
Size Dependent Photocatalytic
Activity of ZnO Nanosheets for
Degradation of Methyl Red
Abdullah Aljaafari *

Department of Physics, College of Science, King Faisal University, Al-Ahsa, Saudi Arabia

In this work, ZnO nanosheets with a tunable thickness were produced by a microwave-
assisted hydrothermal-based method. The product was well characterized by various
tools such as XRD, SEM, EDX spectroscopy, TEM, and Raman spectroscopy. ZnO
nanosheets were highly crystalline and possessed a single phase with the wurtzite
structure. The ZnO nanosheets have a thickness ranging from 20 to 50 nm, as shown
by the micrographs of SEM. The SAED pattern infered that the ZnO nanosheets have a
single crystal nature with preferential growth direction along [0001]. ZnO nanosheets with
E2

high mode of wurtzite structure were observed by Raman scattering spectra. The
photodegradation of methyl red using ZnO nanosheets was measured under UV light
irradiation. In comparison with the commercial ZnO, ZnO nanosheets showed higher
efficiency in photodegradation of organic dyes. The thinner the nanosheets, the higher their
performance, which can be explained based on surface area. The excellent performance of
ZnO nanosheets in photodegradable organic dyes might be important in environmental
treatment and photocatalysis applications.
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INTRODUCTION

Recently, environmental pollution of organic pollutants by photolysis of wide-gapped
semiconductors, have attracted great attention (Linsebigler et al., 1995; Chatterjee and Dasgupta,
2005; Comparelli et al., 2005; Thompson and Yates, 2006). Moreover, these nanostructures provide
enhancement in the functional properties for potential applications in the fabrication of nanodevices.
In photocatalytic applications, numerous semiconducting nanostructurtes, including ZnO and TiO2,
are being used due to their unique properties of low cost, high photosensitivity, non-toxicity and
environmentally friendly behavior (Wu and Tseng, 2006; Wang et al., 2007). ZnO has been
considered to be a more capable photocatalyst than TiO2 due to its high surface reactivity
resulting from a large number of active surface defect states (Kumar and Rao, 2015).
Additionally, the more efficient hydroxyl ion production capability (Carraway et al., 1994) of
ZnO provides high reaction and mineralization rates (Poulios et al., 1999; Bohle and Spina, 2009;
Wang et al., 2009). The catalytic activity of metal oxide nanostructures is known to depend on surface
area and surface defects (Baruah et al., 2008). Among the different dimensions, two-dimensional
nanostructures including nanosheets or nanotubes can be considered a new class of nanostructure
material due to their high anisotropy, large surface area and nanometer scale thickness, and they have
interesting properties (Jang et al., 2006).

The unique structural features of two-dimensional nanomaterials, such as ultrathin thickness and
possibly specific open crystal planes, may be useful for a wide range of surface interactions/
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interactivity-oriented applications, such as electrodes of dye-
sensitive solar cells, gas sensors, supercapacitors, lithium ion
batteries, photocatalytic water splitting, photocatalysis, etc.
(Hosono et al., 2005; Jing and Zhan, 2008; Liu et al., 2009;
Qiu et al., 2010; Zhang et al., 2009a). ZnO crystals are
composed of closely packed O2− layers piled alternatively
along the c-axis, producing positively charged Zn-terminated
(0001) polar surfaces and negatively charged O-terminated
(000�i) polar surfaces (Kong and Wang, 2004). ZnO crystals
have a non-central symmetric wurtzite structure. The average
surface energy of ZnO for the polar ±{0001} plane is higher than
non-polar {01�i0}, and {2�i �i 0} planes. It can be expected that the
higher-surface-energy ±(0001) surface has much higher amounts
of chemical activity (Kong and Wang, 2004).

