.59%).

Optical studies

Optical properties were analyzed by UV–Visible Spectroscopy 
and Photoluminescence (PL) measurements at room tem-
perature. Figure 3 shows UV–Visible absorption spectra and 
bandgap energy of nanoribbons, nanorods, nanoparticles, and 
nanoshuttles with different annealing temperatures. All samples 
were scanned in the wavelength range between 350 and 700 nm. 
When increasing annealing temperature from 300 to 700 °C, the 
absorption peaks show a redshift. This redshift can be explained 
by the effective mass model [42]. With the increasing size of 

Figure 2:   XRD spectra of (a) nanoribbons, (b) nanorods, (c) nanoparticles, (d) nanoshuttles, and (e) DSC analysis of ZnO nanostructures.

TABLE 1:   Crystallinity values of different morphologies.

Nano structure name Peak temperature (°C) �Hf (Xc)

Nanoribbons 227.72 38.15 16.59

Nanorods 214.72 39.14 17.02

Nanoparticles 329.52 17.45 7.59

Nano Shuttles 296.52 18.31 7.96
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ZnO nanoparticles, there is also an increase in absorbance. Simi-
larly, Goh et al., have previously reported that the absorbance 
increases with the increasing size of particles [43]. Alias et al., 
also showed that the UV–visible absorption strongly depends on 
the particle size of ZnO [44]. Besides, Raji et al. have reported 
the UV–Visible absorption over the visible region can be tuned 
by changing annealing temperature [45]. The absorption data 
were applied to calculate corresponding bandgap energy using 
the Tauc plot equation [46].

where A is the constant for direct transition, Eg is the energy gap, 
h is Plank’s constant, and ν is the frequency of incident radiation. 
The bandgap of all samples was found to decrease with increas-
ing annealing temperature. Among all morphologies, nanorods 
have shown the lowest bandgap energy for all annealing temper-
atures. The optical band gap energy of nanorods decreased from 
3.16 to 3.09 eV as the annealing temperature increased from 300 
to 700 °C. The bandgap energy for nanoparticles was 3.23 eV, 
3.19 eV, and 3.17 eV at 300 °C, 500 °C, and 700 °C, respectively.

Photoluminescence (PL) measurements of different ZnO 
nanostructures are shown in Fig. 4. All PL measurements were 
performed at room temperature. It can be seen from these 
figures that all PL spectra consist of three prominent peaks at 
all annealing temperatures. The lower peak in the UV region 
corresponds to the near band edge emission (NBE) due to the 
free excitonic emission of ZnO [47]. The other two peaks in 
the visible region are attributed to defects such as Zinc inter-
stitials and Oxygen vacancies [48]. All samples show that the 

(2)(αhν)2 = A
(

hν − Eg
)

,

near band edge emission (NBE) peak position shifts to a longer 
wavelength region with increasing annealing temperature from 
300 to 700 °C.

PL measurements also indicate that the green band emis-
sion strongly depends on the morphology of nanostructures 
and annealing temperatures. From Fig. 4, it is evident that 
the intensity of the green band increases from 300 to 700 °C. 
This enhancement may be attributed to the increase in sur-
face defects. Adeel et al. have mentioned that the defects can 
be enhanced by the visible light absorption ability of ZnO as a 
result of narrowing the bandgap [49].

Further, the highest green band emission was shown by 
nanoparticles at 700 °C. The main reason could be the high-
est surface/volume ratio in nanoparticles compared with other 
nanostructures. Based on this, nanoparticles could be associated 
with a high density of surface oxygen vacancies.

