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Abstract

In this work, zinc oxide (ZnO) nanoparticles were synthesized by the sol gel method using zinc acetate as precursor. The
synthesized powder was characterized by X-ray diffraction, Fourier transform infrared Spectroscopy (FTIR), Raman, UV—
Visible spectroscopy, field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis (EDAX),
impedance analysis and photocatalysis activity studies. X-ray diffraction studies indicate that ZnO nanoparticles have sin-
gle phase with wurtzite hexagonal structure. The lattice parameters were estimated using Scherrer formula. Micro strain,
stress, energy density and crystallite size were analysed using Williamson—Hall model. The FTIR spectrum showed the
characteristics absorption peak of ZnO at 458.82 cm™' and authenticates the presence of ZnO nanoparticles. The FE-SEM
characterization shows flake like morphology and the presence of chemical element composition is identified in the EDAX
analysis. The optical band gap was found to be 3.1 eV. The presence of Zn—O stretching mode was confirmed from Raman
spectrum. The electrical properties such as dielectric constant, dielectric loss, and ac conductivity were analyzed from
impedance data. The prepared ZnO nanoparticles show good photocatalytic behaviour for methylene blue dye and the rate

constant was calculated as 0.0296 min~".

1 Introduction

Zinc oxide is a material of great interest due to its low cost,
availability, and non-toxicity. In the last few decades, ZnO
plays an inevitable role among researchers due to its physi-
cal, chemical, and optoelectronic properties such as, wide
bandgap, good optical transparency, high electron mobility,
and photostability [1-3]. These properties are found to be
important for various applications such as photocatalysis,
solar cells, sensors, and in the field of medicine as well. The
particle size and morphology are very important for vari-
ous applications and in this respect, many research groups
are widely involved in the investigation of ZnO nanomateri-
als [2-5]. ZnO nanoparticles were synthesized by various
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well-known techniques, such as co-precipitation method,
hydrothermal method, microemulsion, chemical bath depo-
sition, sol-gel, and spray pyrolysis methods [2—6]. Among
these, sol-gel method is the simplest route to synthesize
nano scale materials as it has the merits of homogeneity
and control over temperature. Hence in the present work, the
sol—gel method was employed to synthesize ZnO nanopar-
ticles by controlling pH using sodium hydroxide (NaOH).
The addition of NaOH is playing an important role dur-
ing synthesis process; in sol gel method the role of NaOH
is to control the crystallite size and shape [7, 8]. The aim
of the present work is to synthesize ZnO nanoflakes using
sol gel process to be used as a photocatalyst. The structural,
electrical and optical properties of the ZnO nanoflakes are
studied using various characterization techniques: X-ray dif-
fraction, FTIR-spectrum, Raman, UV-Vis, FE-SEM, EDAX
and Impedance analysis. Two main parameters that can be
calculated from the XRD peak width are crystallite size and
lattice strain. Lattice strain is due to imperfections such as
lattice dislocation and grain boundary. The above-mentioned
properties have effective impact on intensity, peak width,
and shift in the Bragg’s angle [9, 10]. The relationship
between lattice strain with crystallite size, stress, energy
density, and volume average were investigated through Wil-
liamson—Hall model, such as Uniform Deformation Model
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(UDM), Uniform Stress Deformation Model (USDM), Uni-
form Deformation Energy Density Model (UDEDM), and
Size-Strain Plot (SSP). In addition to this, photocatalytic
degradation of methylene blue (MB) dye was studied. The
degradation profile of methylene blue in the presence of ZnO
nanoflakes provides excellent photocatalytic activity. This is
because of increased interfacial interaction between the ZnO
nanoflakes and the dye molecules.

2 Experimental details
2.1 Materials

Zinc acetate (C,Hz0,Zn-2H,0, 99.5% Purity), Ethanol
(99.9% purity) and Sodium Hydroxide (NaOH, 98% purity).

2.2 Preparation

50 ml of ethanol was added to 4.4 g of zinc acetate and
stirred for 1 h with a magnetic stirrer. The pH value of the
solution was measured to be around 3. NaOH was added to
the above solution drop by drop to increase the pH value
to 8. The sol solution was again stirred for 3 h to get the
homogeneous gel. The temperature was maintained at 60 °C
throughout the synthesis. The gel was further kept to age
overnight and washed several times with ethanol as well as
distilled water. The obtained gel was dried and ground, pow-
dered with agate mortar. Finally, it was annealed at 500 °C
for 4 h.

