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and catalytic activity of ZnO microcrystals obtained
via hydrothermal processing
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In the present study, typical ZnO microcrystals exhibiting the wurtzite hexagonal crystal structure
were produced successfully, characterized by a high degree of crystallinity, via hydrothermal processing
at 120, 150 and 180 °C, assisted by N-cetyl-N,N,N-trimethylammonium (CTAB). The samples
were characterised by XRD, Raman and infrared, FE-SEM, UV-Vis by diffuse reflectance and
photoluminescence (PL). The experimental results confirm that all hydrothermally synthesised ZnO
samples were crystallised into a wurtzite hexagonal structure. The ZnO crystals exhibit the morphology
of hexagonal columns in the absence and double hexagonal columns in the presence of CTAB. The
length and average diameter of the microstructures decrease with increasing processing temperature. It
is evident that all the synthesised samples present very similar profiles and band positions in the PL
emission spectra, with an emission band in the violet range at approximately 400 nm, a small peak in the
UV range at approximately 380 nm, and highly superposed and intense emission bands between 440
and 750 nm (blue to red emission), with a maximum at approximately 610 nm. Furthermore, a nucleation
and growth model was proposed to explain the formation of ZnO microcrystals, based on the

Received 20th March 2017 experimental conditions, that were preferably grown in the [001] direction. In addition, the ZnO exhibited

Open Access Article. Published on 03 May 2017. Downloaded on 3/21/2026 4:44:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Accepted 26th April 2017

excellent performance in the photocatalytic degradation of rhodamine B (RhB) and methyl orange (MO),

DOI: 10.1039/c7ra03277¢c

rsc.li/rsc-advances

1. Introduction

Zinc oxide (ZnO) is a semiconductor material with a wide band
gap (3.37 eV), large exciton binding energy (60 meV) and
singular electronic and optical properties that are particularly
affected by the morphology and size of the crystals."* Studies
have demonstrated the versatility and potential capability of
ZnO for a wide range of applications in photonic, photovoltaic
and electronic devices, such as light-emitting diodes (LEDs),
lasers, UV detectors, transistors and solar cells.*® ZnO also
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achieving 97% and 99% photodegradation of RhB and MO, respectively, when ZnO obtained at 120 °C, in
the absence of CTAB, was used as catalyst.

exhibits interesting piezoelectric properties that permit its
application as transducers and surface acoustic wave (SAW) and
bulk acoustic wave (BAW) devices.'®"* Furthermore, especially
in the form of powder, ZnO can be applied to pigments,*
photo(catalysts).”*** and UV radiation attenuators.’ Because of
its excellent UV attenuation properties, ZnO can also be used in
cosmetics, paints, varnish and plastics.'>'*" In the last five year,
ZnO has gained especial attention as antimicrobial agent>'® and
in cancer therapy due it ability to distinguish between normal
and cancers cells."?* Additionally, ZnO can be used as an
antimicrobial agent.>*®

Powder ZnO can be synthesised using various synthesis
methods that are well established in the literature, such as zinc
oxidation from metallic zinc vapour, through the French or
American process,** decomposition of salts containing zinc,*
spray pyrolysis,* sol-gel**** and coprecipitation.***” Most of
these methods employ high temperatures up to 1000 °C to
crystallise the ZnO phase. In such cases, the high processing
temperatures lead to the excessive formation of aggregates in
the ZnO powder, which results in little control over the
morphology and particle size distribution.
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In turn, the hydrothermal processing crystallises anhydrous
materials directly from aqueous solutions at temperatures
higher than room temperature, usually between 100 and 300 °C,
and pressures higher than normal pressures to obtain a fine
powder under the corresponding saturated water vapour pres-
sures.”® Among the various physical and chemical material
preparation methodologies (bottom-up), the chemical method
for material preparation from an aqueous solution maintained
at hydrothermal conditions offers numerous advantages to
large-scale production such as: (i) the performance of single-
stage synthesis, with no subsequent calcination and grinding;
(ii) low aggregation level, (iii) narrow crystallite size distribu-
tion; and (iv) high purity with excellent control of morphology
and particle size.**® This method offers many advantages over
the conventional synthesis methods, such as the performance
of single-stage synthesis, with no subsequent calcination and
grinding, a low aggregation level and a narrow crystallite size
distribution, as well as high purity and excellent control of the
morphology and particle size.** The hydrothermal processing
conditions often result in chemical structures with unique
structure defects that cannot be generated using the classical
methods, which use very high processing temperatures; there-
fore, these conditions can result in materials with exclusive
properties.**** The processing is called solvothermal when
water is not used as the solvent and presents the same advan-
tages as the hydrothermal processing method.** Solvothermal
synthesis of materials is normally used when there is the need
for strict control of the particle size and shape and avoids
premature agglomeration. However, from the economical
viewpoint, the synthesis processes at hydrothermal conditions
(water as the solvent) involve simpler equipment and fast and
efficient residue removal compared with the process performed
exclusively in organic solvents.

For instance, control nanomaterial size and morphology has
been intensively investigated in terms of photocatalysis appli-
cation. Among several materials for this purpose ZnO and TiO,
are two of the most popular photocatalysts used for organic
pollutant degradation,** water waste treatment,***° clean fuel
production®** and so on. Adhikari et al., showed an effective
degradation of methyl orange under visible light irradiation by
using a quasi-fibrous morphology of ZnO powder synthesized
by combustion process.** Fang and coworkers** compared the
performance on methyl orange photodegradation using sphere
and flower-like ZnO morphology obtained at temperature below
200 °C under hydrothermal condition. The spherical ZnO
morphology resulted in a superior photocatalytic activity
compared with flower-like ZnO and commercial ones, which
was attributed to a higher specific area and existence of more
available oxygen vacancies.** More recently, Wolski et al*
demonstrated that the high surface area provided by the
spherical zinc oxide morphology is less important than crys-
tallinity degree and defect density towards the photo-
degradation efficiency of rhodamine B. Therefore, a sufficient
area should be required to guarantee the total photo-
degradation of the rhodamine B, otherwise only partial
conversion of the pollutant can be reach in a short period of
irradiation. Indeed, the photocatalytic activity is governates by
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a compromise in between synthetic method and final properties
by a fine control of several parameters such as, size,
morphology, surface area, defect density, etc. Based on the
literature report history seems that the key factor for higher
photocatalytic activity is not the same for the available mate-
rials, which open avenues for intensive and detailed investiga-
tion in this field to achieve a better method and material for this
application.

In the present study, surfactant-assisted hydrothermal pro-
cessing was applied for the synthesis of ZnO microcrystals at
mild temperatures. The N-cetyl-N,N,N-trimethylammonium
bromide (CTAB) cationic tensioactive has been used in hydro-
thermal synthesis to favour the growth and orientation of ZnO
crystals,*® and in this study, its effect on the morphology and
size of ZnO microcrystals is investigated. The ZnO wurtzite
phase is not centrosymmetric, as it exhibits polar crystalline
faces,” which is significant for crystal growth. For various
applications, the structure of ZnO should be investigated, and
its growth behaviour should be controlled. The growth pattern,
size and morphology of the ZnO crystal structures obtained by
the hydrothermal method are usually affected by the pH, pres-
ence of additives, processing temperature and concentration of
reagents.”® We also evaluated the photocatalytic activity of ZnO
in degradation of rhodamine B (RhB) and methyl orange (MO)
under visible light irradiation.

8-45

2. Experimental

2.1. ZnoO synthesis by the hydrothermal method

The ZnO crystals were synthesised by the hydrothermal method
in alkaline medium. The starting materials were as follows: zinc
acetate dihydrate (ZAD) [Zn(CH3COO),-2H,0] (>98%, Vetec),
sodium hydroxide [NaOH] (97%, Sigma-Aldrich), CTAB
[C19H4,BrN] (>99%, Vetec) and distilled water. All the reagents
were of analytical grade and were used with no previous
purification.

