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Abstract

ZnO nanomaterials are synthesized using one-pot synthesis method. Equimolar solution of Zinc Nitrate hexahydrate
(Zn(NO3),.6H,0) and Hexamethylenetetramine (C4H;,N,) is used as a precursor for ZnO formation. Different nanostructures
of ZnO are achieved by controlling the pH of the growth solution in the range 2—12 (acidic to alkali). ZnO nanostructures
are evaluated for hydrophobic property using static contact angle measurement setup and UV photosensing activity. Surface
morphology, structural properties and compositional analysis of ZnO nanostructures are examined by field emission scanning
electron microscope (FE-SEM), energy dispersive X-ray analysis (EDX), high-resolution transmission electron microscope
(FEG-TEM) and X-ray diffraction (XRD) measurements. Existence of ZnO wurtzite structure is confirmed from XRD study
and is analyzed by Rietveld refinement method. Nanomaterials are characterized using Raman spectroscopy which confirms
highest oxygen deficiency in ZnO nanorods. The material shows remarkable superhydrophobic and UV photosensing property
and hence the name multifunctional. Among all morphologies grown at different pH values, ZnO nanorods show superhy-
drophobic nature with contact angle more than 170°. Total surface energy value of ZnO nanostructures is calculated using
Wendt two-component theory. Different ZnO nanostructures (with variation of pH value) are used to study UV photosensing
property. Responsivity and photocurrent show a strong dependence on the morphology of ZnO.
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Introduction

In recent years, one-dimensional (1D) nanoscale materials
(Djurisi¢ et al. 2012; Khranovskyy and Yakimova 2012;
Zhang et al. 2012a, b, c, 2013, 20164, b, ¢, 2017a, b; Wang
et al. 2018) have received considerable attention due to their
remarkable properties (Kundu et al. 2019) that are useful
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in antimicrobial activity (Chen et al. 2019; Dimapilis et al.
2018; Smeraldi et al. 2017), optoelectronic (Chang et al.
2012; Wang 2004; Orlov et al. 2016) and nanoelectronic
devices (Prakash et al. 2008; Park et al. 2016; Peng et al.
2018), and electrochemical and electromechanical devices
(Sarangi 2016; Sarahnaz et al. 2013; Sun and Sirringhaus
2005; Choi et al. 2009; Zhang et al. 20164, b, c, 2015). ZnO
nanomaterials such as ZnO nanorods (Sun et al. 2006),
ZnO nanoneedles (Zhang et al. 2013a, b), ZnO nanoflowers
(Wahab et al. 2007; Khokra et al. 2017; Kumar et al. 2019)
have been intensively investigated in environmental applica-
tions (Zanni et al. 2017; Zhang et al. 2019, 2018; Medina
et al. 2018; Sirelkhatim et al. 2015; Udom et al. 2013) due
to their remarkable properties, e.g., wide direct-band gap
(E, 3.37 V), large exciton binding energy (60 meV) and
high melting point. ZnO nanomaterial is a potential can-
didate for application in UV sensing device due to size
effect, surface chemistry and its band gap value which is
in the intermediate region between UV and visible light
(Sarkar and Basak 2015). Researchers have used a variety
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of synthesis techniques, e.g., chemical vapor deposition,
template-mediated growth, hydrothermal, and evaporation
for ZnO nanostructure synthesis. These techniques use either
high operating temperature or high pressure or prolonged
growth time or sophisticated instruments. Superhydropho-
bic surfaces have grabbed tremendous attention due to its
potential applications (Li et al. 2011; Wenzel 1936; Sasmal
et al. 2014; Lee et al. 2011). ZnO nanostructures grown on
sodalime glass substrate with contact angle more than 170°
show a good hydrophobic property (Vicente et al. 2012).
The phenomenon of hydrophobicity can be well understood
using Wendt two-component theory (Schuster et al. 2015).
Due to high surface to volume ratio, ZnO nanorods show
better sensing property (Rodwihok et al. 2017; Shaikh et al.
2016; Soci et al. 2007) under UV-illuminated condition.
The aim of this work is to demonstrate the preparation
of ZnO nanostructures by one-pot synthesis method and to
study its multifunctional activity. Static contact angle meas-
urement and calculation of surface free energy are performed
for all ZnO nanostructures to know the hydrophobic nature
of the nanomaterials. Photosensing properties of ZnO nano-
structures are studied with variation of pH value. From the
measured data photocurrent, responsivity and time constants
of photocurrent growth and decay processes are calculated.