Electrical resistivity measurements

Figure 5a and b show the variation in electrical resistivity of 
four nanostructured ZnO morphologies with annealing tem-
perature. Van der Pauw method was employed to measure the 
electrical resistivity of nanostructures. In this study, we observe 
that nanorods have lowest resistivity compared to other nano-
structures due to higher aspect ratio. From Fig. 5a, we also 
observed that as the annealing temperature increased from 300 
to 700 °C, ZnO nanorods show continuous decrease in resis-
tivity from 12.86 to 3.59 Ω cm, respectively. From Fig. 5b, the 
highest resistivity of 750 Ω cm was measured in nanoshuttle at 

Figure 3:   UV-Visible absorption of (a) nanoribbons, (b) nanorods, (c) nanoparticles, (d) nanoshuttles, and (e) variation of bandgap energy with different 
annealing temperatures.
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300 °C. In all samples, resistivity data show that resistivity of 
nanostructures is inversely proportional to the annealing tem-
perature. This decrease in resistivity may be attributed to the 
expansion of grain size and grain boundaries with increasing 
annealing temperature. Ganga et al. have previously reported 
that increasing particle size resulted in a decrease in resistivity 
because of reducing carrier trapping phenomena [50]. Joseph 
et al. have noted that high resistivity in nanostructures may be 
due to the grain boundary effects and semiconductor nature 
of the ZnO, which creates a potential barrier for transport of 

electrons [51]. From electrical resistivity measurements, we 
observed that the resistivity of ZnO nanostructures depends on 
several key parameters such as morphology, particle size, and 
annealing temperature.

Impedance analysis

Figure 6a, b, c, and d shows the Cole–Cole plot of impedance 
spectra of four different ZnO nanostructures which are nanor-
ibbons, nanorods, nanoparticles, and nanoshuttles. Electrical 
transport properties such as grain and grain boundary effects of 

Figure 4:   PL spectra of (a) nanoribbons, (b) nanorods, (c) nanoparticles, and (d) nanoshuttles.

Figure 5:   Resistivity of ZnO nanostructures (a), nanoribbons, and nanorods, and (b) nanoparticles and nanoshuttle.
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nanostructures were analyzed by impedance spectroscopy using 
two equivalent circuit models shown in Fig. 6e and f. In the 
equivalent circuit, the resistance R1 represents the series resist-
ance which is related to the external circuit elements [52]. The 
resistance R2 and R3 indicate the interfacial electron transfer 
resistance, which corresponds to the grain and grain boundary 
resistance, respectively [53]. Also, CPE1 and CPE2 are the con-
stant phase elements that account for the deviation of the capaci-
tance with grain and grain boundaries. The Cole–Cole plot anal-
ysis was done in the frequency range of 100 Hz to 40 MHz. The 

fitted parameters, carrier lifetime, and RC time constant of ZnO 
nanostructures at different annealing temperatures were based 
on the equivalent circuit models listed in Table 2. The carrier 
lifetime τ (Cole–Cole) was obtained from the reciprocal peak 
frequency of the large semicircle in the Cole–Cole plot [54]. τ1 
and τ2 represent the RC time constant ( τ = RC ) of grain and 
grain boundary, respectively.

The Cole–Cloe plot in the high-frequency region 
response corresponds to the grain size and a lower frequency 
response arises from the grain boundaries. We observed that 

Figure 6:   Impedance spectra of ZnO nanostructures (a) nanoribbons, (b) nanorods, (c) nanoparticles, (d) nanoshuttle, and equivalent circuit models (e) 
of R1-series resistance, R2-grain, grain boundary resistance, and CPE1-constant phase element for grain and grain boundary, (f ) R1- series resistance, 
R2-grain resistance, R3-grain boundary resistance, CPE1-constant phase element for grain, and CPE2-constant phase element for grain boundary.

TABLE 2:   Grain and grain boundary parameters of nanostructures extracted from impedance analysis.