Approximately 6.0 g of ZAD and 4.5 g of CTAB were weighed
and transferred to stainless steel-coated polytetrafluoroethylene
(PTFE) autoclaves with screw lids. Next, 100 mL of 0.3 M NaOH
solution was added, and manual agitation was performed using
a glass stirring rod for 10 min. Then, the autoclaves were sealed
with proper lids and transferred to an oven (Quimis, Q819V),
where they remained for 24 h at different temperatures (120,
150 and 180 °C). After the reaction period, the solutions were
washed with distilled water and ethyl alcohol (95%, Vetec) in
a centrifuge (Sigma, 3-16L) at 3000 rpm. The samples were dried
in an oven (Odontobras, EL 1.1) at 75 °C for approximately 8 h.

2.2. Characterisation

The samples were characterised by X-ray diffraction (XRD) using
a Shimadzu diffractometer, model XRD6000 (Japan) using Cu-
Ko radiation (A = 1.54056 A) at 40 kv and 30 mA. The tests were
performed with a step size of 0.02° between 10 and 110° (26)
with a scan rate of 0.5° per minute in continuous mode. The
XRD patterns of the samples were refined using the Rietveld
method using the DBWSTools program. The refinement

This journal is © The Royal Society of Chemistry 2017
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procedure consisted primarily of adjusting the displacement
parameters of the sample relative to the crystal plane, back-
ground, scale factor, fullwidth at half-maximum of the
diffraction peak (W), asymmetry factor, peak profile (NA and
NB), lattice parameters (a, b, ¢; «, 8, ), possible preferential
orientation, atomic positions (x, y, z), isotropic or anisotropic
thermal parameters, and instrumental parameters (U and V).
The special atomic positions were not refined as they are
intrinsic parameters of the sample.

The Raman spectra were collected using a Bruker Senterra
monochromator (Germany) coupled to an Olympus BX50
microscope, connected to a CCD (charge-coupled device)
detector, with automatic resolution adjustment at 0.1 cm ™. The
readings were performed at room temperature from 35 to 1555
cm ' using a laser with an excitation wavelength of 532 nm,
with output power of 20 mW and an integration time of 10 s.
The measurements in the infrared (IR) region were obtained
using a Bruker spectrometer, model Vertex 70 (Germany) in the
range from 4000 to 400 cm ™', with 32 scans for each measure-
ment and a resolution of 4 em™".

The morphology of the ZnO particles was investigated using
field-emission scanning electron microscopy (FE-SEM) using an
FE-SEM-FEI microscope, model Inspec F-50. From the FE-SEM
images, the particle size distribution was estimated, and the
morphology was examined.

Diffuse reflectance (R) UV-Vis spectra were registered using
a Varian spectrophotometer, model Cary 5G (United States),
with wavelengths ranging between 200 and 800 nm. Magnesium
oxide (MgO) was used as the reference material, and a special
sample holder was adapted for powders. The photo-
luminescence (PL) measurements were performed in a Mono-
spec 27 monochromator from Thermal Jarrel Ash (United
States), coupled to a R446 photomultiplier from Hamamatsu
Photonics (Japan), with an SR-530 lock-in acquisition system. A
krypton ion laser of 350.7 nm from Coherent Innova 90 K
(United States) was used as the excitation source, maintaining
its maximum power at 200 mW.

2.3. Photocatalytic activity

The photocatalytic experiments were conducted using 100 mL
of dye solution (RhB and MO) at a concentration of 1.0 X
10> mol L', added in a quartz reactor 600 mL under magnetic
stirring and an average temperature of 25.0 = 0.5 °C. Subse-
quently, inserted for each catalytic test, 100 mg of the catalyst,
which remained under magnetic stirring for 5 minutes, fol-
lowed by stirring in an ultrasound tub Cristofoli mark
A52243777110V code, with a frequency of 42 kHz for 10 minutes
in order to obtain the adsorption equilibrium in solution. The
emulsion obtained was inserted in a photocatalytic system
consisting of a wooden box with two coupled microfan (1.5 A
and 12 V), six UVC lamps (Osram 15 W) with a wavelength of
253.7 nm, a magnetic stirrer and an aquarium pump with a flow
rate of 1.8 L min~'. The monitoring of catalytic activity was
carried out by removing 4 mL of the solution followed by
centrifugation of 5000 rpm for 10 minutes, analyzing the
wavelength of maximum absorption of the supernatant, the
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latter being 554 nm and 465 nm, corresponding to RhB dyes
and MO, respectively. Operating a spectrophotometer brand
Thermo Scientific GENESYS 10S model, conducting sweeps in
the range of 200 nm to 900 nm, with 10 nm s~ ' by adding
solutions in quartz cuvettes.

3. Results and discussion

3.1. XRD and Rietveld refinement

Fig. 1 presents the diffractograms of the ZnO microcrystals
synthesised by the hydrothermal method for 24 h at 120, 150
and 180 °C, with and without the assistance of CTAB. The
position of the peaks in all the diffractograms presented in
Fig. 1 have the same pattern, regardless of the preparation
conditions of the ZnO powder. This pattern confirms that the
crystal structure of the samples is hexagonal (wurtzite), with
Cey* Or P6ymc spatial group and crystallographic class 6 mm,
according to the respective crystallographic card ICSD no. 34477
(ICSD = Inorganic Crystal Structure Database).” Intermediate
crystal phases were not observed, indicating the high purity of
these materials obtained in a single stage at hydrothermal
conditions. The presence of defined and intense peaks indicates
that the ZnO powders exhibit high crystallinity (structural
periodicity) and are structurally ordered at a long distance.

Once the crystallography phase ZnO was confirmed, the XRD
results underwent the refinement process by the Rietveld
method using the DBWS Tools software interface. The data on
crystallographic pattern profiles of the wurtzite phase is avail-
able on the Capes Research Website® from the International
Center for Diffraction Data (ICDD). The ICSD no. 34477 (ref. 49)
card was used.

Table 1 presents the lattice parameters and the unit cell
volume of the ZnO samples, which were calculated after the
structural refinement and compared with the data reported in
the literature.”” The slight variations on the experimental
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Fig. 1 XRD patterns of ZnO synthesized hydrothermally for 24 h at
120 °C (a) without and (b) with CTAB, at 150 °C (c) without and (d) with
CTAB, and at 180 °C without (e) and (f) with CTAB.
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Table 1 Comparative results between the lattice parameters and unit
cell volume of the hydrothermally processed ZnO microcrystals in this
study, with data reported in the literature, using different synthesis
methods and information on bulks®

Lattice parameters

(4)

T(°C) t(h) a=5h ¢ V(A®) JCPDS  Ref.

Synthesis methods
HT 140 24 0.3249 0.5206 — 36-1451 32
HT 150 24 0.3249 0.5206 — 36-1451 51
HT 140 12 0.3242 0.5188 — 79-0205 52
SG 80 24 0.324 0.519 54.5 36-1451 24
HT 140 12 0.3251 0.5206 — 79-2205 53
HT 180 24 0.3249 0.5205 — 75-0576 46
HT 120 5 0.32508 0.52069 — 36-1451 54
CP 60 2 0.3250 0.5207 — 36-1451 55

Lattice parameters

(A)

a=bh c V(A®)  JCPDS Ref.
Bulks
BK - ICSD no. 26170  0.32498 0.52066 47.623 — 56
BK - ICSD no. 34477 0.3253 0.5213 47.77 — 49
BK - ICSD no. 57450  0.32494 0.52038 47.59 — 59

Lattice

parameters (A)

T(C) t(h) a=b ¢ V(A®) JCPDS  CTAB

This study
HT 120 24 0.3251 0.5207 47.66 36-1451 No
HT 120 24 0.3252 0.5207 47.70 36-1451 Yes
HT 150 24 0.3252 0.5209 47.70 36-1451 No
HT 150 24 0.3250 0.5208 47.65 36-1451 Yes
HT 180 24 0.2513 0.5209 47.69 36-1451 No
HT 180 24 0.3250 0.5207 47.64 36-1451 Yes

“ T = temperature; ¢ = processing time; a, b, ¢ = lattice parameters; V =
unit cell volume; JCPDS = Joint Committee on Powder Diffraction
Standards; ICSD = Inorganic Crystal Structure Database; Ref. =
reference; pH = pH value; CT = presence or absence of CTAB (cetyl
trimethylammonium bromide); N = no; Y = yes; HT = hydrothermal;
SG = sol-gel; CP = coprecipitation; BK = bulk.

results may be related to the different types of synthesis
methods and experimental conditions, such as the processing
temperature, heating rate, reaction time, atmosphere, solvent,
etc., which, consequently, may generate different levels of long-
range structural organisation in the hexagonal lattice.