Experimental details
Synthesis of ZnO nanostructure
Preparation of ZnO seed layer solution

ZnO nanostructures are synthesized using one-pot syn-
thesis method. For seed layer deposition, the ZnO seed
layer solution is prepared using zinc nitrate hexahydrate
(Zn(NO3),*6H,0) and hexamethylenetetramine (C4H,N,)
as precursors and ethanol (C,H;OH) as solvent. All the
chemicals are of analytical grade and purchased from Fisher
scientific and used without further purification. ZnO solution
is obtained by mixing equimolar quantity of zinc nitrate hex-
ahydrate and hexamethylenetetramine with 20 ml of solvent.

Deposition of ZnO seed layer

In this experiment, sodalime glass is used as the substrate.
Before ZnO seed layer deposition process, standard sub-
strate cleaning procedure is followed, where the substrate
is cleaned in soap solution, rinsed in deionised water and
finally sonicated in isopropyl alcohol (C;HgO) for 60 s
and dried in nitrogen flow. After that spin coater is used to
deposit the ZnO seed layer solution on the precleaned glass
substrates at 2000 rpm for 60 s followed by annealing pro-
cess in a hot oven at 350 °C for 10 min.
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ZnO0 nanostructures formation

After deposition of the seed layer coating on glass substrate,
the ZnO nanostructures are obtained through solution-based
growth method. The equimolar growth solution of zinc
nitrate hexahydrate (Zn (NO;),*6H,0) and hexamethylene-
tetramine (C4H,,N,) is prepared in deionized water. The
ZnO nanostructures are grown by immersing the substrate
in the aqueous solution. pH of the solution in the range 2—12
(alkali—acidic) is achieved by gradually adding ammonium
hydroxide (NH,OH) and hydrochloric acid (HCI) respec-
tively. pH value of the solution is measured using pH meter.
During the growth process, the aqueous solution is heated
at 90 °C for 4 h on a hot plate. After the growth process, the
sample is removed from solution and rinsed in deionised
water followed by drying in air at room temperature.

The morphological change of the material is character-
ized by FE-SEM (INSPECT F50, Netherland) and FEG-
TEM (JEM-2100F). Structural analysis is performed using
X-Ray diffractometer (Model No.:X’Pert Powder, PANa-
lytical) with CuK, radiation of wavelength 0.015418 nm.
Chemical compositional analysis is done using energy dis-
persive X-ray analysis (EDX). Chemical environment analy-
sis is done using FTIR (Jasco FT/IR-4600). Band-gap energy
calculation is done using UV-VIS (UV-1800 SHIMADZU
UV SPECTROPHOTOMETER). ZnO nanostructures are
also characterized using Raman spectroscopy (Renishaw—
InVia Raman Microscope equipped with a 514 nm wave-
length excitation laser and 2400 lines/mm grating. A laser
beam size of ~ 1 um with X50 objective lens is used.)

Static contact angle measurement

Schematic of the static contact angle measurement setup is
shown in Fig. 1. The diffuse light from a white LED light
source passing through the liquid droplet resting on the
substrate surface is captured by CMOS camera (Micaps)
using image acquisition software. The images captured are
analyzed by LBADSA method based on the fitting of the
Young—Laplace equation using Java plug-in (Shahabi et al.
2014) from the ImagelJ software for static contact angle
measurement. The substrate is placed under the liquid drop
dispenser on a 3-axis (xyz) micropositioner. The alignment
of the travelling microscope and the sample stage is achieved
using the micropositioner. The volume of the droplet formed
is 6 ul. The droplet is formed by pushing probe liquid by a
syringe manually. Surface free energy of the substrate is
estimated using three probe liquids, water, glycerol and eth-
ylene glycol. The static contact angle of the liquid drops
(water, ethylene glycol and glycerol) is measured using the
low-bond axisymmetric drop shape analysis tool of Imagel
software (Stalder et al. 2010).
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Fig. 1 Schematic diagram of
static contact angle measure-
ment setup
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Fig.2 Schematic diagram of fabricated UV photosensor using ZnO
nanostructure

Device fabrication for UV photosensor

Schematic diagram of the fabricated UV sensor having FTO/
ZnO/Ag structure is shown in Fig. 2. ZnO nanostructures
(with variation of pH value) are grown on FTO glass sub-
strate as described in experimental details. Electrodes are
drawn on FTO and ZnO surface using silver (Ag) paste.