2.3 Characterization techniques

X-ray diffraction (XRD) measurement was performed using
powder X-ray diffractometer (SEIFERT JS02002) equipped
with monochromatic CuKa, radiation (A=0.154056 nm).
FTIR spectroscopy in the range 400-4000 cm™' was meas-
ured by using a Bruker FTIR spectrometer. Raman spec-
troscopy (Nanophoton Raman-11, Japan) techniques were
used for Raman spectrum analysis of ZnO nanoflakes. The
absorption spectrum was recorded using UV-Vis-NIR spec-
trometer (Varian, model 500). The field emission scanning
electron microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDAX) were carried out using HITACHI
SU6600. The electrochemical impedance (EIS) spectral
experiment was performed using computer-controlled Hewl-
ett—packard (model HP428A) electrochemical instrument.

2.4 Photocatalytic degradation
Degradation of Methylene blue (MB) dye, procured from

Unilab Asia Pacific Speciality Chemicals Limited was used
to study the photocatalytic activities of the ZnO nanoflakes

synthesized as described above. The photocatalytic reaction
was conducted at room temperature by illuminating the reac-
tion beaker (Pyrex) from a distance of 6 cm with Philips UV
light 2x 15 W UV tube (365 nm). For the reaction, 20 mg
of ZnO catalyst was dispersed in 100 ml of methylene blue
aqueous solution. The pH of the solution was constant at
10 throughout the experiment. The solution mixture was
stirred continuously at a stirring rate of 1000 rpm in order to
eliminate the external mass transfer effect. Before irradiating
the solution mixture, the suspension was stirred at the rate
of 800 rpm in dark for 30 min to establish the adsorption/
desorption equilibrium of methylene blue. 5 ml sample was
withdrawn every 30 min. The aqueous samples were centri-
fuged to remove any suspended solid catalyst particles. The
residual concentration of methylene blue was measured at
665 nm using the UV—Vis spectrophotometer (Perkin-Elmer
with A=650 nm) in liquid cuvette configuration with de-
ionized water as reference.

3 Results and discussion
3.1 X-ray diffraction analysis
The X-ray diffraction peaks of ZnO nanoflakes are shown in
Fig. 1. The peaks at 31.77 (100), 34.49 (002), 36.24 (101),

47.58 (102), 56.52 (110), 62.91 (103), 68.08 (112), and 69.14
(201) clearly show the presence of hexagonal wurtzite ZnO
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Fig.1 The XRD pattern of ZnO nanoflakes, a standard XRD pattern
of hexagonal ZnO (JCPDS File # 36-1451) and b the XRD pattern of
ZnO synthesized in the present study
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structure. The maximum intensity peak at 20 =36.24° was
obtained with (101) orientation. The obtained peak values are
well matched with JCPDS File # 36-1451 [11]. The sharp-
ness in the peak endorses that the synthesized material is
crystalline. The lattice constants a, c, interplanar spacing (d),
unit cell volume (V), and Zn—O bond length were calculated
by using the following formulae. The wavelength of CuKa,
(A=0.154056 nm) was used to calculate the lattice parameters
[12];

a= A
\/3Sin0 M
A
“= Sind @

dZ

1 g<h2+hk+k2> LB
(hkl) 3

- g 3)

? 2 @)

V= ac

a? 1 2
=1/= —— 5
L 3+(2 u) ®)

respectively, where ‘u’ is the positional parameter in the
wurtzite hexagonal structure and it is the amount by which
each atom is displaced with respect to the next atom. ‘v’ is
given by Eq. (6) and the obtained values are tabulated in
Table 1.