Nano structure name
Annealing tem-

perature (°C) R1 (kΩ) R2 (kΩ) R3 (kΩ) CPE1 (nF) CPE2 (nF) τ (Cole–Cole) (µs) τ1 (µs) τ2 (µs)

Nanoribbons 300 0.68 22.09 – 2.27 – 50.48 6.30 –

500 0.68 4.59 18.84 2.50 0.05 50.40 0.02 306.56

700 0.68 2.50 15.92 0.32 2.69 47.30 0.13 6.64

Nanorods 300 0.68 13.99 – 2.04 – 116.76 8.29 –

500 0.65 9.27 – 5.74 – 69.00 11.21 –

700 0.68 7.00 2.50 2.38 3.53 31.00 0.64 0.28

Nanoparticles 300 0.69 19.67 – 9.45 – 15.81 3.65 –

500 0.68 12.87 – 7.21 – 10.20 17.80 –

700 0.68 5.98 – 4.01 – 23.20 3.74 –

Nano shuttle 300 0.68 25.90 – 1.37 – 69.00 6.79 –

500 0.69 21.9 – 2.39 – 39.00 5.88 –

700 0.68 18.94 4.29 3.23 9.65 17.98 3.47 27.00
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in all nanostructures, the real part of impedance (resistance) 
significantly decreased with increasing annealing tempera-
ture from 300 to 700 °C. Joshi et al. have reported that the 
resistivity of polycrystalline material increases with decreas-
ing grain size [55]. This decrease in resistance may be attrib-
uted to enhancement in surface and grain boundary area with 
annealing temperature. At low temperatures, all samples indi-
cated an unresolved semicircle feature due to grain and grain 
boundaries. From Fig. 6a, b, and d, we noted that nanorib-
bons, nanorods, and nanoshuttles showed well-defined semi-
circles due to grain and grain boundaries at a higher tempera-
ture. Figure 6a shows that the lowest grain resistance value of 
2.50 kΩ was observed from nanoribbons compared to other 
morphologies at 700 °C annealing temperature. At 300 °C 
annealing temperature, the lowest unresolved impedance 
13.99 kΩ was obtained from nanorods compared to other 
nanostructures. When the temperature was varied from 300 
to 700 °C, nanorods showed a peak in impedance at 7.00 kΩ 
and grain boundary impedance at 2.50 kΩ with 31.00 µs car-
rier lifetime.

At 300 °C and 500 °C, nanorods showed the highest car-
rier lifetime as 116.76 µs and 69.00 µs, respectively, compared 
to other nanostructures. However, analysis of nanoribbons 
resulted in the highest carrier lifetime 47.30 µs at 700 °C 
compared to other morphologies. Jin et al. have reported 
that the longer carrier lifetime of the device has less charge 
recombination [54]. Therefore, the longer carrier lifetime of 
devices is more suitable for photovoltaic applications. From 
our analysis of impedance measurements on various ZnO 
morphologies, it can be observed that impedance spectra 
parameters crucially depend on the size of nanostructures, 
morphology, and annealing temperatures.

Contact angle measurements

Contact angle (CA) measurements of four different ZnO nano-
structures are shown in Fig. 7. The Sessile drop method was 
employed to measure the contact angle. If CA is less than 90° 
then the surface is called a hydrophilic surface and if CA is 
more than 90°but less than 150° then it is known as a hydro-
phobic surface. The surface is called superhydrophobic when 
CA is above 150°. To get a hydrophobic or superhydrophobic 
contact angle, all ZnO substrates were modified with a mon-
olayer of 1H,1H,2H,2H perfluorodecyltriethoxysilane. Wetting 
properties were studied with CA measurements with water 
and ethylene glycol as test liquids. From CA measurements, we 
obtained that surface with ZnO nanoparticles has hydropho-
bic properties while nanorods, nanoribbons, and nanoshuttles 
resulted in a superhydrophobic surface. Surface Free Energy of 
ZnO substrates was determined based on contact angle data by 
the Owens–Wendt (Extended Fowkes) Model [56]. Using the 
equation:

where γ1 is the liquid free surface energy, γ d
1  and γ p

1  are the liquid 
dispersive and polar components, respectively, γs is the solid free 
surface energy, γ d

s  and γ p
s  are the solid dispersive and polar com-

ponents, respectively. Surface energy components of test liquids, 
which are water ( γ p

1  = 51 mJ/m2,γ d
1  = 21.8 mJ/m2, γ1 = 72.8 mJ/

m2) and ethylene glycol ( γ p
1  = 19  mJ/m2,γ d

1  = 29.0  mJ/m2, 
γ1 = 48.0 mJ/m2) [57].