Results
Morphology and chemical composition

FESEM images of ZnO nanostructures grown at four dif-
ferent pH values are shown in Fig. 3a—d. At pH 6, typical
highly oriented vertical hexagonal nanorods are grown. As
there is no space to grow laterally, the nanorods grow ver-
tically forming nanorod forest. With higher HCI concentra-
tion (pH 1), ZnO nanomaterials are completely etched out.
Under the described growth condition, maximum value of
pH 12 is achieved by adding NH,Cl. With increase in pH
value, microstructure displays transition from hexagonal

Syringe

Light source

nanorods (pH 6) to modified nanorods (pH 9) and then
to pointed nanorods (pH 11.5). pH values are gradu-
ally increased by adding ammonium hydroxide solution
into the stock solution. With the addition of ammonium
hydroxide, insoluble Zn(OH), is produced, which is indi-
cated by the whitish solution. pH of the growth solution is
maintained in the range 6—7 to synthesize nanorods, which
can be explained with the following reaction mechanism
(Demianets et al. 2002; Yin et al. 2011):

Zn** + 20H™ — Zn(OH), — ZnO. e))

Further, addition of ammonium hydroxide solution,
Zn(OH), dissolves to form a soluble complex of zinc
hydroxide [Zn(OH)4]2+, which leads to the formation of
zincate ions Zn[(OH),]*":

Zn** + 4NH; — Zn(NH;) ", @)
Zn(NH;)?" +40H™ & ZnO2™ + 2H,0 + 4NH,. 3)

Therefore, the overall reaction leading to the formation
of zincate ions is

Zn** + 40H™ « ZnO2™ + 2H,0. @)
Further, zincate ions react with hot water to give ZnO.

ZnO%™ +2H,0 < ZnO + 20H". 5)

Catalyst particles, deposited on the substrate oriented
along <0001> direction with positively charged polar Zn*
plane, adsorb zincate complex and predominant growth of
the c-axis occurs. The growth rate of different ZnO planes
occurs according to (0001)> (0110)> (0001) (Sohn et al.
2014). (<102>), (<110>), (<103>) and (<200>) planes
as shown in Fig. 7 have slow growth rate and hexagonal
nanorods are formed. Further increase in the pH value (pH
9) results in flower-like structure growth on the substrate. At
higher pH value, seed particles in the solution coagulate to
have reduced surface energy (Li et al. 1999; Yin et al. 2014).

Pigllase ¢l ay .
e e O) Springer



1942

Applied Nanoscience (2019) 9:1939-1952

Fig.3 SEM images of ZnO
nanostructure grown for dif-
ferent pH value:a3,b 6,¢9,
d11.5

Fig.4 Schematic diagram for
structural variation of ZnO with
variation of pH values

Acidic

At higher pH values (pH 8.5, 9.5, 10.5 and 11.5), ZnO
seed particles show aggregation (Mudunkotuwa et al. 2012)
and from the active growth centers ZnO starts to grow
in accordance with the seed crystallites. At pH 9, colour
of the bath solution turned whitish as a result of insolu-
ble Zn(OH),. With the addition of ammonium hydroxide
solution, soluble complex zinc hydroxide ion and tetraam-
mine zincate are produced which react with water to give
Zn(OH),. With the increase of alkaline nature, concentration
of OH™ ions increases in the solution which is responsible
for the growth of ZnO. At pH 9, the flower formation is at
its beginning stage, the petal-like structures are not fully
formed (Fig. 3c). Figure 3d shows growth at pH value 11.5
and shape of the petal-like structure of flowers becomes uni-
form due to high concentration of OH™ and hence Ostwald
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Neutral =————=> Alkaline

ripening. pH values of the acidic region of the growth solu-
tion are achieved by adding hydrochloric acid in the bath.
Typical microstructure of ZnO films at pH 6 is represented in
Fig. 3b, respectively. Under this growth condition, nanorods
split into multiple rods to minimize surface free energy of
the polar faces (0001), thereby forming bur-flower like struc-
ture. Morphologies of ZnO nanostructure are obtained under
various growth conditions is illustrated in Fig. 4 with vari-
ation of pH value. The structure is changed from bur-flower
to rod and finally from rod to modified flower.