U= 1025 6
= — 4+ 0.2].
32 (6)

Table 1 The calculated structural parameters of ZnO nanoparticles
calcined at 500 °C

Parameter Calculated value
The Braggs angle (26) for (101) plane (in 36.24
degree)

Structure Waurtzite hexagonal

Lattice parameters (A) a=2.8789
c=4.9848
c/a=1.7315
u=0.3612

Crystallite size (D) 21.84 nm

Dislocation density (5) 2.0964 %1073 (nm)~2

Inter planar spacing (dy,,) in (10\) 2.2299

Unit cell volume in (A)? 35.78

Strain 0.951x107°
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3.2 Crystallite size analysis
3.2.1 Scherrer method

The crystallite size and lattice strain due to dislocation
density can be determined from XRD data. The crystallite
size and the dislocation density (&) of the ZnO nanopar-
ticles were calculated using Scherrer formula in Eqgs. (7)
and (7a) respectively. The calculated crystallite size and
dislocation density of ZnO nanoparticles are 21.84 nm and
2.09 % 1073 (nm)~2 respectively. The obtained dislocation
density is in good agreement with the already reported val-
ues [13, 14]. The crystallite size is a coherently diffracting
domain and it is not the same as the particle size due to
the presence of polycrystalline aggregates. The Scherrer
formula is given by Eq. (7)

D= E[Scose @)
A
1

o= D2’ (7a)

where, D is the Crystallite size in nm scale, d is the Disloca-
tion density, K is the Shape factor which is equal to 0.94, A
is the the wavelength of X-ray radiation of CuKa; (A is the
0.154056 nm), f is the the full width half maximum intensity
(FWHM), 0 is the the Bragg angle.

3.2.2 Williamson-Hall (W-H) methods

The crystal imperfections and distortions are the reasons
for the strain induced line broadening. According to Wil-
liamson and Hall, it is due to crystallite size and strain
contribution. It is related by the following equation

€ = f,/(4tanb) 8)

From Eqgs. (7) and (8), it is understood that crystal-
lite size varies with 1/cos® from Scherrer equation and
strain varies with 1/tan® from Williamson—Hall equation.
Therefore, the total peak broadening is the sum of the con-
tribution of crystallite size and strain. It can be written as

Eq. (9)
Pra =B+ B 9

where,  is due to the contribution of crystallite size, f, is
due to the strain induced broadening, and By, is full width
half maximum intensity of instrumental corrected broaden-
ing. It can be given by the following equation

2 2. 1/2
ﬁhm:[(ﬁhm) measured — (Bpy) 1nstrumenta1] (10)
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If the particle size and stain contribution are considered
to be independent of each other, then, line breadth is the
sum of Egs. (7) and (8).

K
B = XDcos9+4£tan0 (11

By rearranging

Bpcos 6 = %D +4¢esin6 (12)

2 2
2 (2P al
[h TN () ]

G represents stress, € represents anisotropic strain, and Yy
represents the modulus of elasticity. This relation is simply
approximation and is suitable for small strain. When strain is
increased the particles will be deviated from its linearity. In
this approach the William hall equation can be modified by
substituting € value in Eq. (12).

KA | 405sin0

Pt cos 6 = ot Y, (13)

Young’s modulus for hexagonal structure is given by
the following equation.

Yoy =
a2k | ) ar\* 2, (h+2k)2 al\?
S11<h2+{T}> +S33<?> +(2513+S44) I +T+<?>

(14)

The above Eq. (12) is the Williamson—Hall equation [10,
14, 15]. This equation is also known as the Uniform Deforma-
tion Model (UDM). In this model, the crystal is considered
to be isotropic in nature and hence, the strain is uniform in
all crystallographic directions. In Eq. (12), the values of By,
cos0 and 4sin0 are taken along Y and X axis respectively. The
‘Y’ intercept of the linear fit gives the crystallite size and the
slope of the linear fit the strain value. The UDM plot is shown
in Fig. 2. The assumptions on the homogeneity and isotropic
nature are not true in all cases. Consequently, the William-
son—Hall equation is modified with the inclusion of anisotropic
strain and is known as the Uniform Stress Deformation Model
(USDM). In this model, stress is assumed to be uniform in all
crystallographic directions whereas small microstrain exists
in the material [13]. This assumption is valid only for small
strain. When strain is increased the linear proportionality exists
no longer. It is well known that Hooke’s law gives the relation
between stress and strain and is given by c=¢Y,,, where,

0.0062-
0.0060 -
[«
2 0.0058-
o
=
& 0.0056
Y = 0.000674127x+0.00468
R’ = 0.98496
0.0054 -
L} L} ) L} L] L]

10 12 14 16 18 20 22 24
4Sin6

Fig. 2 Plot for B, cosO versus 4sin6

where, S|, S5, S35, and S, are the elastic compliances
of ZnO material [10] and their corresponding values are
S;1=7.858x 10712, 8,;=—2.206% 1072, S;;=6.940x 1072,
and S,,=23.57x 1072 m? N~! respectively.