Therefore, the development of a synthesis technique for the
shape and size of tunable ZnO nanostructures is needed.
Numerous reports have shown the growth of ZnO
nanostructures in various dimensions inclduing nanowires,
nanobelts, nanorods, nanosheets, and nanotubes (Huang et al.,
2001; Pan et al., 2001; Wu et al., 2002; Tien et al., 2007; Baruah and
Dutta, 2009; Becker et al., 2011). Also, ZnO nanosheets have been
synthesized by using different chemical and physical methods such
as thermal evaporation, chemical vapor deposition (CVD),
physical vapor deposition (PVD), electrochemical processes,
hydrothermal or solvothermal methods (Zhang et al., 2003;
Zeng et al., 2005; Hu et al., 2008; Li et al., 2008; Qiu et al.,
2009). However, these methods have disadvantages due to their
high-temperatures, vacuum conditions, or longer reaction times,
which make these techniques expensive. Thus, to fulfill economic
and industrial necessities, a quick and easy process for the synthesis
of ZnO nanostructures under ambient conditions is required.
Nevertheless, the controlled growths of ZnO nanosheets with
the thickness in quantum confinement range and their
thickness dependent photocatalytic properties have not been
reported. More recently, microwave radiation has introduced
the synthesis of nanomaterials. Compared with conventional
heating, microwave heating has unique effects such as fast and
homogeneous volumetric heating, high reaction rate, short
reaction time, improved reaction selectivity, energy saving and
low cost (Ahmed et al., 2011).

In this work, a simple microwave-assisted hydrothermal
assisted solution method was used to prepare ZnO nanosheets
containing highly reactive (0001) facets and tunable thickness. The
dependence of photocatalytic degradation of methyl red dye on the
thickness of ZnO nanosheets was investigated. It is worth
mentioning that the present products possessed higher specific
surface areas and smaller nanosheet thicknesses in quantum
confinement range than products from both microwave-assisted
processes, and hydrothermal (Zhou et al., 2008; Qiu et al., 2010).
Most importantly, there is no requirement of further calcination
steps to obtain the final product as is required in earlier reports
(Dong et al., 2012). The ZnO nanosheets prepared by the present
process possessed single-crystallinity, high surface areas, and
ultrathin thicknesses, characteristics which are beneficial for
photocatalytic applications.

EXPERIMENTAL DETAILS

The product was synthesed using the microwave hydrothermal
method (CEM; MARS 5). Potassium hydroxide (KOH; 99.99%)
and Zinc acetate dihydrate (Zn(CH3COO)2.2H2O; 99.999) were
mainly used in experiments. Different molar ratios of 1:2.5
(sample 1), 1:2.75 (sample 2), 1:5 (sample 3) of
Zn(CH3COO)2.2H2O and KOH were dissolved in a round-
bottom flask which included 100°ml water. The mixture was
then transferred to a Teflon-lined digestion vessel of 100°ml and
operated at 160°C and 100 psi for 20 min in a microwave system.
The operating power used was 1200W. The temperature was
observed during irradiation by a thermocouple fixed into the
reference vessel. After the process, the product was allowed to
cool down to room temperatue. Centrifuge was used to separate
the precipitate which was washed with deionized water and
absolute ethanol several times. The product was then dried in
an oven at 80 °C for 24 h.

For photocatalysis experiments, methyl red (MR) was used as
a test pollutant. An aqueous solution of MR (10 μM) was used
corresponding to ZnO (10 mg). To attain an
adsorption–desorption equilibrium, the suspension was then
stirred in the dark for 30 min. A mercury lamp of high
pressure was used as a light source radiation. After the time
interval, 5 ml was withdrawn and centrifugated immediately to
remove the photocatalyst particles. Then it was analyzed by a UV-
Vis spectrophotometer (Agilent 8453) to observe the spectra MR.
For the photocatalytic stability of ZnO nanosheets, a time track of
photocatalytic degradation of MR using photocatalyst was
conducted.

X-ray diffraction (Phillips X’pert (MPD-3040)) was used to
investigate the phase purity of the product obtained with Cu Kα
radiations (λ � 1.5406 Å). Field emission electron microscopy
(FESEM) images were obtained using a MIRA II LMH
microscope and initial synthesis of ZnO was obtained by
energy dispersing X-ray spectroscopy (EDX, Inca Oxford)
attached to FESEM.