EDX characterization (Fig. 5) of ZnO nanorods (pH 6)
represents chemical composition of the sample. Figure 7a
reveals that the nanorods are composed of Zn and O. No
evidence of other impurities is found in the data. Elemental
mapping of typical ZnO nanorods (pH 6) gives the overall
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Fig.5 a EDX graph shows the presence of components in the sample (pH 6). b SEM image of typical ZnO nanorods. EDX mapping of ¢ Zn, d

O and e O and Zn combined for the sample region under investigation

Fig.6 FEG-TEM image of a ZnO nanorods grown at pH 6. b ZnO
nanorod lattice fringes with its ¢ SAED (selected area electron dif-
fraction) pattern

distribution of all the elements present in the sample as
shown in Fig. 6¢c—e. As evidenced from the EDX mapping,
Fig. 6¢c—e shows oxygen deficiency on the surface of ZnO
nanorods.

Morpholohy and crystallinity of the ZnO sample grown
at pH 6 are investigated using FEG-TEM. Figure 6a shows
the TEM image of ZnO nanorods grown on soda lime glass

substrate. Typical diameters as measured from Fig. 6a are in
the range 40-80 nm. The d-spacing value of 0.28 nm (Zhai
et al. 2012) as estimated from the lattice fringes (Fig. 6b)
corresponds to hexagonal wurtzite ZnO (100) planes (Agni-
hotri et al. 2015). The SAED (selected-area electron diffrac-
tion) pattern shown in Fig. 6¢ is in confirmation with the
(100) lattice plane of ZnO hexagonal phase.

XRD analysis

Structural characterization of the ZnO nanostructures is
performed by XRD, indicating a wurtzite structure (hex-
agonal phase, space group P63mc). All XRD measurements
are performed at room temperature on thin film samples in
the range 20° <260 <80°. The XRD pattern of ZnO nano-
structures (pH value 3, 6 and 10.5) as shown in Fig. 7I-1II
confirms the growth of wurtzite ZnO nanostructures. From
Fig. 7a, it is well understood that the maximum growth
occurs in <002> direction irrespective of pH value of the
growth solution. It can be clearly seen from Fig. 7a that the
sample is composed of single-phase wurtzite structure.
ZnO nanorods grown at pH 6 show selective ¢ axis
(<002>) growth in comparison with the materials
grown under acidic and alkali pH condition. Other dif-
fraction peaks, i.e., (100), (101), (102), (110), (103) and
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Fig.7 a XRD pattern of grown

ZnO nanostructures for pH -
value (I) 3, (II) 6 and (1II) 10.5
respectively. b Shift of (< 002
>) for pH value 3, 6 and 10.5 100 ‘
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(200), have been also detected and the intensity of the
peaks implies the high crystallinity of the ZnO nano-
structures. Shift of (<002>) for pH values 3, 6 and 10.5
has been shown in Fig. 7b. 20 values for (<002>) are
34.41°, 34.44° and 34.38°, respectively. For ZnO pow-
der sample, 260 value for (<002>) is 34.5° (Talam et al.
2012). The sample grown at pH 6 shows minimum shift
followed by alkali (pH 10.5) and acidic (pH 3) region,
respectively. Using Williamson—-Hall (W-H) formula
[B cos @ = (kA/D) + 4¢ sin 6] (where Dis the domain size in
nanometer, k is the shape factor (0.94), 4 is the wavelength
of CuK, radiation, #is the peak width at half maximum
intensity, €is the weighted average strain) (Motevalizadeh
et al. 2014), the domain size and micro-strain value are
calculated for pH values 3, 6 and 10.5. Shift in 26 value
for (<002>) ensures the presence of compressive stress in
the sample. MAUD software (Purwaningsih et al. 2016) is
used for the refinement of XRD data for pH value 3, 6 and

70 80 33.6 34.0 34.4 348 352

20 (degree)

10.5, respectively. Rietveld refinement dataset and dataset
collected from W-H plot are summarized in Table 1.

FTIR spectroscopy

FTIR measurement (Fig. 8) is performed at room tempera-
ture in the range 500—4000 cm™! for pH value 3, 6 and 10.5.
The range (3100-3500) cm™~! corresponds to O—H mode
stretching vibration of water (Tak et al. 2015; Chithra et al.
2015). Peak at 1649 cm™! represents vibration of carboxyl
group (Ramimogshadam et al. 2013; Selvarajan and Moha-
nasrinivasan 2013). Peak at 1375 cm™' and 1502 cm™!
ensures the presence of C—O bending mode. Deformation
modes of CH; group are visible at 1043 ecm™! and 0O-C=0
stretching modes are observed in the range 800-900 cm™'.
N-H bending of primary amine is observed at 1649 cm™!
which confirms the presence of -NH, group (Doan et al.
2016).