Table 3 summarizes the values of the surface free energy ( γs ), 
the dispersive parts ( γ d

s  ), and the polar parts ( γ p
s  ) for ZnO nano-

structures. Figure 7 indicates that CA measurements on ZnO-
nanostructured film substrates prepared by all morphologies 

(3)
γ1(cos ∂ + 1)

2
(

γ d
1

)1/2
=

(

γ p
s

)1/2

(

γ
p
1

)1/2

(

γ d
1

)1/2
+

(

γ d
s

)1/2

Figure 7:   Contact angle of ZnO nanostructures of nanoribbons, nanorods, nanoparticles, and nanoshuttle with (a) ethylene glycol and (b) water 
droplet.
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showed an increase from 300 to 700 °C for both water and eth-
ylene glycol. At 300 °C, the highest CA (166.9°) was obtained by 
nanoribbons and the lowest CA (134.4°) was shown by nano-
particles. A similar trend was also obtained at higher annealing 
temperatures, the nanoribbons have the highest CA (170.1°), and 
the nanoparticles have the lowest CA value as (143.72°) at 700 °C. 
Wang et al. reported that CA value can be dependent on the micro/
nanoscale hierarchical structure and chemical modification [58]. 
From our experimental observations, it can be concluded that CA 
is directly proportional to the size of nanostructures and annealing 
temperatures. Similarly, Munshi et al. observed a decrease in CA 
with a decrease in the size of nanoparticles [59]. Also, a theoretical 
analysis by Munshi et al. showed that CA strongly depends on the 
size of nanoparticles. As a result, the surface free energy increases 
with decreasing particle size, because of the large surface area in 
small nanoparticles. Surface free energy may be the strong reason 
for changing CA with morphology and particle size.

The surface free energy of ZnO substrates decreased from 
300 to 700 °C for all morphologies. The lowest surface free energy 
was obtained by nanoribbons compared with other morphologies 
at all annealing temperatures. Nanoribbon’s surface free energy 
value decreased from 0.4442 to 0.2249 mJ/m2 as the annealing 
temperature increased from 300 to 700 °C, respectively. From these 
Wettability studies, we observed that the surface free energy of 
ZnO-nanostructured substrates depend on morphology, annealing 
temperature, and the size of nanostructures.

Discussion
In our study, we have verified that various ZnO nanostructures can 
be obtained by changing pH values, chemical compositions, and 
synthesis methods. We observed that the morphology and particle 
size can influence optical, electrical, and surface properties of ZnO 