The complete results of the structural refinement by the
Rietveld method are presented in Table 2, with the following
Rietveld refinement results: density and unit cell volume,
atomic positions (x, y, z) and refinement quality indexes (R,
Ryp, Rexp, and S). Table 2 presents the numerical quality indi-
cators of structural refinement using the Rietveld method. S
parameter values smaller than 2 indicate satisfactory refine-
ment;*® the samples maintained at 180 °C in hydrothermal
conditions exhibited values of S = 1.88 and 1.95, with and
without the assistance of CTAB, respectively.
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Table 2 Atomic coordinates obtained from the Rietveld refinement
data for ZnO crystals synthesised for 24 h at 120, 150 and 180 °C, with
and without the assistance of CTAB

Atoms Wyckoff Sites x y z

120 °C, CTAB: no

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3917

Density = 5.667 g cm™>; R, = 9.56%; Ry, = 12.28%; Rexp = 5.14% and S
=2.39

120 °C, CTAB: yes

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3857
Density = 5.674 g cm ™% R, = 7.06%; Ry, = 10.15%; Rexp = 5.29% and S
=1.92

150 °C, CTAB: no

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3818
Density = 5.667 g cm ™ %; R, = 7.45%; Ry, = 11.12%; Rey, = 5.28% and S
=2.10

150 °C, CTAB: yes

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3960
Density = 5.674 g cm ™ %; R, = 12.37%; Ryyp = 14.96%; Reyp = 5.04% and S
= 2.96

180 °C, CTAB: no

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3806
Density = 5.669 g cm ™ >; R}, = 6.95%; Ryp = 10.53%; Reyp = 5.59% and S
= 1.88

180 °C, CTAB: yes

Zinc 2b 3m 0.3333 0.6667 0
Oxygen 2b 3m 0.3333 0.6667 0.3812
Density = 5.674 g cm ™ %; R, = 7.02%; Ryp = 10.42%; Reyp = 5.34% and
§=1.95

The Rietveld refinement calculations for the ZnO micro-
crystals hydrothermally processed at 180 °C, with and without
the assistance of CTAB, are presented in Fig. 2. The results
indicate good agreement between the profiles of the experi-
mental diffractograms and the theoretical data for the ZnO
wurtzite structure. The differences between the diffractogram
profiles (Yopserved Yealculatea) are small on the scale of
intensity.

In turn, the samples synthesised at 120 and 150 °C, in the
presence and absence of CTAB, exhibited high S values because
Reyp was smaller. Nevertheless, the refinements can be consid-
ered of good quality, as the value of R, is lower because of the
high intensities. Consequently, the value of S becomes higher
than 2 for such cases, which also has been reported in literature
(ex.: § = 3.31).%°

According to Young,* although the numerical indicators are
important for the refinements by maximum likelihood, it is vital
to perform the graph fitting analysis by the line of differences
between the observed and calculated data.

This journal is © The Royal Society of Chemistry 2017
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Fig.2 XRD pattern refinements using the Rietveld method of ZnO, (a)
without and (b) with the assistance of CTAB, at 180 °C.

3.2. Unit cells representation

Fig. 3 presents schematic representations for the unit cells of
the ZnO microcrystals hydrothermally processed at 180 °C for
24 h, with and without the assistance of CTAB, from the struc-
tural refinement data obtained using the Rietveld method. The
unit cells were modelled using the Diamond Crystal and
Molecular Structure Visualisation program, demo version 3.2f
for Windows,** using the atomic coordinates calculated by the
Rietveld refinement, displayed in Table 2.

Some interesting characteristics are observed in the unit
cells presented in Fig. 3, such as: (i) the unit cell contains four
atoms, two of each type (Zn and O); each atom is tetrahedrally
coordinated in the crystal lattice, with hexagonal symmetry; and
(ii) the two types of atoms occupy a sublattice throughout the ¢
axis. In fact, this type of structure is composed by two compact
hexagonal sublattices, where the layers occupied by Zn atoms

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Modeling of unit cells of ZnO microcrystals synthesized
hydrothermally at 180 °C, for 24 h (a) without and (b) with CTAB.

alternate with the layers occupied by O atoms around the c axis.
In every sublattice, four atoms are included per unit cell, for
instance, each Zn atom is coordinated to four O atoms, or vice
versa. Hence, half of the tetrahedral sites are occupied by Zn
atoms.

The unit cell volume is approximately 47.6 A>. Consequently,
ZnO contains approximately 8.4 x 10** atoms per cm®. The
synthetically produced ZnO with the wurtzite structure may
eventually exhibit a crystallographic arrangement different
from the pattern established in the crystallographic records. A
characteristic of this type of hexagonal crystalline arrangement
is the c/a ratio between the unit cell parameters, which was
determined to be 1.63 for the ideal arrangement, considering
the atomic positions (x, y, z) and maximum packing.®* Gener-
ally, the main reasons that the synthetic materials differ from
the ideal arrangement are related to the methodology of prep-
aration, which depends on external factors such as the pressure
and temperature, time, and presence of impurities, among
others.®” In the real ZnO crystal, the wurtzite structure diverges
from the ideal arrangement because the c/a ratio varies.
Although the ideal wurtzite structure exhibits a c¢/a ratio of
1.63,° the lattice constants of the real ZnO structure depend on
impurities, external factors, temperature, etc.

3.3. Raman and IR spectroscopy

The structural lattice of the ZnO wurtzite phase consists of
a basic unit of four atoms per unit cell (two Zn-O molecular
units). Because of the number n = 4 atoms in the unit cell, the
number of phonons is equivalent to 3n = 12, with 3 acoustic
modes (1 x LA, 2 x TA) and 3n — 3 = 9 optical phonons (3 x
LO, 6 x TO). In the I' point of the Brillouin zone, the optical
phonons have irreducible representation:

I'(Raman + infrared) = 1A, + 2B, + 1E; + 2E,, (1)

whereas the E modes are doubly degenerated. The B; modes are
silent modes, i.e., inactive in the Raman and infrared spectra,
and the E, modes are only active in the Raman spectra. Modes
A, and E;, active in the Raman and infrared spectra, are polar.
Therefore, each one is divided into longitudinal (LO) and

RSC Adv., 2017, 7, 24263-24281 | 24267
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Fig. 4 Raman spectra of ZnO processed hydrothermally for 24 h at
120 °C (a) without and (b) with CTAB, at 150 °C (c) without and (d) with
CTAB and 180 °C without (e) and (f) CTAB. The E, modes(low) and
E,(high) are shown in figure.

transversal (TO) optical modes caused by macroscopy electric
field of phonons localized at LO, which are represented by the
Raman mode in the range of wavenumber from 98 to 591 cm ™.

