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a b s t r a c t

A new hybrid hetero nanocomposite, consisting of ZnO(myristic acid)/Ag-NPs, has been synthesized. The
nanocomposite, made up of single ZnO nanosheets sandwiched between myristic acid self-assembled
monolayers was synthesized and decorated with metal nanoparticles by chemical solution and tested in
the photodegradation of methylene blue under UV light irradiation. The product displayed significant
photocatalytic activity for degradation of the dye, and the activity was improved by a factor of three
compared to bulk ZnO under similar conditions. The observed photodegradation efficiency is discussed
in terms of the confinement of the semiconductor in the two dimensional structure, the adsorption
ability of the organic component and the plasmonic absorption of Ag nanoparticles, which makes them
act as electron wells, thus promoting charge separation and a reduced recombination rate.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a semiconductor which has attracted sig-
nificant attention in recent decades, due to its wide band gap of
3.37 eV, large exciton binding energy of 60 meV at room temperature
and promising applications in optics and catalysis [1–4]. Low di-
mensional nanostructured zinc oxide structures with diverse
morphologies have become particularly attractive for photocatalysis
because of their catalytic efficiency, low cost and environmental
friendliness [5–7]. However, their photocatalytic activity is often
compromised by the rapid recombination of photoinduced electrons
and holes. It has been found that, to some extent, this can be re-
mediated by coating the surface of ZnO with noble metal nano-
particles (NPs), such as Au, Ag or Pt [8–10]. This efficiency enhance-
ment has been ascribed to the surface plasmon resonance of Ag na-
noparticles which, together with increasing photon absorption, pro-
mote interfacial charge transfer processes [11–13]. During recent
years, a variety of metal-semiconductor Ag-NP/ZnO hetero nano-
composites with different morphologies have been investigated.
These include ZnO NPs [14–16], thin films [17], nanofibers [18], na-
norods [19,20], spheres [21], worm-like structures [22], and recently,
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nanoflakes [23], nanoflowers [24] and nanowires[25] which have
been successfully decorated with Ag-NPs. Ag can trap photogenerated
electrons from the semiconductor, which allows holes to form hy-
droxyl radicals that can then react with the organic species, resulting
in their degradation. In general, the degradation of dyes in the pho-
tocatalytic process is faster in the presence of a metal.

In this work, we describe the synthesis, by chemical solution
methods, and the photocatalytic behavior of a new kind of ZnO-based
nanostructure, namely, a hybrid layered nanocomposite, consisting of
ZnO/(myristic acid)/Ag-NPs. In this composite, the confinement of the
semiconductor in the two dimensional structure, the adsorption
ability of the organic compounds and metal nanoparticles that act as
electron wells are all conjugated. The photoactivity of this nano-
composite, tested by the degradation of aqueous methylene blue by
UV light irradiation, was clearly improved with respect to bulk ZnO
under similar conditions.

2. Experimental

2.1. Hybrid nanocomposite, ZnO(myristic acid) and Ag nanoparticles
(Ag-NPs)

Hybrid nanocomposite, ZnO(myristic acid) and Ag nanoparticles
(Ag-NPs) were synthesized according to the method described pre-
viously [26,27].
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Fig. 1. X-ray diffraction patterns of hybrid layered ZnO(myristic acid)/Ag NPs.
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Elemental analysis for ZnO(C14H27O2)0.2�0 �1H2O cal.(%): C,
26.54; H, 4.160; O, 6.280. Found (%): C, 26.06; H, 4.290; O, 6.050.

2.1.1. Hybrid heteronanocomposite ZnO(myristic acid)/Ag-NPs
Nanocomposite ZnO/myristic acid (0.50 g) was mixed with the

suspension of Ag NPs. The resulting suspension, after stirring for
48 h at room temperature, was aged for 48 h at room temperature.
The product was separated by centrifugation, washed twice with
water/acetone (1:1) mixture, and dried at 50 °C for 72 h. Ther-
mogravimetric analysis of hybrid heteronanocomposite (Fig. S1)
reveal the presence of 3,1% of Ag nanoparticles.

2.1.2. Photodegradation
The photocatalytic activity of the products was evaluated by

measuring the degradation of methylene blue (MB) in water under
UV illumination (mercury lamp 300 W). 20 mg of the nano-
composite and 50 mL of a 1.0�10�5 mol L�1 methylene blue
aqueous solution were transferred to a reaction container. Prior to
irradiation, the suspension was magnetically stirred in the dark for
30 min, to establish an adsorption/desorption equilibrium. Then,
the suspension was irradiated with constant magnetic stirring to
ensure a higher level of homogeneity of the photocatalyst in the
suspension in the presence of O2 as an electron scavenger. The MB
concentration was monitored by its absorption at 665 nm from the
UV–visible spectra of the solution (Perkin Elmer Lambda 35), using
nanopure water as a reference.