Bk cosO is plotted against 4sin6/Y,; and is shown
in Fig. 3. The slope of the linear fit gives the uniform
deformation stress and the Y-intercept the crystallite size.
When considering the energy density of the crystal, the
proportionality constant between stress and strain is no
longer independent. This approach is also called the Uni-
form Deformation Energy Density Model (UDEDM) [13].
In this model, the crystal is assumed to be homogenous
and isotropic in nature. The energy density of the crystal
can be calculated with the help of Hooke’s relation. The

. . o €%y,
energy density as a function of strain is uy = 2”“, then
the Eq. (13) can be modified with respect to energy and
strain relation as.

0.0062
0.0060
[«=]
4
S 0.0058
=
L
“ 0.0056
. Y=0.08061x + 0.00469
R’ =0.98392
0.0054

L ) Ll ) L) )
0.008 0.010 0.012 0.014 0.016 0.018 0.020
4sing/ Yy (TPa)”

Fig.3 Plot for By, cosO versus 4sinf/Y

@ Springer



9478 Journal of Materials Science: Materials in Electronics (2018) 29:9474-9485
L
0.0062 - S <
g a
2 o
@ (=)
0.0060 4
@ <
<
S 0.0058- S o
(&) < =)
— =)}
X © —
Q.C
0.0056 Y=0.00521x + 0.00468 _
g_‘ Lae]
R’ =0.98497 2o 2
0.0054- z |« =z
=
) ) ) L) ) L) T ) o=
0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 ‘s 2
4sine (2/Y, )"*(TPa)™" 71 f
N > -
@A =
, \172
Fig.4 Plot for B, cosO versus 4sin9<Y—> —
hkl [3e]
E
2
1 o
2 3| o
K\ . 2u S e
Byyicos 0 = — +4sme<—ed> (15)
D hkl _
£13
The energy density value can be obtained from the plot =) =
10 o) —
between P, cos0 (X-axis) and 4sin G(iu—e‘j> (Y-axis) and
hkl
is shown in Fig. 4. The slope and Y-intercept gives the o §
anisotropic energy density (u.4) and crystallite size (D) w | S
respectively. The calculated values are consolidated in s
Table 2. 8E
) E | *®
Sla| ¥
3.2.3 Size-strain plot method (SSP)
5
In Williamson—Hall method, it is understood that the line =) g
broadening must be isotropic due to the strain contribution o i
[13]. The strain profile is calculated from Gaussian function < -
and crystallite size from Lorentzian function. They are given b 5 E
by Eq. (16). s w | S
Q
f=]
2 1 2 8;1 2 E = ~
(dhklﬁhkl cos ehkl) = v(d nki Bhi €08 ehkl) + (?) (16) 5L E E| .
s 3 g ZH Bl BV
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where, dy, is the lattice spacing, V, is the apparent vol- ‘é T
ume weighted average size, and €, is the apparent strain. % z o | 3
The apparent strain can be related to root-mean square strain S Ev S
. (Y] [«
€rms DY using the Eq. (17). S é
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Figure 5 shows the SSP plot. If (d%, Bqcos0) is taken 5= o §
along X-axis and (dy,,By,,c0s0)* along Y-axis, then the aver- § s @ o
aged crystallite size can be obtained from the slope of the O | E

. . o —~
linear fit. Figure 6 shows the plot between egyg and €py. ° | g E 3
From this plot, the egy,5 value can be obtained. § é a =
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3.3 FTIR spectroscopy

FTIR is an effective characterization technique to confirm
the absorption of surfactant molecule at the ZnO surface
and the characteristic behaviour of oxides. The FTIR
spectra of ZnO nanostructure was obtained in the range
of 400-4000 cm~!. The oxides give absorption bands in
the fingerprint region. Figure 7 shows the FTIR spectrum
of ZnO nanoparticles. The significant band at 458 cm™!
is the characteristic absorption band of Zn—O stretching
mode and the peak at 3405 cm™! is due to O—H stretching
which reveals the presence of small amount of water in

Transmittance %
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©
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Fig.7 FTIR spectrum of ZnO nanoflakes
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Fig.8 UV-visible spectrum of ZnO nanoparticles. a Absorption
spectrum and b Tauc plot

the ZnO nanostructure. The obtained data are identical
with the previously reported results [11, 16]. The band
located at 2338 cm™! is due to the atmospheric CO, pre-
sent in the instrument and the band located at 2924 cm™!
is attributed to the C—H stretching vibration. The bands
around 1436 and 1543 cm™! are related to symmetric
C=0 and C-O stretching vibrations [17].