nanostructures. With increasing annealing temperature, all nano-
structures increase in size as observed from SEM and TEM meas-
urements. For all morphologies, UV–Visible absorbance increased 
with increasing annealing temperature and shifted to a longer 
wavelength region. This enhancement in absorption with anneal-
ing temperatures in all nanostructures can be attributed to the 
increase in grain size and improvements in crystallinity with heat 
treatments. Our results indicate that the grain size and crystallinity 
improved with annealing temperature which was also verified by 
XRD analysis (Fig. 2). DSC results confirmed the purify of all ZnO 
nanostructures (Fig. 2e). Redshift with an increase in nanostruc-
ture size was confirmed by PL measurements. UV–Visible meas-
urements also show that the absorbance strongly depends on the 
morphology of nanostructures. Measurements of bandgap energy 
exhibit variations with morphology and the bandgap decrease with 
increasing particle size. As we anneal, the grain boundaries expand 
in random directions. This expansion results in a reduction in sur-
face energy and is consistent with the reduction in X-ray intensity 
along the c-axis in various morphologies (Fig. 2). Enhancement in 
grain boundaries and grain size with annealing temperature is also 
reflected in the reduction in resistivity with annealing tempera-
ture. With increasing annealing temperature, the defect density 
in ZnO will be enhanced. This effect can be observed from the 
increasing intensity peak of green emission in PL spectra (Fig. 4). 
At higher annealing temperatures, we observed enhancement in 
grain size and crystallinity as revealed by XRD studies (Fig. 2). As 
a result, annealing of samples reduced the charge carrier scatter-
ing at grain boundaries and improved the mobility as revealed by 
resistivity measurements (Fig. 5). Impedance analysis (Fig. 6) also 
confirmed that the transport properties change with the morphol-
ogy and size of nanostructures. We can correlate the important 
role of grain and grain boundaries at higher temperatures from 
impedance studies. Impedance analysis at various annealing tem-
peratures (Fig. 6) indicate that grains and grain boundary are very 
crucial in mediating transport properties of ZnO morphologies. 
Impedance analysis shows that the ZnO morphology with a higher 
carrier lifetime is the most suitable for photovoltaic applications 
because the charge recombination process is reduced in this mate-
rial. Our results support that there are changes in the contact angle 
due to morphology and size variation of ZnO nanostructures. We 
observed that the contact angle increases with the size of nano-
structures, which may be due to the enhancement of the surface 
roughness and reduction of surface free energy of ZnO structures 
with morphological changes.

Conclusions
We have synthesized ZnO with different nanostructures, 
namely, nanoribbons, nanorods, nanoparticles, and nanoshut-
tles, and investigated the structural, electrical, and optical 
properties at three different annealing temperatures (300 °C, 

TABLE 3:   Surface energies of ZnO nanostructures.

Nano structure 
name

Annealing tem-
perature (°C) γ

p
s  (mJ/m2) γ d

s  (mJ/m2) γs (mJ/m2)

Nanoribbons 300 0.0711 0.3730 0.4442

500 0.0423 0.2640 0.3064

700 0.0417 0.1832 0.2249

Nanorods 300 0.2463 1.1815 1.4278

500 0.2132 1.0006 1.2138

700 0.2557 0.8172 1.0729

Nanoparticles 300 0.2518 2.4647 2.7165

500 0.2156 1.3727 1.5883

700 0.0921 1.0965 1.1886

Nano Shuttles 300 0.0911 0.5445 0.6356

500 0.0731 0.4590 0.5321

700 0.0687 0.3795 0.4482
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500  °C, and 700  °C). Morphology and structural proper-
ties of nanostructures were studied using SEM, TEM, DSC, 
and XRD methods. Optical properties were analyzed using 
UV–Visible and PL techniques. Bandgap in all samples was 
found to decrease with increasing annealing temperature. 
Electrical measurements indicated that the resistivity of sam-
ples depends on morphology and annealing temperature. The 
lowest resistivity of 3.59 Ωcm was obtained from nanorods at 
700 °C, while the highest resistivity of 750 Ωcm was obtained 
by nanoshuttle at 300 °C. The transport properties of nano-
structures were investigated using impedance analysis. At low 
temperatures, all samples indicated an overlapped semicircle 
feature due to grain and grain boundaries. Therefore, grain 
boundary analysis is not possible for low annealing tempera-
ture for ZnO morphologies. Nanoribbons, nanorods, and 
nanoshuttles showed well-defined semicircles due to grain 
and grain boundaries at the higher temperature. The lowest 
grain boundary impedance of 2.50 kΩ of nanorods was com-
pared with impedance of other nanostructures at 700 °C. The 
nanoribbons showed the lowest grain resistance at 2.50 kΩ at 
700 °C. We also observed that the grain and grain boundary 
resistance decreased with increasing temperature in all sam-
ples. From the analysis of Impedance spectra, we observe that 
electrical resistance depends on the size and morphology of 
nanostructures. The wetting behavior of the surfaces increases 
with nanostructure size, which can be specially controlled by 
annealing temperature and morphology of nanostructures. 
Overall, ZnO nanorods and nanoribbons have shown the 
optimum transport properties from the impedance analy-
sis. Hence, ZnO nanoribbons and nanorods may be used for 
developing electrodes for nanostructured ZnO-based dye-
sensitized solar cells and other devices.