Fig. 4 presents the Raman spectra for the ZnO microcrystals
synthesised for 24 h at 120, 150 and 180 °C, with and without
the assistance of CTAB. The band position, attribution and
main Raman modes reported in the literature of ZnO crystals
obtained by different synthesis, bulk and theoretical methods
are listed in Table 3.>116:26:63-73

The modes present in the Raman spectra of the ZnO samples
investigated in this study were attributed to the wurtzite crystal
structure. The intense E,(low) band, approaching 100 cm ™", is
attributed to the vibrations of the Zn sublattice in the ZnO
structure. The bands close to 330 and 380 cm ™" are attributed to
modes E,(high) — E,(low) (second-order acoustic) and A,(TO),
respectively. Almost unnoticeable, the weak band approaching
200 cm ™ refers to mode 2E,(low). An evident and strong peak is
present in all the spectra at approximately 440 cm ™", which is
characteristic of the scattering of the ZnO hexagonal wurtzite
dominant mode E,(high) and is attributed to the vibration of
the sublattice of O. Additionally, the literature reports that
mode E,(high) exhibits excellent crystallinity’* and acts as
a signature of the ZnO wurtzite phase, which demonstrates the
good correlation with the XRD data for all the ZnO microcrystals
synthesised at hydrothermal conditions.
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Table 3 Comparison among the main Raman active modes for ZnO
crystals obtained in this study and other studies reported in the liter-
ature obtained by different synthesis, bulk and theoretical methods®

Modes*
T(°C) t(h) A4TO) E4(TO) Ey(low) E,(high) Ref.
Synthesis methods
CL 400 2 380 — 99 438 63
ET 900 1 380 407 101 437 64
SG 550 2 380 414 — 440 65
SG 750 2 380 — — 435 66
CP 120 2 380 418 — 438 26
HT 120 72 382 409 102 440 5
HT 130 24 381 — — 438 11
HT 80 20 385 — — 439 67
HT 200 10 383 — — 438 16
MH 130 3 378 — — 437 68
Bulks
BK — — 379 410 102 437 69
BK — — 380 407 101 437 70
BK — — 380 413 101 444 71
Theoretical
TR — — 386 407 98 433 72
TR — — 382 316 126 335 73
Modes*
T ("C) t(h) AI(TO) El(TO) Ez(low) Ez(high) CTAB
This study
HT 120 24 380 411 99 438 No
HT 120 24 380 412 99 438 Yes
HT 150 24 380 4111 99 438 No
HT 150 24 379 411 99 437 Yes
HT 180 24 379 410 99 438 No
HT 180 24 380 411 99 438 Yes

¢ T = temperature; t = time; *Raman modes = (cm ™ '); Ref. = reference;

for all the syntheses performed in this study, the reaction time was 24 h;
CTAB = presence of cetyl trimethylammonium bromide; CL = charged
liquid cluster beam; ET = thermal evaporation; SG = sol-gel; CP =
coprecipitation; HT = hydrothermal; MH = hydrothermal microwave;
BK = bulk; TR = theoretical.

The samples analysed in this study also presented other
signals that are not displayed in Fig. 4, such as a wide band of
low intensity that appears right above 550 cm ™", which can be
attributed to modes A;(LO) and E,(LO). The appearance of
bands A;(LO) and E;(LO) in the Raman spectra of ZnO is caused
by the formation of structural faults (oxygen and interstitial zinc
vacancies), where mode E;(LO) is more strongly affected by
these effects.” The wide band, which also appeared in the
Raman spectra with peaks approaching 1100 and 1150 cm %,
corresponds to 2LO (mode A;).* Zhao et al’® reported the
possibility of locating a peak at approximately 1350 cm ™", which
would indicate three phonons from the Raman scattering
processes, A;(TO) + A,(LO) + E,H; however, these peaks do not
appear in the Raman spectra of this study.

The information in Table 3 indicates consonance between
the Raman modes identified and attributed in this study and

This journal is © The Royal Society of Chemistry 2017
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other studies published in the literature, although there is
a slight displacement in the relative position of some peaks. The
small changes observed in the characteristic positions of the
Raman modes listed in Table 3 can be associated with the
degree of crystallinity, grain size distribution and average
crystal size, ionic interaction force, degree of structural order
and disorder in the crystal lattice, and the presence of structural
defects (oxygen vacancy, distortions and/or tensions in the
structure). These alterations are confirmed by the PL spectra.
The visible band in the PL spectrum only appears in the pres-
ence of defects such as Vo of O, and interstitial O;, among
others.”””® Special attention is given to the efficiency of the
hydrothermal method used in this study, as the main charac-
teristic Raman modes for the ZnO wurtzite phase were observed
as well as peaks that were not exhibited in other studies in the
literature, where less energetic and drastic reaction conditions
were applied.

IR spectroscopy is a useful and powerful technique adopted
for the analysis, confirmation and elucidation of structures of
compounds and to identify the functional groups present in the
compounds,” complementing the information obtained from
Raman spectroscopy. IR analyses using KBr pellets in trans-
mission mode are displayed in Fig. 5 for the samples hydro-
thermally processed for 24 h at 180 °C, with and without CTAB.

The IR spectra displayed absorption bands between 3400
and 2900 cm™', which refer to O-H and C-H vibrations,
respectively, where the O-H absorption most likely originates
from the atmospheric mixture where the analyses are per-
formed, which adsorbs on the surface of the samples and on the
KBr pellets.® The modes close to 1400 and 1600 cm ™' represent
C=0 asymmetrical and symmetrical stretching, respectively,
and may be associated with the residue from the starting
material, Zn(CH3COO),-2H,0, still present in the final
product.®* Nevertheless, emphasis is given to the superposition
of bands at approximately 500 cm™", referent to the Zn-O
stretching frequency, which is present in all the samples

180 °C

Intensity / arb. units

T T T T T T
3500 3000 2500 2000 1500 1000

4000
Wavenumber / cm’
Fig. 5 Infrared spectra of samples of ZnO hydrothermally processed

for 24 h at 180 °C in the absence (a) and presence (b) CTAB. The A;
mode(LO) is shown.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

analysed by IR and is indicative of the high orientation of the
ZnO wurtzite crystal structure.”

The superposed bands located at approximately 420, 580 and
590 em ' are attributed to modes E,(TO), A;(LO) and E,(LO),
respectively.®” Another characteristic band of the ZnO wurtzite
phase should appear at approximately 380 cm ™, referent to mode
A4(TO); however, because of the limitations of the equipment
used for the analyses, measurements below 400 cm ™" could not
be performed using KBr pellets in transmission mode.

3.4. FE-SEM analyses

The FE-SEM micrographs presented in Fig. 6(a-f) show the
morphology of the ZnO microcrystals prepared at 120, 150 and
180 °C for 24 h, with and without CTAB. The FE-SEM micro-
graphs demonstrate the predominance of ZnO microcrystals in
the form of hexagonal columns in the absence of CTAB and of
double hexagonal columns in the presence of CTAB. Similarly,
for the samples synthesised at 180 °C in the presence or absence
of CTAB, the shape of the hexagonal columns is different, as the
(001) crystal face exhibits a smaller diameter in relation to face
(001). Hence, these ZnO samples synthesised at 180 °C were
analysed using energy dispersive spectroscopy (EDS) to evaluate
the chemical composition. The insert in Fig. 6(e and f) shows
a typical EDS spectrum of ZnO crystals.*® The result confirms
that each crystal is composed of Zn and O (the Au and C peaks
originate from elements in the sample holder).

Based on the FE-SEM images, the crystal size distribution
was estimated considering the average of 100 particles (N = 100)
for every one of the synthesised samples in this study, as illus-
trated in Fig. 7. The size estimations were performed consid-
ering each particle individually, including those that exhibited
the form of a double hexagonal column, as observed for the
samples processed in the presence of CTAB.