2.1.3. Characterization
Products were characterized by thermogravimetric analysis (TG

Metller Toledo TGA/DSC 1100 SF), Powder X-ray diffraction ana-
lyses (XRD) were performed using a Siemens diffractometer D-
5000 (Cu Kα λ¼1.5418 Å). Morphological studies were performed
using a scanning electron microscope (SEM EVO MA 10 ZEISS) and
a transmission electron microscope (TEM JEOL JEM 2200FS mi-
croscope (200 kV)). The diffuse reflectance UV–visible spectra
were recorded in the range of 200–800 nm using a Perkin Elmer
Lambda 35 spectrometer. Reflectance measurements were con-
verted to absorption spectra using the Kubelka-Munk function.
3. Results and discussion

Representative XRD patterns are shown in Fig. 1. The lamellar
nature is confirmed by the X-ray diffraction patterns, which dis-
play low angle reflections, characteristic of well ordered laminar
arrangements. According to the positions of the 00l reflections in
the diffraction pattern, the interlayer distances along the c-axis in
this compound amounts to 39.4 Å, the other three peaks at 2θ of
31.6, 34.3 and 36.1° are attributed to the zinc oxide and the low
intensity peaks at 20°–23°may be ascribed to a small excess of free
myristic acid. The two additional peaks observed correspond to
the reflections arising from the [111] and [200] crystallographic
planes of fcc Ag (JCPDS 04-0783).

The structure of the ZnO nanocomposite remains unaltered by
the presence of the Ag nanoparticles, the long chains are oriented
roughly perpendicular to the layers, in agreement with the pre-
viously-proposed model for the disposition of the guest in the
interlaminar space of these nanocomposites [26].

The morphology of the studied nanocomposites is illustrated in
the micrographs in Fig. 2. The TEM image shows the layered nat-
ure of the composite, with multi-layer laminas. The images show
that the product, ZnO/(myristic acid)/Ag-NPs, consists pre-
dominately of sheets of the pristine nanocomposite with Ag NPs of
about 10–25 nm in size attached to their edges (Fig. S2). Fig. 2B
shows of the scheme of the photocatalytic reaction of the ZnO
(myristic acid)/Ag NPs heterostructure.
The UV–visible diffuse reflectance was measured for ZnO, ZnO
(myristic acid) and ZnO(myristic acid)/Ag-NPs to determine their
light absorption characteristics, as shown in Fig. 3A. The wave-
length distribution of the absorbed light is an important property
of photocatalysts, irrespective of the quantum yield. Therefore, the
high photoactivity was attributed to higher visible light absor-
bance, as indicated by UV–visible diffuse reflectance spectroscopy.
The absorption bands in the range of 200–400 nm, observed in all
spectra, suggest strong free exciton absorption at room tempera-
ture. The absorption band centered at 430 nm in the spectrum of
the composite corresponds to the typical surface plasmon ab-
sorption, similar to that of precursor Ag NPs in the range 410–
440 nm (Fig. S3), which further confirms that Ag had been de-
posited successfully at the surface of the nanocomposite [10,28]. In
the insert of Fig. 3A, the band gap energies, Eg, determined from
the spectra are 3.21, 3.37 and 3.41 eV for ZnO, ZnO(myristic acid)
and ZnO(myristic acid)/Ag-NPs, respectively, the increment of the
band gap of the nanocomposite, with respect to that of bulk ZnO,
is clearly seen. We attribute the blue shift of the absorption band
edge due to quantum confinement of the semiconductor in these
lamellar structures, the separation of the energy levels of the
conduction and valence bands, which increases with decreasing
particle size. Such phenomenon is also detected in the absorption
spectra of nanostructured ZnO species, nanoparticles and quantum
dots [29,30].

In order to find out the effect of Ag NP incorporation on the
photocatalytic activity of the layered ZnO(myristic acid) nano-
composites, the degradation of methylene blue by UV radiation at
room temperature was selected as a model reaction. We started
from a suspension of the photocatalyst, where C was the con-
centration of dye remaining in the solution after irradiation time t,
and C0 was the initial concentration at t¼0. Since no degradation
was observed among the products after 30 min in the dark for
adsorption equilibrium, the photocatalytic behavior of the ZnO-
based layered composites was compared with that of bulk ZnO. As
observed in Fig. 3B, at short irradiation times, the degradation
processes illustrated can be described as having pseudo-first-order
kinetics, ln(C0/C)¼kt, where k is the corresponding kinetic con-
stant and t is the irradiation time. The initial reaction rate con-
stants calculated for the three photocatalysts are compared here.
As observed in Fig. 3B, ∼60% degradation efficiency of the dye can
be achieved at 40 min using ZnO(myristic acid)/Ag-NPs, while it
accounts for about 40% and 20%, when using the nanocomposite