Materials and methods
Materials

Zinc acetate dehydrate (Zn (CH3COO)2 .2H2O, > 99.5%), 
Zinc nitrate hexahydrate (Zn (NO3)2 ∙6H2O, > 99.5%), Hexa-
methylenetetramine (C6H12N4, > 98%), Sodium hydroxide 
(NaOH, > 97%), Ammonium hydroxide (NH4OH, 28-30%), 
Ethyl alcohol (C2H6O, > 98%), Acetic acid (CH3CO2H,≥ 99%), 
and Triton X-100 (t-Oct-C6H4–(OCH2CH2)xOH, x = 9–10) were 
purchased from Sigma Aldrich (USA).

Seed layer deposition

ZnO seed layer was deposited on Fluorine-doped tin oxide 
(FTO) by using the sputtering technique with zinc target. Then 
the FTO substrate was annealed for 1 h to deposit the seed layer.

Preparing ZnO nanoribbons

ZnO nanoribbons were prepared by the chemical bath deposi-
tion (CBD) method. Firstly, Zinc nitrate hexahydrate (0.1 M) 
was dissolved in water and stirred for 1 h. While continuing 
stirring ammonium hydroxide was added to the solution until 
it reached the pH of the reaction mixture at 9. Then seeded sub-
strate was vertically suspended in the resultant solution in a con-
vection oven at 95 °C for 5 h. Finally, the samples were annealed 
in a furnace at 300 °C, 500 °C, and 700 °C for 1 h in the air.

Preparing ZnO nanorods

ZnO nanorods were synthesized using a chemical bath depo-
sition (CBD) method. Firstly, an equimolar (0.1 M) solution 
of Zinc nitrate hexahydrate and hexamethylenetetramine were 
mixed for 2 h. Then, a seeded substrate was vertically kept in the 
resultant solution (PH 7) for 6 h at 95 °C in an oven. After that, 
samples were separately annealed in a furnace at three different 
temperatures, 300 °C, 500 °C, and 700 °C in air.

Preparing ZnO nanoparticles

Firstly, Zinc acetate dehydrates (0.1 M) were dissolved in etha-
nol and thoroughly mixed using a magnetic stirrer for 30 min. 
Then Sodium hydroxide was added dropwise to Zine acetate 
solution until it reached the pH of the reaction mixture at 10. 
After that resultant solution was transferred into a commercial 
microwave (Model No. EM720CGA-PMB) for 2 min at a 210 W 
power level. The final solution was centrifuged and washed with 
distilled water several times. The precipitated ZnO nanopar-
ticles were dried at 300 °C for 1 h. After that, prepared ZnO 
nanoparticles were grounded with Triton X-100, acetic acid, and 
ethanol. A thin film of the resultant mixture was deposited on 
Fluorine-doped tin oxide (FTO) glass sides using the doctor 
blade method. Finally, samples were annealed in a furnace at 
300 °C, 500 °C, and 700 °C in air.

Preparing ZnO nanoshuttle

Zinc nitrate hexahydrate (0.1 M) was dissolved in water and 
stirred for 1 h. Ammonium hydroxide was added dropwise 
to make the pH of the reaction mixture at 9. Then a seeded 
substrate was suspended in solution and was transferred into 
a commercial microwave (Model No. EM720CGA-PMB) for 
15 min at 210 W power level. Finally, samples were heated in 
a furnace at different annealing temperatures, 300 °C, 500 °C, 
and 700 °C, in air.

The prepared different ZnO nanostructures were character-
ized by scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), differential 
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Scanning Calorimetry (DSC), UV–Visible absorption tech-
niques, Photoluminescence (PL), resistivity measurements, 
impedance Spectroscopy, and contact angle measurements.
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