The ZnO microcrystals exhibit a polydisperse particle size
distribution. Fig. 7 shows the tendency of reduction in the
average size of individual microcrystals with an increase in
temperature from 95 to 97% (without CTAB) and from 74 to
77% (with CTAB). The reduction of the average size is more
evident in the samples prepared at 180 °C. Additionally, the
presence of CTAB affects the growth of the ZnO microcrystals,
where, for the same processing conditions, the average size of
individual microcrystals was between 46 and 93% larger.

Recently, different ZnO morphologies, such as rods, flowers,
spheres, disks, and hexagonal columns, have been synthesised
using different methods, as displayed in Table 4.>%1116.27:46,68,83-96
Various methods can be used to obtain ZnO crystal structures;
however, the hydrothermal approach from aqueous solutions
offers advantages, such as the low processing temperature and
the use of simple material, its appropriateness for large-scale
application and economic advantages.®

3.5. Growth process

Based on the experimental results and orientation type of
crystal growth, the possible growth mechanism of ZnO crystals
of hexagonal column form belongs to the Ostwald ripening
mechanism and is also involved in the selective adsorption of
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120 °C, CTAB: no

150 °C, CTAB: no

180 °C, CTAB: no
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120 °C, CTAB: yes

D)

Fig. 6 FE-SEM micrographs of ZnO microstructures obtained by hydrothermal processing at 120 °C (a) without and (b) with the assistance of
CTAB; at 150 °C (c) without and (d) the assistance of CTAB; and at 180 °C (e) without and (f) with the assistance of CTAB. The energy dispersive
spectroscopy (EDS) elemental analysis is displayed as an insertion for the samples obtained at 180 °C (e and f).

zincate growth units [Zn(OH),]*~ along the polar axis [001] of
the ZnO crystal structure.”® This process is considered simple
and innovative.*”

The crystal formation process includes nucleation and
growth. Initially, because of the decomposition of ZAD at high
temperature, the concentrations of Zn”>" and OH™ increase
correspondingly. When the supersaturation degree exceeds the
critical value, the ZnO nuclei start to form. The mechanism
suggested in this study for the formation of ZnO microcrystals
hydrothermally processed at 120, 150 and 180 °C, with and
without the assistance of CTAB, is proposed in Fig. 8.

The ZnO synthesis without surfactant addition is classified

as “organic-free”.*® Under hydrothermal conditions, the
possible involved reactions are

Zn** + 40H™ — [Zn(OH),*~ (2)

[Zn(OH),*~ < Zn(OH), + 20H™ (3)

24270 | RSC Adv., 2017, 7, 24263-24281

Zn(OH), < ZnO + H,0 (4)
[Zn(OH)4*~ < ZnO + 2H,0 + 20H" (5)

The experimental results revealed that the hydrothermal
conditions, particularly the basic concentration of the solution
and the temperature, affect the morphology and size of the
crystallite. The modification of the physico-chemical conditions
during the growth process is considered to essentially alter the
solution structure, i.e., the structural form of the growth units
and the nature of the growth interfaces. Therefore, an approach
could be performed in relation to the incorporation of growth
units in the different faces and the nature of the crystal growth
interfaces under the effect of the addition of OH  ions to
interpret the formation mechanism of the observed
morphology.

The ZAD precursor undergoes hydrolysis, which induces the
formation of Zn(OH),. The Zn(OH), is a hydroxide of

This journal is © The Royal Society of Chemistry 2017
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Fig.7 Size distribution of ZnO microcrystals obtained by hydrothermal processing with N = 100 at 120 °C (a) in the absence and (b) presence of
CTAB; at 150 °C (c) in the absence and (d) presence of CTAB; and at 180 °C (e) in the absence and (f) presence of CTAB.

amphoteric character, and its solubility is particularly related to
the alkalinity of the solution and the temperature.”” Thus, the
solubility increases with the increase of temperature. Zn(OH), is
dissolved in the solution to form the zincate complex
[Zn(OH),J>” in the basic solution; these complex groups are
called crystal growth units, where these growth units dehydrate
when they are incorporated in the crystal.** Furthermore, the
complexes (growth units) exhibit polaron behaviour because of
the tetrahedron structure characteristic, i.e., the asymmetrical
position of the Zn atom. The vertex of the tetrahedral exhibits
a negative charge, whereas the base exhibits a positive charge
and, similarly, the structured units, ie., the Zn-O, crystal
tetrahedron. In turn, the amount of OH ™ in the solution has

This journal is © The Royal Society of Chemistry 2017

a significant effect on the nature of the growth interface,
particularly on the two polar faces, and therefore on the rate of
incorporation in these faces.

The detailed analyses of the incorporation of [Zn(OH),]*~
(zincate) growth units on the positive and negative faces are
described next. In a solution with high pH under hydrothermal
conditions, the starting material is completely dissolved, and all
that is dissolved in the form of Zn(OH), is complexed with OH™
to form zincate [Zn(OH),]*>~, which exhibits a negative charge.
In turn, reminiscent OH™ remains in the solution, which can
affect the growth interface. Once the positive crystal face (001) is
occupied by Zn atoms, the OH™ ions in solution can be adsor-
bed on the face and modify the nature of the interface.*

RSC Adv., 2017, 7, 24263-24281 | 24271
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Table4 Morphology and size of ZnO micro- and nanocrystal structures from studies reported in the literature, obtained using different synthesis

methods®

Reagents M T (°C) t (h) Form Size (um) Ref.
Zn(NO;), cC 500 0.08 Mushroom 60 84
Zn(CH3COO0), + ED SG 500 2 Rod 1.5 85
ZnSO, + HMT + ED ™ 240 1 Flower >1 86
Zn(NO;), + (NH,),CO; + CTAB + C,HsO ST 220 18 Rod 0.8 45
Zn(CH;COO0), + NaOH + CTAB HT 200 20 Rod >20 87
Zn(CH3COO0), + NaOH HT 200 20 Flower >4 88
Zn(NO3), + CTAB HT 200 10 Rod 1 16
Zn(CH3C00), + KOH + CTAB HT 180 24 Kale 3 89
Zinc powder + CTAB HT 180 24 Rod 1 46
Zn(CH3COO0), + NaOH + CTAB HT 180 20 Flower 4 90
Zn + (NH,),S,0, + KOH + CTAB HT 160 15 Rod 10 91
Zn(CH;COO), + CTAB + CgH,, + C4H; O + ST 140 14 Dumbbell 8 92
(CH2)6N4

ZnCl, + NaOH + CTAB HT 130 24 Rod >5 11
Zn(CH3COO), + NaOH + CTAB HM 130 3 Threads >15 68
Zn(CH3COO0), + NaOH + PVP HT 120 72 Sphere 0.04 5
ZnCl, + NaOH + SDS + IBA HT 120 12 Disk >5 2
Zn(CH;3C00), + KOH + CTAB HT 120 5 Column 1.4 93
Zn(NO3), + NaOH + CTAB HT 120 0.5 Sisal 6 94
Zn(NO;), + NH,OH HT 100 10 Rotor 3 95
Zn(NO3), + U + EG HT 90 0.5 Dumbbell >0.5 96
Zn(NOs), + NH,OH + CTAB cp 25 10 Leaf 1 27

“ M = method; T = temperature; t = time; size = size; Ref. = reference; CC = calcination; SG = sol-gel; TM = thermolysis; ST = solvothermal; HT =
hydrothermal; HM = hydrothermal microwave; CP = coprecipitation; Zn(NO;), = zinc nitrate; Zn(CH3;COO), = zinc acetate; ED = ethylenediamine;
HMT = hexamethylenetetramine; (NH,),CO; = ammonium carbonate; CTAB = cetyl trimethylammonium bromide; C,HsO = ethanol; NaOH =
sodium hydroxide; KOH = potassium hydroxide; Zn = zinc powder; (NH,4),S,0s = ammonium peroxodisulphate; C¢H,, = cyclohexane; C,H;,0
= n-butanol; (CH,)sN, = methenamine; ZnCl, = zinc chloride; PVP = polyvinylpyrrolidone; SDS = sodium dodecyl sulphate; IBA = isobutanol;

NH,OH = ammonium hydroxide; U = urea; EG = ethylene glycol.