The electron microscopy (TEM) and electron diffraction
pattern for the selected area (SAED) and high-resolution
transmission electron microscopy (HRTEM) micrographs were
obtained using FE-TEM (JEOL/JEM-2100F version). ZnO
nanosheets were first dispersed in ethanol solution followed by
ultrasound treatment for 10 min for TEM analysis. Furthermore,
a fine drop of ZnO suspension was cast onto a carbon-covered
copper mesh and then dried in the air before being transferred to
the microscope. The Micro-Raman spectrometer (NRS-3100)
was used to obtain a phonon vibrational of ZnO
nanostructures, with a solid 532 nm primary laser as an
excitation source in configuring background dispersion at
room temperature. Optical absorption spectra of room
temperature were recorded in the range of 200–800 nm using
the UV-vis optical spectrophotometer (Agilent-8453). Brunauer-
Emmett-Teller (BET) surface areameasurements were performed
by nitrogen adsorption using Autosorb-1 (Quantachrome
Instruments, Boynton Beach, FL, United States).
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RESULTS AND DISCUSSION

XRD patterns of ZnO nanosheets prepared at different KOH
concentrations are shown in Figures 1A. The diffraction peaks
were indexed to the hexagonal wurtzite ZnO phase (JCPDS 89-
1397) with calculated lattice parameters a and c to be 3.249 and
5.207 Å, respectively. It can also be seen that all the samples
showed a single-phase nature with a wurtzite structure (Marković
et al., 2019). As the molar ratio was increased from 1:2.5 to 1:5, the
peak became more intense which signified better crystallinity.

High-resolution transmission electron microscopy (HRTEM)
revealed the atomic structures of ZnO nanosheets. The HRTEM
image (Figures 1B) also shows that the ZnO nanosheets (sample
1) were highly crystalline, having a lattice spacing of about
0.26°nm, corresponding to the distance between the (002)
planes in ZnO crystal lattice. Also, selected-area electron
diffraction (SAED) patterns of the same ZnO nanosheets
(sample 1) were indexed to hexagonal ZnO, which also
indicated that the ZnO nanosheets were single crystalline and
had growth along the [001] direction. These results are also in
good aggrement with the XRD results.

Energy dispersive X-ray spectroscopy (EDX) was used for
elemental composition of the ZnO nanosheets. The EDX
spectrum (Figures. 1C) shows peaks of Zn and O for all the
ZnO nanosheets, which signifies that the ZnO nanosheets were
composed of Zn and O only and no impurity peaks were found,
confirming high purity of ZnO nanosheets.

Figure 2 shows FESEM images of the ZnO nanosheets with
different thicknesses obtained from the varying concentration of
KOH. Figures 2A represents the morphology of the ZnO

nanosheets (sample 1) with a lateral dimension of ∼500 nm
and thickness of ∼24 nm, respectively with a molar ratio of 1:
2.5. The thickness of the samples was measured by using “Image
J” software which is a strong tool for the TEM and SEM analysis.
For the measurement, nanosheets in the images were chosen
randomly, and the lateral size and thickness were measured
accurately. Using ImageJ, one can measure the size in nano-
range with more precision, thus the thickness was reported. With
the increase of the molar ratio to 1:2.75 (sample 2), the lateral
dimension of nanosheets decreased to ∼360 nm, with a slight
increase in the thickness to ∼29 nm (Figures 2B). On further
increasing the molar ratio to 1:5 (sample 3) (Figures 2C), ZnO
nanosheets with lateral dimension ∼240 nm, thickness ∼50 nm;
aspect ratio ∼37 were obtained. Hence, it can be seen that as the
lateral dimension of the nanosheets decreases, the thickness
increases with the increasing molar ratio, concluding that ZnO
morphology is molar ratio dependent.

Figure 3 depicts the room temperature Raman spectra of ZnO
nanosheets for different molar ratios of zinc acetate and KOH.
The Raman spectrum (Figure 3) of ZnO nanosheets confirms
conventional vibration modes (Cusco et al., 2007) of E2

high−E2low,
A1 (TO), and E2

high, centered at 332 cm−1, 381 cm−1, and
439 cm−1, respectively. These results commensurate with the
XRD results. Further, with the increase in molar ratio the
intensity of E2

high mode varies, this change in the intensity of
Raman modes is due to increase in supersaturation (Nagy and
Casey, 1971).