3.4 UV-visible spectroscopy

Figure 8 shows the absorption spectrum of ZnO nanopar-
ticles. The absorption peak was observed at 365 nm from
which the band gap was calculated using Tauc plot [11]. The
optical band gap of ZnO nanoparticles were calculated from
absorption peaks by using Tauc relation [18, 19] which is a
plot between hv (eV) versus (ahv)? (cm™! eV)2.

@ Springer
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N Table 3 Wavenumber (cm™") and symmetry modes of ZnO nanopar-
N ticle from Raman spectrum
Wavenumber ~ Symmetry Process References
- (em™) [21,22]
=
& g 328 A, Acoustic overtone 331
g‘ 384 A, (TO) First process 383
2 2 437 E, First process 438
‘2 . 581 E, (LO) First process 584
T 7 e 1067 AL, E, Optical overtone 1154
size which is comparatively bigger. The intensity and par-

400 500 600 700 8001 900 1000 1100
Raman shift cm’)

Fig.9 Raman spectra of ZnO nanoflakes

(ahv) = C(hv - E,)"

where a is the absorption coefficient, ho is the energy of
incident photons, and n depends on the type of transition.
The transition values: direct band (1/2), indirect band (2),
forbidden direct band (3/2) and forbidden indirect band (3).
The band gap was determined from the intercept of linear
portion of the hv vs (ahv)? plot. The estimated band gap
value is 3.1 eV. The obtained value is lower than the actual
experimental band gap value. This is due to the effect of
annealing temperature. The optical band gap decreases as
temperature and doping concentration increases [4, 20].

3.5 Raman spectroscopy

The Raman spectrum is shown in Fig. 9. The ZnO has
wurtzite hexagonal structure, which belongs to the space
group Cgo (P63mc) with two formula units per primitive cell
and atoms occupyingCs;,. The Raman active zone centered
optical phonons predicted by group theory are A; +2E,+E,.
The phonons having A, and E; symmetry are polar phonons
and exhibit different frequencies for the transverse optical
(TO) and longitudinal optical (LO) phonons. The peaks are
obtained at 328, 384, 437, 581, and 1067 cm™!. The peak
at 328 cm™! is the Raman band which can be assigned to
acoustic mode. The peaks at 384 and 581 cm™' are over-
tones of A, and E; symmetry species of transverse optical
and longitudinal optical phonon modes, respectively [21,
22]. The peak at 437 cm™' corresponds to E, mode. It is
the characteristic band of wurtzite hexagonal phase of ZnO.
The peak at 1067 cm™! is assigned to A, and E, combination
Raman band. The high intensity peak may due to the particle

@ Springer

ticle size are relatively dependent on the Raman band shift
which may be due to phonon dispersion in the nanostructure.
The particle size and intensity decrease as the Raman band
shifts towards the higher wavenumber [23]. In this study,
the high intensity band is obtained at 437 cm™' in the low
wave number region, which indicates that the particle size
is bigger in the nanostructure which is also confirmed by
FE-SEM results. The symmetry modes are given in Table 3.

3.6 Field emission scanning electron microscopy
(FESEM)

Figure 10 shows the FE-SEM morphology of sol gel syn-
thesized ZnO nanopowder at different magnifications. The
obtained result clearly shows that the prepared ZnO exhibits
flaky structure. These ZnO nanocrystalline flakes are flat and
irregular in shape as observed in the micrographs obtained
at higher magnification. The stoichiometry elements in the
sample were analysed by using energy dispersive X-ray spec-
troscopy. The EDAX spectrum is shown in the Fig. 11, The
obtained spectrum confirms the presence of Zinc (46.27%)
and Oxygen (53.73%) elements in the prepared sample. This
result clearly shows that the prepared ZnO nanostructure is
highly pure.