Table 1 Rietveld refinement dataset and W-H plot dataset for different pH values

pH value of ZnO From Rietveld refinement

From W-H plot

samples — - 2 2 - - - 3 — - )
Domain size  Strain*10 a (A) c(A) c/a ratio Density (g cm™) Domain size  Strain*10
(nm) (nm)

3 19 0.00267 3.2558 5.2151 1.601 5.6458 21 0.00232

6 26 0.00043 3.2556 5.2135 1.601 5.6481 27 0.00051

10.5 33 0.00239 3.2556 5.2135 1.601 5.6481 41 0.00300
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Fig.8 FTIR spectra of ZnO
nanostructure for pH value 3
(red line), 6 (green line), 10.5
(blue line)
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UV-VIS Raman spectroscopy

Absorption spectra of the ZnO nanomaterials are shown in
Fig. 9. Band gap energy of ZnO nanostructures is calculated
from tauc plot using UV-VIS spectroscopy shown in Fig. 9b
where a is the absorption coefficient. Band gap energy is
decreased with increase in pH value due to increase in the
particle size (Devaraj et al. 2013). Band gap energy for pH
values 3, 6 and 10.5 is 4.02, 3.77 and 3.72 (in eV), respec-
tively. Domain size for pH values 3, 6 and 10.5 is 21, 27 and
41 (in nm), respectively. It is evident from dataset that the
optical band gap tends to blue shift with decreasing domain
size as pH of the solution changed from 3 to 10.5 (Tan et al.
2005).

Fig.9 a The absorption spectra

Raman spectroscopy of ZnO nanostructures is performed
for samples grown at pH value 3, 6 and 10.5. The pres-
ence of E, (HIGH) peak for 3 different pH value ensures
the good crystallinity of the sample, as shown in Fig. 10.
Existence of E, (LO) peak gives confirmation about oxy-
gen vacancy present in our samples (Zhang et al. 2009).
The Presence of A; (LO) for pH value 10.5 confirms that
the ¢ axis of wurtzite ZnO is parallel to the sample sur-
face (Li et al. 2013). 2E, (M) peak is related to the multi-
phonon process and is assigned to the second-order Raman
spectrum. 2L.O peak is arising due to overtone and it also

x10"

and b Tauc plot of ZnO nano-
structure for pH value 3 (green
line), 6 (red line), 10.5 (blue
line)
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Fig. 10 Room temperature Raman spectrum for pH value: a 3, b 6
and ¢ 10.5, respectively

represents the multi-phonon scattering. Different Raman
modes obtained for the samples are described in Table 2.

Contact angle measurement

The ZnO samples grown at different pH condition show
remarkable hydrophobic property. The samples grown at pH
6 show super hydrophobic surface property with static contact
angle well above 170°. The plot of static contact angle of water
as probe liquid with ZnO samples grown at different pH condi-
tion is presented in Fig. 11.

Calculation of surface free energy

The shape of a liquid droplet is governed by the surface ten-

pH value

Fig. 11 Variation of static contact angle for water as probe liquid with
ZnO samples grown at different pH condition (3—10). The error bar is
calculated for a set of five measurements

where 0y, is the static contact angle or contact angle of an
ideal surface. The adhesive work (Wa) and other parameters
v}, vs and y! are related by the following equation:

Wo=n'+r=7p @

In this paper, the well-accepted Wendt theory is used to
calculate surface free energy from the contact angle measure-
ment (Torchinsky and Rosenman 2009). Three probe liquids
(water, ethylene glycol and glycerol) with known polar and
dispersive components are used for calculating surface free
energy of ZnO.