Therefore, it becomes more difficult to incorporate the growth
units on the positive and negative faces. The polar faces grow
slowly and are developed with larger size, resulting into
a regular morphology, such as hexagonal columns. According to
observations, the temperature accelerates the reaction process,
and at 180 °C, the (001) face tends to be smaller in the final
stage.

Wang et al.*® reported that Zn(OH), not only contributes to
the nucleation of ZnO as previously mentioned but also trans-
forms into zincate [Zn(OH)4]*", increasing the growth rate of
ZnO. Furthermore, in the reaction at high temperature, active
sites can be generated around the circumference of the ZnO
nucleus, causing the ZnO to grow preferentially in the active
known to be a polar crystal whose positive plane is rich in Zn
and whose negative plane is rich in O. In the hydrothermal
process, the growth unit [Zn(OH),]*~ leads to different growth
rates of the planes: ¥(001) > ¥(110) > ¥(100) > ¥(010) > V(001).*®
Generally, a faster growth rate corresponds to faster disap-
pearance of the place. Therefore, the (001) plane of ZnO, with
a fast growth rate associated with the high temperature, tends
to disappear at the end of the hydrothermal process, which
generates the point at the end of the ¢ axis. In turn, the (001)
plane, the slower growth rate plane, is maintained during the
hydrothermal process. Hence, at 180 °C, at higher temperature,
the form of the hexagonal columns can be altered, with
a thinner (001) crystal face.

24272 | RSC Adv., 2017, 7, 24263-24281

A possible growth mechanism for the ZnO microstructures at
different temperatures and in the presence of CTAB is described
next. The following chemical reactions are involved in the
process:

Zn** + 20H™ — Zn(OH), (6)
Zn(OH), < ZnO + H,O (7)

Zn(OH), + 20H™ < [Zn(OH),*~ (8)
CTAB < CTA" + Br~ (9)
[Zn(OH)4*~ + CTA* < CTA*-[Zn(OH),*~ (10)
CTA*-[Zn(OH),>~ < ZnO + H,0 + CTA" (11)

The presence of CTAB, which is a cationic surfactant,
reduces the surface tension of the solution, which decreases the
energy necessary to form a new phase, and therefore, the ZnO
crystals can be formed at a temperature lower than supersatu-
ration. As previously mentioned, the ZnO crystal growth unit is
zincate [Zn(OH),]*”; therefore, in aqueous solutions, the
[Zn(OH),]*~ anions and CTA" cations in solution during the
hydrothermal process interact electrostatically to form com-
plexing agents that are adsorbed on the surface of ZnO nuclei.
Because of this adsorption, the surface energy of the ZnO

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Schematic diagram of the mechanism proposed for the growth of ZnO microstructures in the form of simple and double hexagonal
columns, obtained by hydrothermal processing at 120, 150 and 180 °C, with and without the assistance of CTAB.

nucleus decreases, resulting in active sites generated on the
surface. Additionally, the temperature acts directly on the
permanent dipole of water and increases the kinetic behaviour
of crystallisation by one or two orders of magnitude.®®

During the hydrothermal process, the CTAB acts as a trans-
portation mode for the [Zn(OH),]*~ growth units. According to
the internal structure and crystal growth cell, the ZnO exhibits
a preferential growth behaviour along the ¢ axis. These growth
units are combined among themselves and decompose into
ZnO nuclei simultaneously from the tetrahedral face of Zn-O,
and auto-organise to form microstructures in the form of
hexagonal columns. The number of [Zn(OH),]*~ growth units
increases at 180 °C, most likely because the high temperature
accelerates the microcrystal growth reaction; consequently, the
number of ZnO nuclei also decreases, reducing the surface
potential.*

This journal is © The Royal Society of Chemistry 2017

For hydrothermal processing with the assistance of CTAB,
the same previously mentioned comments are valid. The ZnO
microcrystal formation process under hydrothermal conditions
can be represented as follows: the ZAD precursor undergoes
hydrolysis, which induces the formation of Zn(OH),. During the
hydrothermal process, some of the Zn(OH), colloids are dis-
solved into Zn>" and OH ™. When the concentrations of Zn>" and
OH™ reach the ZnO supersaturation degree, the ZnO nucleus is
formed. The [Zn(OH),]>~ growth units exhibit a tetrahedral
geometry.”* 1%

The CTAB is completely ionised in water. The CTA" is posi-
tively charged with a tetrahedral head and a long hydrophobic
tail. The resulting cation is also a tetrahedron with a long
hydrophobic tail. Therefore, ion pairs can be formed between
[Zn(OH),]>~ and CTA" because of the electrostatic interaction.
The critical micelle concentration (CMC) of the pure CTAB in
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aqueous solution at 25 °C is 0.0009 M, and the CTAB
concentration used in this study is approximately 0.1 M, and, in
this case, the CTAB aggregation in aqueous solution forms
spherical micelles. Only the micelles in aqueous solutions are in
dynamic equilibrium; the [Zn(OH),]>~ and CTA" ion pairs are
constantly adsorbed and separated at the surface of the formed
micelle. The complementarity between [Zn(OH),]*~ and CTA"
enables the surfactant to act as an ionic carrier. It should also be
highlighted that the CMC of CTAB increases as the temperature
increases.*

According to Sun et al.,*® in the presence of CTAB, a fluctuating
film is formed. When the surfactant agent molecules exit, zincate
is transported in the form of an ionic pair, such that the boundary
layer becomes finer, which facilitates the interaction process of
the active sites. In the crystallisation process, the surfactant
molecules can act as growth controllers as well as agglomeration
inhibitors by forming a film on the newly formed ZnO crystal.

The adsorption of growth units at the crystal surface strongly
affects the rate of formation and orientation of crystals. When
a ZnO crystal grows, a surfactant film can be formed at the
interface between the solution and ZnO crystal, reducing the
interface energy. The floating film and surfactant molecules
that transport the growth units will release them on the surface
of the ZnO crystal. As the CTAB favours the formation of a film
where the molecules tend to be perpendicular to the adsorbed
surface, the growth units tend to fit in the face at the growth
interface. Thus, this type of fit and the dehydration result in
three Zn-O-Zn bonds, making this fit mode predominant and
competing with others as the fitting in the vertex and edge. The
ZnO crystal grows preferentially along the ¢ axis ([001] direction)
due to this fitting type in the (001) crystal face and the repeated
dehydration steps. According to the previously mentioned
process, it is supposed that CTAB not only accelerates the
reaction as a growth unit transporter but also leads to the
oriented growth of the ZnO microcrystals.>”

Liu et al.®* reported that in the initial hydrothermal process,
the growth unit of negative nature [Zn(OH),]*" leads to different
growth rates of ZnO particle planes and lamellas, which will be
easily developed because of the Ostwald ripening process.*® As the
reaction occurs, initially, the large surface areas of the lamellar
crystals are dissolved and re-precipitate to form larger crystals of
low energy and hexagonal morphology of double hexagonal
columns. Recent studies with similar morphologies identified
defects at the basal plane with inversion domain boundaries
(IDBs). When the boundary inversion is formed in the ZnO, the
head-to-head configuration appears predominantly along the
polar axis c, i.e., planes with oxygen terminations oriented towards
the other plane interface (001). In fact, the formation of double
microstructures involves structural and energetic factors;
however, the driving force behind the formation of this type of
morphology remains under discussion in the literature.”> Gao
et al® believe that the formation of double crystals in ZnO
samples prepared under hydrothermal conditions is linked to the
presence of organic additives, which provide models for the
nucleation and orientation of ZnO crystal growth and, conse-
quently, results in units in the form of fuse (axis), with half of the
interface. Wang et al.'** reported the synthesis of ZnO in the form
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of dumbbells (double crystal) by the hydrothermal process using
K" as a mineraliser. In this hydrothermally process, K' can act as
a bond unit between tetrahedral [ZnO,]°~ and leads to the initial
formation of a double crystal nucleus, with head-to-head or
tetrahedral tail-to-tail orientation depending on the conditions of
preparation. In turn, in the present study, the majority of Zn**
ions were precipitated as Zn(OH),. Under hydrothermal condi-
tions, the Zn(OH), precipitates were transformed into [Zn(OH),J*~
growth units. In the presence of CTAB, the growth units can be
bonded by CTAB in the (001) composition plane to form the
crystal nuclei in the form of double hexagonal columns. To reduce
the surface energy, the individual crystallite growth in the double
crystal occurs along the ¢ polar axis by incorporating units in the
(001) growth interfaces, and therefore, ZnO crystals in the form of
double hexagonal columns are ultimately formed.