3.7 Impedance analysis

The electrical properties such as dielectric constant, dielec-
tric loss, and ac conductivity were analyzed from imped-
ance spectroscopy. The experiment was conducted using
8 mm diameter pellets, which were obtained by applying
a pressure of 5 tons cm~2. Figure 12a—h shows the plots
of various parameters against frequency such as dielectric
response, dielectric loss, electric modulus, and ac conduc-
tivity. The Nyquist plot show in Fig. 12a reveals that the
lower frequency dispersion is due to the grain boundary and
the higher frequency dispersion due to the grain interior.
The dielectric response of ZnO is shown in Fig. 12b and
c. The real and imaginary part of the complex permittiv-
ity were plotted against frequency, which clearly shows that
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Fig. 10 FE-SEM morphology of ZnO nanoflakes
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Fig. 11 EDAX spectrum of ZnO nanoflakes

both €' and €” increase with decreasing frequency and this
dielectric behaviour is based on polarization effect present
in the ZnO nanostructure [24, 25]. The dielectric response
in the low frequency region is due to the existence of space
charge polarization. The source of this polarization is grain
boundaries and structural inhomogeneity which were con-
firmed from FE-SEM study [26, 27]. The Fig. 12d and e
shows the electric modulus plot in which M’ and M” gives
the real and imaginary dielectric modulus, whereas the real
modulus spectra non-linearly increase with increasing fre-
quency. The imaginary modulus plot shows a single relaxa-
tion peak in the intermediate frequency region. Figure 12f
shows the plot of dielectric loss with frequency. Dielectric
loss gives the dissipated energy in the dielectric medium
which is due to the domain wall resonance. The obtained
result indicates that the dielectric loss increases in frequency.
The ac conductivity plot is shown in Fig. 12g and h which
can be calculated from the following Eq. (18).

6,c = €'gywiand (18)
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Fig. 12 a-h Impedance analysis of ZnO nanoflakes

where, o is the angular frequency, €’ is dielectric constant, g
is permittivity of free space (8.854 x 107!2), and tand gives
the dielectric loss.

The obtained conductivity plot shows the frequency
dependent behaviour [24, 28]. At high frequency, the ac
conductivity is also high but at low frequency the conduc-
tivity becomes almost constant. This behaviour reveals that
the ac conductivity is largely dependent on frequency. The
empirical formula of frequency dependent ac conductivity
is given in Eq. (19).

6,.(0) = Ba"

19)
where, n is a dimensionless constant, which has the value
between 0 and 1, if n=0, the conductivity is independent
of frequency and is called dc conductivity. If n <1, then the
conductivity becomes frequency dependent, that is the ac
conductivity. The value ‘n’ can be obtained from the slope
of In 6, plot against frequency, which is shown in Fig. 12h.
The obtained value of n is 0.7264, and it confirms that the
material exhibits ac conductivity.
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0.0258 4(d)
0.0172
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0.0086 =

0.0000 -
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0.32 <
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0.00 —

9.6 4(f) [
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log w (rad/s)

3.8 Photocatalytic activity

Photocatalytic study was carried out on methylene blue dye
(MB) with ZnO nanoparticles by using UV light illumina-
tion. Methylene blue is a generally referred organic dye
for photo degradation study, which is a hazardous dye as it
causes many biological and environmental problems [18].
ZnO nanoparticles are promising candidates for degradation
of methylene blue due to its higher efficiency of generation
and mobility of photo induced electrons and holes. Electrons
and holes are created when the photocatalyst is irradiated
with UV light. These generated electrons affect the conju-
gation of dyes and decompose. The holes generated, creates
the OH™ from water which degrades the dye. The process
is given in the following schematic diagram (Fig. 13) and
equations.