P+t =y, 8)

v+ = ©)

The interaction between the liquid and solid adhesive work
is expressed as:

sions along three interfaces namely liquid—gas (ylg ) solid—gas d
e . ’ W, =2(\/rdy® + /vy ).
(v¥) and solid-liquid (y') interfaces near the three-phase con- a st st (10)
tact line and related to the static contact angle by the following o )
relation: Combining Egs. 6, 7 and 10 results in
N B N
8=y ' +y%cosh , 6 1+ cos ) s\
s s l Young (6) 7i( _ + }/;j. an
241! a
Table2 Peak values of Raman — py e 2£,(M) (em™')  A(TO) em™!) E,(HIGH) A,(LO)(cm™") E,LO)(m~') 2LO (cm™')
spectra for different pH values (cm™ 1)
3 330 - 437 - 579 1130
6 334 380 437 - 580 1149
10.5 - - 437 570 - 1194
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Equation 6 can be written as y = mx + ¢ where m =+/y?

and ¢ =4 /y¢. From slope and intercept, polar and dispersive

components can be calculated. The total surface energy can
be calculated from Eq. 8.

The surface energy calculated by Wendt theory using
contact angle data for three different probe liquids is plot-
ted in Fig. 12 and average values are displayed in Table 3.
Three probe liquids (water, ethylene glycol and glycerol)
with known polar and dispersive components are used for
calculating surface free energy of ZnO.

Table 3 lists the calculated total surface energy and its
polar and dispersive components for the Wendt model. As
displayed in Table 3, the surface free energy of ZnO nano-
materials grown at different pH condition shows higher value
in the acidic (pH 2) and alkaline region (pH 11). The surface
energy of fresh ZnO nanomaterials grown at pH 2 is 24.46 +

40

[ ]dispersive component
[ polar component

w
=
1

Surface free energy (mN/m)
N
3
1

pH value

Fig. 12 Surface free energy of ZnO samples grown at different pH
value. The error bar is calculated for a set of five measurements

1.47 mN m~!. The surface energy of the ZnO nanomaterials
decreased to 17.96+1.06 mN/m for pH 6 and then increased to
35.51 £1.65 mN m~! for pH11. According to the results col-
lected from the Wendt model, the polar component of surface
energy (y7) is maximum for ZnO samples grown at pH 6 and
increases by 73.60% and 81.67% for samples grown at pH 2
and at pH 11, whereas the dispersive component (y) decreases
by 98.18% and 94.89%. The surface energy result indicates
that the ZnO nanomaterials grown in the acidic (pH 2) and
alkaline (pH11) condition are extremely polar and at pH 6 are
extremely nonpolar in nature.

According to the results from Wendt model, the exist-
ence of a significant polar component of the total surface
energy of ZnO nanomaterials grown at strong alkaline and
acidic condition indicating hydrophilic ZnO surface which
is consistent with the polar ZnO structure. On the contrary,
ZnO nanostructures grown at pH 6 show 73.60% reduction
in polar component of the surface energy leading to super
hydrophobic surface, as reflected in the water static contact
angle (170.70° +2.94°). We believe that surface roughness and
microstructures are the key factors to enhance hydrophobicity
in the ZnO samples.

Hydrophilic and hydrophobic nature of the ZnO nano-
structures can be explained using Wenzel and Classie-Baxter
model. Figure 13 shows schematic presentation of water drop-
let on ZnO surface. The Wenzel region is usually recognized as
homogeneous wetting, since the liquid completely penetrates
into the grooves. In some circumstances, especially with the
increase in the surface roughness, air pockets may be trapped
in between the liquid yielding a composite interface. This het-
erogeneous wetting is usually described by the Cassie—Baxter
(CB) model, from which the apparent contact angle (GCB) is
given by the equation (Cassie and Baxter 1944):

cosfog = kjcosb, — k,, (12)
where 05 is the Cassie—Baxter apparent contact angle, k; is

the solid-liquid interface to the total base area and k, is the
liquid—gas interface to the total base area. In the absence

Table 3 ZnO surface free energy along with its polar (y”) and dispersive components (%)

pH value of ZnO Contact angle of Polar component

Dispersive component

Surface free energy  Fraction relation of the polar to

samples water in degree (¥, (mN mh) (ydx) (mN m™) (y,) (mN m™ the dispersive component (y"’s/yds)
2 80.12+1.29 24.25 0.21 24.46+1.47 115.47
3 80.37+2.99 18.74 5.29 24.03+1.35 3.54
4 81.12+3.92 8.76 14.66 23.42+1.76 0.59
5 83.01+3.48 8.18 13.83 22.01+1.28 0.58
6 170.70+2.94 6.4 11.56 17.96 +1.06 0.55
8 87.46+3.30 8.46 14.13 22.59+1.79 0.60
9 87.80+3.12 25.5 1.85 27.35+1.12 13.78
10 89.02+3.13 28.82 1.41 30.23+0.95 20.43
11 88.98+1.22 34.92 0.59 35.51+1.65 59.19
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Fig. 13 Schematic diagram of water droplet on ZnO nanorods