3.6. Diffuse reflectance

The direct optical band gap energy (E,) was calculated using the
method proposed by Kubelka and Munk.'** This methodology is
based on the transformation of the diffuse reflectance
measurements (R) to estimate the optical E, values with good
precision. The equation by Kubelka-Munk (12) for any wave-
length is described as

(1-R.) &k

F(R.)= =) = =

2R S (12)

The analyses were performed using magnesium oxide (MgO)
as the reference standard, where Ro, = Rgampie/Rmgo (R is the
reflectance when the sample has infinite thickness), k is the
coefficient of molar absorption and s is the scattering coeffi-
cient. In a parabolic band structure, the optical E; and
absorption coefficient of semiconducting oxides can be calcu-
lated using eqn (13):

ahy = C\(hv — E,)" (13)
where « is the coefficient of linear absorption of the material, v
is the photon energy, C, is the proportionality constant, E, is the
optical band gap and 7 is the constant associated with different
types of electronic transitions (n = 0.5, direct allowed; n = 2,
indirect allowed; n = 1.5, indirect forbidden; and n = 3, direct
forbidden). According to the literature, wurtzite ZnO exhibits an
optical absorption spectrum ruled by direct electronic transi-
tions.® In this phenomenon, after the electronic absorption
process, the electrons located in the maximum energy states in
the valence shell return to the minimum energy states in the
conduction band under the same point of the Brillouin zone.
Based on this information, the E, values of ZnO were calculated
using n = 0.5 in eqn (13). Finally, using the remission function
and the k = 2« term, the modified Kubelka-Munk equation was
obtained, as shown in eqn (14):
[F(R.)w = Co(hv — Ey) (14)

Consequently, after determining the value of F(R..) from eqn

(14) and plotting a graph of [F(R.. )hw]* versus hv and C,, the Ey of
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the ZnO crystals was determined by extrapolation of the linear
region of the curves, making [F(R)kv]” = 0, as shown in Fig. 9.

Fig. 9 shows that the optical E; values of ZnO crystals
hydrothermally synthesised without CTAB varied from 3.15 to
3.20 eV, and those synthesised with CTAB varied from 3.13 to
3.21 eV. In this case, it was verified that the optical E, values
increase with decreasing particle size and increasing tempera-
ture for the samples synthesised with or without CTAB, which
may suggest that ZnO crystals prepared at 120 and 150 °C
absorb more visible light and that at 180 °C, this absorption is
smaller.?

Table 5 presents the experimental values of optical E, for
ZnO crystals reported in the literature, which were obtained

View Article Online
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values for the ZnO crystals (Fig. 9) differ slightly from the values
reported in the literature for pure ZnO crystals. These discrep-
ancies can be attributed to the fact that optical E, is strongly
dependent on the synthesis method, defect levels in the optical
band gap, morphology and average crystal size, structural
orientation and distortions.'®® Next, some considerations are
made regarding these effects.”®'*1°

As previously stated, E, can be affected by various factors,
including crystal defects™**** and sizes."*'** Huo and Hu'**
demonstrated a linear correlation between the E, of ZnO and
the size of the crystal nanoparticles, which indicates that the
increase of E, can be attributed to the decrease of the crystal
size. It is also known that when the crystal size is very small

using different synthesis and bulk methods. The optical E, (nanometric scale), E, increases as the crystal size
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Fig. 9 Kubelka—Munk curves ([F(R)hw]? versus hv in eV) of the ZnO samples hydrothermally processed for 24 h at 120 °C (a) without and (b) with
the assistance of CTAB; at 150 °C (c) without and (d) with the assistance of CTAB; and at 180 °C (e) without and (f) with the assistance of CTAB.
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Table 5 Experimental values of the band gap energy (Eg) of ZnO
crystals reported in the literature obtained using different synthesis and
bulk methods®

T (°C) t (h) Eq (eV) Ref.
Synthesis methods
CC 1000 4 3.12 87
PC 700 1 3.25 105
PT 600 1 3.17 106
GR 600 1 3.14 103
SG 400 1 3.20 107
PM 200 2 3.26 79
HT 90 6 3.36 108
Bulks
BK — 3.35 109
BK — — 3.36 110

“M = method; T = temperature; ¢t = time; E, = band gap; Ref. =
reference; CC = calcination; PC = Pechini; PT = precipitation; GR =
grinding; SG = sol-gel; PM = precipitation and microwave; HT =
hydrothermal; BK = bulk.

decreases.!'®'"” However, the dependence of E; on size has not
yet been reported for crystal particles larger than 100 nm."'** The
results of this study demonstrate that the dependence of E, in
relation to size occurs even at the micrometric scale.

Considering the molecular orbitals, two factors can determine
the changes of E, with the increase of crystal size: the Coulomb
interaction displaces E, to lower values, whereas the quantum
location displaces E, to higher energies.**>*!* Hence, the apparent
E, tends to increase for a small crystal size, where the change in E,
is determined especially for the quantum location. In effect, the
dependency of E, with size is demonstrated in the literature for
ZnO nanoparticles."*'"” In contrast, when the crystal size is large,
E, tends to decrease because the Coulomb interaction plays
a critical role in the change of E, for crystals of larger sizes, which
can explain the dependency of size on the E, of large particles
(>100 nm), which is the case in the present study.

3.7. PL emission

The PL property has always drawn attention from the scientific
community, especially for the discovery of PL at room temper-
ature, which favours its technological applications such as in
LEDs, lasers in the visible light region and fibre optic
components.**?

The literature presents various models that explain this
optical property, and among them, there is consensus that
structural disorder is responsible for PL emission. A completely
ordered or disordered material does not exhibit PL. Hence,
a minimum order is necessary in a disordered system for the
material to exhibit PL.**°

All the synthesised samples (figure not shown) exhibit very
similar band profiles and positions in the non-standardised PL
emission spectra. One emission band is observed in the violet
range, located at approximately 400 nm, with a small peak in the
UV range approaching 380 nm, and intense and highly super-
posed emission bands that range from 440 to 750 nm (blue to red
emission), with a maximum at approximately 610 nm.

24276 | RSC Adv., 2017, 7, 24263-24281
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PL is associated with the presence of structural disorder and
is responsible for the formation of electronic levels within the
band gap, ie., the formation of energy levels between the
valence band (VB) and conduction band (CB). The energy levels
between the VB and CB can act as recombination centres for the
electron-gap pair, promoting luminescence emission. Gener-
ally, ZnO crystals with the wurtzite structure of macroscopic
dimensions (bulk) and crystal organisation approaching the
ideal exhibit strong UV emission, whereas smaller crystals
(micro and nanostructures) associated with the abundance of
defects exhibit strong emissions in the visible region, where the
modifications at the ZnO structure surface can increase or
suppress the intensity and emission in the visible range.