ZnO +hv - e~ +ht (20a)
0,+e” = "0, (20b)
H,O +h* - *OH +H* (20¢)
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000201 (9) g Photodegradation (%) = [C’ ; CO] X 100 @1)
0
. 0.00154 : where, C; is the initial concentration, C, is the residue con-
g " centration after time‘t’ of photodegradation.
S 0.0010 ' The obtained results are shown in Fig. 14a—c. Figure 14a
g - represents the behaviour of the dye concentration with
o F . .
0:000E . respect to time. It shows that the whole photo degradation
[ process is completed within 180 min. Figure 14b shows the
_/. rate of degradation of methylene blue with time. The results
0.0000-1 T T T T T clearly show that 80% degradation is completed within
2 3 log a)4(radls) d 6 ’ 60 min. 95% degrades at 180 min. This result indicates that
64 the ZnO nanoparticles synthesized in the present work is a
(h) -~ suitable photocatalyst for the degradation of methylene blue
} 71 -.." dye (MB). The percentage of degradation with respect to
g 8 o~ time is presented in Table 4. The kinetics and rate constant
S o] / were calculated using Langmuir—Hinshelwood mechanism,
gg 1o y which is given by the following Eq. (22).
= " —dc kKC
M -F"f ~dar T 1+KC 22)
127 - where, 1 is the degradation rate of the reactant (mg/l min), C
SCE E— --"""‘“‘l is the concentration of the reactant (mg/l), t is the irradiation
4 e 3 10 12 14 16 time, k is the reaction rate constant (mg/l min), and K is the
In © (Hz) adsorption constant of the reactant (I/mg). When C is very
small, the equation can be modified as follows.
Fig. 12 (continued) CO
ln<a> =kKt =Kyt (23)
*O, + MB — Degradation products (20d) ~ where K, is the apparent first-order rate constant, which is
given by the slope of the graph of In (&> versus time plot
*OH + MB — Degradation products (20e) G

The effectiveness of ZnO nanoparticles to degrade meth-
ylene blue dye was studied with varying irradiation time
[18, 29]. The degradation efficiency was calculated using
Eq. (21).

[30, 31]. Figure 14c shows the linear relationship between
In (Cy/C) and irradiation time. The result clearly indicates
that photodegradation of methylene blue (MB) follows first
order kinetics and the rate constant was calculated as
0.0296 min~". The results obtained in this study, provided
in Table 5 are in good agreement with the earlier reports [29,

Fig. 13 Schematic representations of photocatalytic degradation mechanism in MB dye in the presence of ZnO catalyst

@ Springer
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Fig. 14 a—c Photocatalytic activity of MB with ZnO nanoflakes. a
Dye concentration with time. b Dye degradation with time. ¢ In (Cy/
C) versus time

Table 4 Degradation percentage and In (Cy/C,) values of Methylene
blue (MB) dye with ZnO nanoflakes

Time (min) % Degradation In (Cy/C)
30 37.1 0.4636
60 73.2 1.3168
90 85.8 1.9519
120 89.9 2.2926
150 91.7 2.4889
180 93.6 2.6736

Table 5 Comparison table for the rate constant (K,,,) of the photo-
catalytic degradation with ZnO as catalyst

Morphology Rate constant (K,,,) References
(min~")

Spherical 1.29%1072 [29]
Hexagon 2x107* [32]
Flower-like nanorod 7x 1074 [33]

Micro needle 1.1x1073 [33]

Flower like structure 3.5%x1073 [33]
Nanoflake 2.96%x 1072 Present work

@ Springer

32, 33]. It also confirms the enhanced photocatalytic behav-
iour of ZnO nanoparticles for MB dye degradation.

4 Conclusion

In this work, ZnO nanoparticles were synthesized by the
sol-gel method and various characterizations such as, XRD,
FE-SEM, UV-Vis, Raman, FTIR, Impedance, and Photo-
catalysis studies were done. The wurtzite hexagonal ZnO
structure was confirmed from XRD and the calculated crys-
tallite size is 21.84 nm. Also, the structural and geometric
parameters such as, crystallite structure, lattice parameter,
strain, stress, and energy density were obtained using Scher-
rer and Williamson—Hall models. The UV—Vis study gives
the absorption wavelength and band gap. The character-
istic peaks of ZnO nanoparticles are obtained at 437 and
458 cm™! respectively from Raman and FTIR analysis. The
electrical properties were analysed using Impedance spec-
troscopy. The dielectric studies reveal that the dielectric con-
stant is higher at low frequency and decreases while moving
towards higher frequency. The dielectric loss and the ac con-
ductivity increased with frequency. Photocatalytic studies
on the prepared ZnO nanoflakes demonstrate the enhanced
photodegradation of methylene blue dye.
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