To study the specific surface area of the nanosheets with
various thicknesses, BET analysis was carried out. BET
analysis of the sample one showed a surface area of 182°m2/g,

FIGURE 1 | (A) XRD patterns of ZnO nanosheets for different molar ratios of zinc acetate and KOH: sample 1 (1:2.5), sample 2 (1:2.75), sample 3 (1:5). (B) HRTEM
and SAED patterns of sample 1, (C) corresponding EDX spectrum.
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a surface area of 145°m2/g for sample 2, and a surface area of
94°m2/g for sample 3, respectively. These surface areas are in good
agreement with the fact that the smaller the size, the higher the
surface area. Therefore, thinner nanosheets (sample 1) showed a
higher surface area.

Photocatalytic properties of the ZnO nanosheets with different
thicknesses were examined by decomposition of MR. For the
photocatalytic degradation process, a characteristic absorption of
MR at ∼428 nm was chosen. Figures 4A shows the time-
dependent absorption spectra of MR aqueous solutions during
the UV light irradiation with ZnO nanosheets (sample 1). As a
control, the absorbtion peak was monitored with two different
conditions: 1) with a photocatalyst in the dark and 2) without
photocatalysts under UV light irradiation. No change in
absorbtion peak of MR under these conditions was found,
indicating no loss of MR without an irradiated photocatalyst.
Further, the photocatalytic performance of ∼50% is obtained for
ZnO nanosheets (sample 1) in MR solution within 20 min of
photoirradiation; however, MR was almost completely removed
after 240 min illumination of UV light.

The relative concentration (C/C0) of MR with time for various
nanosheets with different thicknesses is shown in Figures 4B,
where C is the concentration of MR at the irradiation time (t) and
C0 is the concentration of the dye before irradiation. Figures 4B
reveals that for all the ZnO nanosheets used in the MR solution,
the MR concentration is found to decrease with irradiation time,
symbolizing that all the nanosheets are efficient UV-light
photocatalysts. The catalytic activity of these nanosheets have
a sequence of sample1 > sample 2 > sample 3 for 240 min of
irradiation, concluding that the thinner the nanosheets, the
higher the photocatalytic activity.

The kinetic behaviors of these photocatalysts were further
studied as shown in Figures 5A. There is a clear linear
relationship between ln (C0/C) and the irradiation time. The

FIGURE 2 | FESEM images of ZnO nanosheets for (A) sample 1 (1:2.5) (B) sample 2 (1:2.75), and (C) sample 3 (1:5).

FIGURE 3 | Raman spectra of ZnO nanosheets for sample 1, sample 2,
and sample 3.
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photocatalytic process can be regarded as a pseudo-first-order
reaction with the rate equation ln (C0/C) � Kt, where, t is reaction
time, K is the apparent reaction rate constant, and C0 and C are
the concentration of MR at 0 and t time, respectively. Figures 5B
gives the relation between reaction rate k and nanosheets with
different thickness. The apparent reaction rate constant K for the
degradation of MR was calculated to be 1.60 × 10–2°min−1, 9.10 ×
10–3°min−1, and 3.18 × 10–3°min−1 for ZnO nanosheets with
thicknesses of ∼24 nm (sample 1), ∼29 nm (sample 2), and
∼50 nm (sample 3), respectively. As can be seen from inset of
Figures 5B, the reaction rate constant is higher for thinner
nanosheets (sample 1) than for the thicker one (sample 3),
signifying higher photocatalytic activity of thinner ZnO
nanosheets.

Additionally, comparing the photocatalytic activity of other
previously reported nanostructures with the thinner ZnO
nanosheets (sample 1) obtained in the present study, it is
found that ZnO nanosheets showed better photocatalytic
behavior. Comparelli et al. (2004) showed the degradation to
be 50% of MR with nanosized ZnO, and 90% of MR with
nanosized TiO2 for 140 min under UV irradiation. Kanjwal
et al. (2010) showed that the hierarchical nanostructure of
ZnO–TiO2 can remove almost all the MR dye within 90 min
of irradiation time; moreover, pure ZnO nanoflowers removed
less than 30% of MR dye, even after 180 min. However, for
pristine TiO2 nanofibers, up to 50% of the dye was removed
after 180 min. In the present work, more than 50% of MR was
degraded by ZnO nanosheets (sample 1) within 20 min and

FIGURE 4 | (A)UV-visible absorbance spectra of photodegradation of MR in the presence of ZnO nanosheets (sample 1). (B) Temporal evolution of MR absorption
spectra with various ZnO nanosheets photocatalysts.