The ratio of UV and visible emission intensities can be used
to evaluate the quality of ZnO."** Generally, it is accepted that
smaller ZnO crystal sizes are associated with PL emissions of
low UV band ratios in relation to the visible band, caused by the
large surface area and more surface defects.’” However, this
tendency was not verified in the present study. Possibly, there is
the formation of steps with crystal side surfaces larger than
ZnO, which may increase the surface/interface defects. Addi-
tionally, Zhou et al. (2002) suggest that for ZnO, intense emis-
sion bands in the visible range, more precisely above 500 nm,
can be attributed to the presence of Zn(OH), or OH™ groups at
the crystal surface level, which could also play the role of
interstitial oxygen (O;). In other words, the excess of oxygen
could lead to an increase of the number of defects in the crystal
structure, elevating the intensity of the bands in the visible
region. For the present study, where hydrothermal processing
in alkaline pH is applied, this explanation is plausible for the
observation of intense bands in the visible range, where
hydroxyl groups or water at the surface can easily be present.'*
This explanation would not necessarily be applicable to ZnO
samples produced by other methods. Hence, the presence of the
emission band in the visible region of the PL spectra for the
samples produced in this study corroborates the Raman results.
In the Raman spectra, a slight variation was observed in the
characteristic positions of the vibration modes that could be
related to a series of factors including the crystallinity degree,
grain size distribution and average crystal size, ionic interaction
force, degree of structural order and disorder in the crystal
lattice, and presence of structural defects (oxygen vacancies,
distortions or tensions in the structure). Thus, the size distri-
bution in all the samples had a direct effect on the intensity of
the emission bands and not on its appearance. This type of
study involving the variation of the particle size and intensity of
the emission band in the visible region of the PL spectrum has
already been reported for ZnO samples on the micrometric scale
synthesised at hydrothermal conditions in the absence of
CTAB."* The variations of the positions observed in the Raman
modes and the appearance of the emission band in the PL
spectra are observed in this study, which is intimately related to
the presence of defects created during the sample processing.
Although there are many studies in the literature on the types of
defects that cause such effects on different types of materials,
a more detailed investigation is necessary to properly correlate
the defect type and effect that are susceptible to the preparation
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conditions. Further studies are being performed to evaluate
whether the defects in the samples produced in this study could
be related to the presence of the Zn(OH), species or whether
OH™ groups could take the role of interstitial oxygen or whether
the excess of oxygen in the reaction medium could be respon-
sible for these changes of the ZnO characteristics.

3.8. Catalytic activity

Fig. 10 shows the photocatalytic activities of all samples for the
degradation of RhB and MO aqueous solution under the
simulative sunlight irradiation. The photocatalytic degradation
of RhB as a function of time (Fig. 10a) was controlled of the ZnO
samples obtained at different temperatures in the presence and
absence of CTBA. The photolysis efficiency in absence of ZnO
was less than 10% with irradiation for 90 minutes. The decol-
orization efficiencies of RhB degradation were 97%, 92% and
96% to ZnO obtained at 120, 150 and 180 °C in absence of CTBA,
and 97%, 80% and 82% to ZnO obtained at 120, 150 and 180 °C
with CTBA. Comparing to ZnO obtained without CTBA with ZnO
obtained in presence of CTBA, it showed the RhB decolorization
of 97%. Thus, the photocatalytic performance of the ZnO ob-
tained at 120 °C in absence of CTAB is the highest, decolorizing
RhB at 40 minutes.

The photocatalytic degradation of MO as a function of time
(Fig. 10b) was controlled of the ZnO samples obtained at

(a)
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different temperatures in the presence or absence of CTBA. The
photolysis efficiency in absence of ZnO was less than 5% with
irradiation for 90 minutes. The decolorization efficiencies of
MB degradation were 99%, 63% and 82% to ZnO obtained at
120, 150 and 180 °C in absence of CTBA, and 81%, 58% and
65% to ZnO obtained at 120, 150 and 180 °C with CTBA.
Comparing to ZnO obtained without and with CTBA, it is
showed the MO decolorization of 99%. Thus, the photocatalytic
performance of the ZnO obtained at 120 °C in presence of CTAB
is the highest, decolorizing MO at 50 minutes.

The rate constant k (Fig. 10c and d) can be calculated by the
gradient of In C,/C, = f(t) because the degradation follows
a pseudo-first order kinetics. The k value without catalyst equals
1.33 x 107° min~" and 0.51 x 10~ min~" for degradation of
RhB and MO, respectively. ZnO obtained without CTAB have &
values of 73.68 x 10~ (RhB degradation) and 85.16 x 10> (MO
degradation), using ZnO obtained at 120 °C (Z120, Fig. 10) as
catalysts (Fig. 10c and d). Degradation with as little as 100 mg of
ZnO is more than 55 (RhB degradation) and more than 167 (MO
degradation) times faster as without a catalyst. Compared to
ZnO obtained in presence of CTAB, the catalyst obtained in
absence (Zn120) are 2.0 times more efficient for degradation of
RhB, and 4.8 times more efficient for degradation of MO. From
the kinetic analysis, it has been established that the degrada-
tion of RhB and MO follows first order kinetics with trends

(b)
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Fig. 10 Photocatalytic degradation of RhB and MO ((a) and (b), respectively) and kinetic data fitting for the degradation of RhB and MO ((c) and

(d), respectively), using ZnO as catalyst.
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Table 6 Rate constants of pseudo-first order (k) and half-life time (t;/2) for RhB and MO degradation with ZnO as catalyst

RhB MO
Sample kap x 107% (min™") t1/» (min) kap x 107 (min~") t1/» (min)
Photolysis 1.33 521.16 0.511 1356.4
7120 73.68 9.40 85.16 8.1393
7150 26.19 26.46 10.84 63.943
7180 60.19 11.51 18.57 37.326
Z120CTAB 38.43 18.03 17.53 39.547
Z150CTAB 17.37 39.90 9.796 70.806
Z180CTAB 18.62 37.22 11.35 61.078

being displayed in Fig. 10 and the obtained values of kinetic rate
constants given in Table 6.

Intensive research work is being undertaken globally to
effectively use the process of photocatalysis for the degradation
of organic pollutants from industrial effluents. Many photo-
catalysts such as TiO,, MoO;, SnO,, WO;, Fe,0; Fe;0y,
Ag,WO,, Ag;MO,, etc. and combinations thereof, have been
extensively investigated as suitable materials for pollutant
degradation under UV/visible/solar light.'**"** In general,
several authors clearly show that morphology, and principally,
both a high degree of crystallinity and moderate surface area are
necessary to obtain highly active materials for organic pollut-
ants degradation. The results obtained in this work are in good
agreement with previous reports.”****¢ ZnO formed by the
hydrothermal method exhibit high catalytic activity (Fig. 10).

4. Conclusion

The present study demonstrated that ZnO microcrystals with
narrow size distributions can be successfully synthesised with
chemical reproducibility in the wurtzite phase with the form of
hexagonal columns starting from zinc acetate in alkaline medium
at 120, 150 and 180 °C with and without the assistance of CTAB.
The developed method is simple, allows for the production of ZnO
microstructures in just 24 h of processing and uses common low-
cost experimental apparatus, which is promising for industrial-
scale application. Furthermore, the method offers control of the
structural properties of the ZnO microcrystals by the appropriate
selection of the reaction temperature, pH and the presence or
absence of CTAB. These variables allow differentiated ZnO
microcrystals to be prepared to meet the requirements of different
technological applications. Photocatalytic degradation under UV
irradiation reduced effectively the RhB and MO, with the best
degradation results obtained for ZnO obtained at 120 °C and
absence of CTAB. The differential of this work is the ZnO obtained
from hydrothermal method, which can be easily separated from
the solution using a simple filtration system with common filter
paper, thus contributing to sustainable development and
economically viable for industrial application, maintaining the
high photocatalytic activity.
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