Fig. 2. A, C, D. TEM images of nanocomposites with Ag NPs. 2B. Scheme of the photocatalytic reaction of the ZnO(myristic acid)/Ag NP heterostructure.
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without Ag and bulk ZnO, respectively. The photocatalytic beha-
vior of ZnO, ZnO/(myristic acid) and ZnO(myristic acid)/Ag NPs
composites under visible light irradiation also were examined (Fig.
S4). As observed, the photodegradation of MB for ZnO and ZnO
(myristic acid)/Ag were 17%, 25% and 30% respectively. The effi-
ciency resulted lower than in UV light for all the samples. These
results qualitatively do agree with reports on the poor harvesting
of visible light of ZnO composites [31]. In Fig. 3C, the initial rate
constants show the same tendency, with the reaction being about
three times faster for the product containing Ag than for bulk ZnO.
It is known that photocatalytic redox reactions mainly take place
on the surface of the photocatalysts, and therefore, surface prop-
erties, such as area and the adsorption ability of the organic
component [32], also have to be considered to understand the
efficiency of photocatalysts. The XRD pattern of ZnO(myristic
acid)/Ag Nps after photocatalysis cycle (Fig. S5) indicated that the
composite retained its lamellar nature but lost some crystallinity.

A probable mechanism for the degradation of MB over ZnO
(myristic acid)/Ag-NPs is schematically illustrated in Fig. 2B. Dur-
ing irradiation, in the semiconductor an electron (e-) in the va-
lence band can be excited to the conduction band. Meanwhile, a
hole (hþ) in the valence band is generated. The photoelectron can
be easily transferred to the Ag NPs and then trapped by electronic
acceptors (adsorbed O2). They are further transformed to a su-
peroxide radicals (�O2

�). Further reduction of �O2
� would gen-

erate peroxide intermediates which decompose to hydroxyl radi-
cals capable of accomplishing the dye mineralization. At the same
time, the photoinduced holes can be trapped by surface hydroxyl
and produce hydroxyl radicals ( �OH) [15,19,31]. However, the
hydrophilic/hydrophobic balance on the surface of the photo-
catalyst is also important, particularly in the degradation of or-
ganic species. This may explain, at least in part, the better effi-
ciency of the nanocomposites with respect to the native oxide,
which is much more hydrophilic. The absorption of MB in dark
into the nanocomposite ZnO(myristic acid) is about three times
higher than into the ZnO (Fig. S6). Thus the organic layer, facil-
itating the dye absorption would improve its interaction with the
dye.

Considering the similarity of the structural and optical prop-
erties of the nanocomposites discussed above, the improved
photocatalytic activity of the product containing Ag NPs, which
favored the effective electron–hole separation, preventing photo-
induced electrons from migrating to the interface, inhibiting re-
combination [18,27]. In such a context, the surface plasmon re-
sonance of Ag NPs has to be considered. It is expected that the
presence of Ag-NPs enhances the absorption of incident photons,
thus promoting interfacial charge transfer, allowing the holes to
form hydroxyl radicals, able to react with the pollutants adsorbed
onto the surface of the photocatalyst, thus enhancing its activity.
4. Conclusions

In summary, we describe the synthesis and properties of a new
hybrid hetero nanocomposite, consisting of ZnO(myristic acid)/Ag-
NPs, obtained from the reaction of layered ZnO hybrids with Ag
metal nanoparticles, which significantly improved the photo-
catalytic behavior of the material. The photocatalytic activity of the



Fig. 3. A. UV�visible diffuse absorption spectra of the ZnO, ZnO(myristic acid) and
ZnO(myristic acid)/Ag NPs. The insert shows the band gaps. 3B. Plots of the de-
gradation of MB solution without catalyst, ZnO, ZnO(carboxylic acid) and ZnO
(myristic acid)/Ag NPs under UV irradiation. 3 C. Kinetics of ZnO, ZnO(carboxylic
acid) and ZnO(myristic acid)/Ag NPs.
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ZnO(myristic acid)/Ag-NP composite was found to be three times
better than that of its precursor. We suggest that this is due to a
combination of effects, namely the confinement of the semi-
conductor in the two dimensional structure, the adsorption ability
of the organic component and the plasmonic absorption of Ag-
NPs. The hybrid layered nanocomposite is a very good candidate
for UV light photocatalysis compared to bulk ZnO.
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