FIGURE 5 | (A) Kinetic relationship of ln (C0/C) vs. irradiation time, for various ZnO nanosheet photocatalysts. (B) Plot of rate constant vs thickness of nanosheets.
(C) The stability of ZnO nanosheets (sample 1) for photodegradation of MR.
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almost completely degraded for 240 min of UV light irradiation.
Therefore, thin ZnO nanosheets obtained in the present work are
far better photocatalysts than others, taking care that the
experimental conditions in the above mentioned previous
reports might be different.

The main criterion for the development of photocatalysts for
organic dye degradation is its stability. In order to estimate the
photocatalytic stability of the ZnO nanosheets, a time track for
photocatalytic degradation of MR using thin ZnO nanosheets
(sample 1) was recorded as shown in Figures 5C. For repeated
runs, slight change in the degradation of MR was found for the
photocatalytic reaction at 60 min, which shows that thinner ZnO
nanosheets are stable. So, it can be used as a potential candidate
for practical photocatalysis applications.

Several factors such as carrier recombination, size of the
particles, surface area, surface acidity, and presence of higher
number of hydroxyl groups are responsible for the photocatalytic
activity of a catalytic material. In this work, thinner ZnO
nanosheets (sample 1) show a higher percentage of
degradation as compared to the thicker nanosheets as well as
previously reported work. The enhancement of photocatalytic
activity can be attributed to the relative increase of the active
morphological surface due to the increased surface to volume
ratio and low recombination rate of electron hole pairs, generated
by optical exposure, owing to largely available surface states.

Photocatalytic degradation process is due to the action of
hydroxyl radicals formed during the reaction (Zhang et al.,
2009b). The mechanism is as follows: On illumination of ZnO
nanosheets with light, electrons get excited from the valence band
to the conduction band of ZnO, leaving a hole in the valence
band. The hydroxyl groups present on the surface of the ZnO
nanosheets react with the photogenerated hole to produce
hydroxyl radicals. Also, dissolved oxygen interacts with
photogenerated electrons to form peroxide (O2

−). This
peroxide takes one proton to form a superoxide (HO2

−) and
then hydrogen peroxide (H2O2).

ZnO + h]→ZnO + e− + h+..........(1)
OH− + h+ →OH−.........(2)
O2 + e− →O −

2 ............(3)
O −

2 +H+ →HO2.............(4)
2HO2 →H2O2 + O2........(5)
H2O2 + e− →OH− + OH−................(6)

A hydroxyl radical was also produced by the attack of a
photogenerated electron to the hydrogen peroxide. These

reactive radicals and intermediate species react with dye and
degrade them into non-toxic organic compounds.

CONCLUSION

Highly-crystalline ZnO nanosheets with different thicknesses
have been prepared by a simple microwave-hydrothermal
assisted solution method. XRD, HRTEM, SAED, and Raman
analyses explained that ZnO nanosheets are of hexagonal phase
structure. FESEM images showed that the thickness of ZnO
nanosheets could be efficiently controlled by changing the
molar ratio. Increasing the molar ratio increases the thickness
of the nanosheets and decreases the lateral dimension. Raman
measurements confirmed the characteristic mode E2

high of ZnO
nanosheets. Photodegradation results show that the thinner ZnO
nanosheet (sample 1) is capable of degrading ∼50% of MR within
20 min and degrades MR almost completely on increasing
irradiation time to 240 min. This improvement in
photocatalytic activity might be due to the easy separation of
photogenerated charge carriers in the thinner nanosheets which
resulted in the enhanced oxygen chemisorptions. Considering
this outstanding photocatalytic performance, and simple
preparation method, the prepared ZnO nanosheets are
believed to have potential applications in photocatalysis and
environmental remediation.
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