of air pocket, k, becomes zero and Cassie-Baxter equation
reduces to Wenzel equation. In the ZnO samples deposited
at pH 6, due to dense packing of the nanorods voids are not
accessible to the water droplet leading to large contact angle.
Here, superhydrophobic nature of ZnO nanostructures is
examined by varying the surface morphology with pH value.
Due to lower value of surface free energy, ZnO nanorods are
the most stable structure with super hydrophobic property
which is relevant to FESEM and XRD data.

UV photosensing characterization

The I-V characteristics of the FTO/ZnO/Ag devices are
obtained with bias from — 1 to + 1 V at room temperature
for pH 6. Figure 14 shows the I-V response for both dark and
illuminated conditions of the UV sensor (pH 6). As shown
in the figure, there is a visible change in /-V response of the
sample in dark and under UV illuminated condition. Due to
larger value of surface to volume ratio for nanorods among
all samples, ZnO sample grown at pH 6 shows maximum
change in photocurrent under illuminated condition. The
linear I-V response of the devices in both dark and under
UV-illuminated conditions suggests electronic contacts to
be Ohmic in nature between ZnO nanostructure and silver
electrodes (Dai et al. 2014; Ghosh et al. 2016). Responsiv-
ity (I,,/P;,) of all samples decreases as intensity increases
from 155.5 to 644.2 yW cm~2 (Fig. 15). Among all sam-
ples maximum responsivity (0.245 A WW™!) is obtained at
155.5 uW/cm? for pH 6 (nanorods) and minimum respon-
sivity (0.0032 A W) is obtained at 644.2uW/cm? for
pH 11 (modified nanorod). Photocurrent of the fabricated
UV detectors exhibits strong dependence on the incident
intensity of the UV source of wavelength 365 nm. The rela-
tion between photocurrent (Iph) and the incident intensity
(P) is given as I, « P7. Here, y determines the response
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Fig. 14 [-V characteristics of ZnO nanorod (pH 6) under dark and
illuminated conditions

of photocurrent to incident intensity. As incident intensity
increases, more charge carriers are generated which results
in more generation of photocurrent.

Here, the non-unity and a small value of y suggest a com-
plex process of electron—hole pair generation, recombination
and trapping which imply the existence of defect states in
the ZnO nanostructures. Figure 16a represents the photocur-
rent plot with incident intensity value. For pH 3, 6 and 11,
y values are 0.20, 0.18 and 0.61, respectively. Other calcu-
lated parameters for all three samples at 644.2 yW cm™ are
shown in Table 4. Figure 16b represents the repeatability
curve at intensity 644.2 W cm™2 for the sample grown at

0.28
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—o—pH3

0.24 — pH11
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Fig. 15 Plot of responsivity vs. intensity for all three ZnO samples.
The error bars (for a set of five measurements) for pH 3 and pH 11
are smaller than the symbol size
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Fig. 16 a Fitted and experimental plot of photocurrent vs. intensity for samples grown at pH 3, 6 and 11 and b repeatability curve for pH 6 at

intensity 644.2 uW cm™>

Table 4 Photocurrent, growth time and decay time for all samples at
intensity 644.2 yW cm ™

pHof the  Photocurrent (uA)  Growth time (s)  Decay time (s)
samples

3 9.1607 68.24+1.20 238.21+1.05
6 50.301 50.48 +1.28 248.00+0.97
11 2.2299 63.79 +1.60 243.19+1.69

pH 6. The UV source is periodically turned ‘on’ (2 min) and
‘off” (5 min) at an interval of 7 min and repeatability data
is recorded. As intensity increases, photocurrent increases.
Figure 17 shows a single cycle time-resolved photocurrent
measurement curve for three pH conditions at 644.2 uyW
cm~2. Photocurrent is maximum (50.30 pA) at 644.2 pW
cm™? for pH 6 and decreases at both sides (acidic and alkali).
As soon as the UV source is turned on, the increase in pho-
tocurrent is very fast followed by saturation at last. Time-
resolved single cycle curve at 644.2 uW cm™2 for pH 6 is
shown in Fig. 18 for calculating time constants (growth and
decay). The time-resolved UV photocurrent measurement
of the fabricated device shows a di-exponential growth
(Fig. 18). The time-dependent growth behavior of the pho-
tocurrent curve is fitted with the following bi-exponential
equation.

Ly = Iy + Ag(1—e™) + A (1-e/™), (13)

p

where I, is the dark current and A, A, are the positive con-
stants and 7,; and 7, are the fast and slow growth time con-
stants. At intensity 644.2 uW cm™2, the time constants are
6.89+0.16 s and 35.65+0.08 s, respectively. As shown in
Fig. 18, after the UV light is turned off, the decay process

UV ON UV OFF
8 - pH 3
44
04

' ——pH6
40 - P

Photocurrent (uA)
S
1

I
0 200
Time (sec.)

400

Fig. 17 Time-resolved single cycle photoresponse curve for pH 3, 6
and 11

is fast initially and then becomes slower. The decay time
behavior follows a bi-exponential decay function

Ih = I() + Adfe_t/fdf +Adse_t/f““,

P (14)
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Fig. 18 Experimental and fitted plot for photoresponse curve of pH
6 at intensity 644.2 yW cm™>

where [ is the dark current and A, A, are positive con-
stants and 7,4 and 7, are the fast and slow decay time con-
stants. At intensity 644.2 uW cm™2, the time constants are
24.06 +0.06 s and 225.57 +0.05 s. The rapid photocurrent
rise can be explained by the initial excitation of electrons
to higher energy states. The UV response and recovery
process of ZnO nanostructure are generally guided by the
water molecules and ionized oxygen adsorption and des-
orption at the surface defect sites. Oxygen plays a crucial
role in the observed photoresponse. At room temperature,
oxygen molecules are adsorbed on the nanostructure sur-
face by capturing free electrons (O,(g) + e~ = O, (ad)),
resulting in high resistance. The density of electron—hole
pairs increases significantly when illuminated under 365 nm
UV light. The holes move to the surface and discharge the
adsorbed oxygen ions (O, (ad) + h* — O,(g)). Now, the
increased value of free charge carrier concentration and the
decreased width of depletion layer near the surface lead to a
significant enhancement of the current. The first part of the
bi-exponential photocurrent growth can be explained by the
process of the photon-generated holes in ZnO nanostruc-
tures, which react with ionized oxygen on the surface and
result in faster time constant 7,,=6.89 +0.16 s. But the pho-
tocurrent cannot increase unlimitedly and it is balanced by
the re-adsorption of oxygen molecules on the ZnO surface,
leading to the saturation photocurrent value with a slow time
constant 7,,=35.65+0.08 s, as indicated in the second part
of the bi-exponential growth.

As the UV illumination is turned off, re-adsorption of
oxygen molecules build up on the ZnO surface leading to
fast decay with time constant (z4) of 24.06+0.06 s. The
simultaneous process of capture and subsequent emission
of photogenerated holes and carrier recombination (Kim
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et al. 2017) are influenced by defect states present in ZnO
leading to slow decay process with time constant (z,) of
225.57 +0.05 sec. Here, uv photoresponse of ZnO nanostruc-
tures is performed with variation of surface morphology by
tuning the pH value of growth solution.

Conclusion

In summary, ZnO nanorods with hexagonal structure and
different shapes of nanoflowers are synthesized by ‘one-pot
synthesis method’. Sample grown at pH 6 (nanorod) shows
superhydrophobic surface with static contact angle more
than 170° and maximum responsivity as UV photosensor.
We have successfully tuned ZnO morphology from bur-
flower to rod and finally rod to modified flower by vary-
ing pH of the growth solution. The results demonstrate that
the overall concentration of precursors and pH values have
strong influence on the morphology, ordering and properties
of ZnO nanostructure. The wettability of the ZnO-coated
surface is tuned by varying pH condition of the growth solu-
tion. The ratio of the polar and dispersive component of the
total surface energy reaches its minimum value for pH 6.
This leads us to conclude that absolute control of the sur-
face chemical composition and microstructure is essential to
attain super hydrophobicity. Under 365 nm UV illumination
on—off cycle, ZnO photodector devices show bi-exponential
growth and decay characteristics. The bi-exponential growth
and decay characteristics are explained with oxygen adsorp-
tion and desorption process on the surface of ZnO nanoma-
terials. Among all morphologies (devices), ZnO nanorod-
based photodetectors show superior growth and decay time.
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