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Fabrication of ZnO nanorods/Fe;04 quantum dots
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Abstract ZnO nanorods (NRs)/Fe;0,4 quantum dots (QDs)
nanocomposites were successfully synthesized via an easy
electrostatic self-assembly method. The results showed that
Fe;0,4 QDs with an average diameter of 4-5 nm were well
dispersed on the surface of the ZnO NRs with an average
diameter of 118 nm, forming ZnO NRs/Fe;O; QDs
nanocomposites. The ZnO NRs/Fe;04 QDs nanocomposites
were used as photocatalysts for the degradation of Rho-
damine B under solar light irradiation. The kinetic rate
constant of the ZnO NRs/Fe;04 QDs nanocomposites was
two times higher than that of the ZnO NRs. The enhanced
photocatalytic property was attributed to the extended
absorption spectrum of the nanocomposites.
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1 Introduction

In the past decades, semiconductor photocatalysts have
attracted considerable attention because of their promising
potential for the conversion of solar into chemical energy,
such as photocatalytic water splitting, photocatalytic
degradation organic contaminants, toxic elimination of
heavy metal ions etc. [1-3]. Among various semiconductor
materials, ZnO are well-known direct band gap II-VI
semiconductors, which have been studied intensively as
good photocatalysts because of the rapid generation of
electron—hole pairs by photo-excitation and the highly
negative reduction potentials of the excited electrons [4-8].
However, ZnO has no visible-light response due to its large
band gap of 3.37 eV [9]. Recently, much research has been
focused on the development of visible-light-responsive
photocatalysts to take advantage of the solar light resources
more effectively because visible light constitutes a larger
proportion than UV light in solar light [10-12]. To extend
the application of photocatalyst, ZnO nanorods (NRs)/
Fe;04 quantum dots (QDs) nanocomposites have been
extensively investigated because of their proven potential
use as the next-generation building blocks for photocatal-
ysis due to the special morphology and the efficient
absorption in the visible region [13, 14]. However, the
synthetic procedure of nanocomposites is rather complex
and time-consuming [15, 16].

In this paper, we firstly prepared ZnO NRs which were
grown on indium tin oxides (ITO) substrate through
chemical bath deposition (CBD) method and then prepared
Fe;04 QDs through an improved chemical co-precipitation
method. Finally we used a simple and environmental
friendly electrostatic self-assembly method for fabricating
ZnO NRs/Fe;04 QDs nanocomposites, and their photo-
catalytic degradation of Rhodamine B (RhB) under solar
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light irradiation were investigated. The thioglycolic acid
modified ZnO NRs were conjugated with the citric acid
modified Fe;O; QDs to form stable nanocomposites
through the reaction between the hydroxyl groups on the
surface of the QDs and the carboxyl groups modified on the
surface of the NRs. It is expected that integration of 1D
ZnO NRs and 0D Fe;04 QDs could yield superior photo-
catalytic properties compared to ZnO NRs.

2 Experimental section
2.1 Materials

Zinc nitrate (Zn(NOs3),-6H,0), zinc acetate (Zn(C,Hjs.
0,),-2H,0), methenamine (CgH;,N4), thioglycolic acid
(MPA), ferric chloride (FeCl;-6H,0), ferrous chloride
(FeCl,-4H,0), PEG-4000, ethylene glycol, concentrated
ammonia aqueous solution (25 %), citric acid and ethanol
were all analytical grade (Shanghai Chemical Reagents
Co.), and used without further purification.

2.2 Preparation and chemical modification of ZnO
NRs

ZnO NRs were grown on indium tin oxides (ITO) substrate
by chemical bath deposition (CBD) method, which can be
found in our previous work [17]. Briefly, ITO substrates
were firstly pretreated by coating the substrate with 5 mM
of zinc acetate dehydrate (Zn(C,H30,),:2H,0) solution.
Then, the aqueous solutions of 0.1 M zinc nitrate
(Zn(NO3),-6H,0) and 0.1 M methenamine (CgH;,Ny)
were mixed together to form solution A. The pretreated
ITO substrates were immersed into solution A at 93 °C for
6 h to get ZnO NRs. ZnO NRs was modified by spinning
MPA on the surface of the prepared ZnO NRs.

2.3 Preparation and chemical modification of Fe;0,
QDs

Fe;04 QDs were prepared through an improved chemical
co-precipitation method. FeCl;-6H,O (6 mmol), FeCl,.
4H,0 (10 mmol) and PEG-4000 (10 g) were dissolved in
absolute ethylene glycol (250 ml). After stirring for
30 min at room temperature, 100 ml of concentrated
ammonia aqueous solution (25 %) was added rapidly to
the resulting complex. Then the reaction mixture was
heated at 110 °C for 2 h under mechanical stirring, pro-
ducing a black and homogeneous suspension. After
cooling to room temperature, the precipitate was sepa-
rated with a permanent magnet and washed with

@ Springer

deionized water and ethanol for several times until the pH
decreased to 7.0, followed by drying in a vacuum oven at
40 °C for 48 h.

Fe;0, QDs was modified with citric acid as follows:
0.023 g of Fe;0, QDs and 0.023 g of citric acid were
dispersed in 250 ml of deionized water under mechanical
stirring for 1 h to form the Fe;0, water solution.

2.4 Preparation of ZnO NRs/Fe;04 QDs
nanocomposites

The prepared Fe;0, water solution was spun on the surface
of ZnO NRs, followed by drying at 200 °C for 60 s and
then cooled down to room temperature. The above
described operation was repeated 5 times.

2.5 Characterization of products

X-ray diffraction (XRD) pattern was collected on a MAC
Science MXP-18 X-ray diffractometer using a Cu target
radiation source. Scanning electron microscopy (SEM)
pictures were collected on a Hitachi S-570. Transmission
electron micrographs (TEM) and high-resolution trans-
mission electron microscopy (HRTEM) images were taken
on JEM-2100 electron microscope. UV—Vis absorption
spectra were measured on an UV-5800 PC spectrometer.

2.6 Photocatalytic activity measurement

The photocatalytic activity measurements were as fol-
lows: the reaction system that containing RhB aqueous
solutions and the as-synthesized ZnO NRs/Fe;O, QDs
nanocomposites were stirred thoroughly in the dark until
reaching the adsorption equilibrium of the RhB before
exposure to solar light irradiation. At a given irradiation
time intervals, 4 ml of the solution were taken out. The
degraded solutions were analyzed using the UV-Vis
spectrophotometer (UV-5800 PC) and the characteristic
absorption peak of the RhB solution was monitored. The
degradation efficiency of the photocatalyst can be defined
as follows [18]:

Degradation (% ) = (1 — C/Cp) x 100 %

where Cj is the initial concentration of RhB and C is the
residual concentration of RhB at different illumination
intervals.

The photodegradation of RhB follows pseudo-first-order
kinetics, which can be expressed as follows [18]:

ln(C/C()) =kt

where k (minfl) is the degradation rate constant.



J Mater Sci: Mater Electron (2015) 26:7415-7420

7417

(a) #](002)

(103)
#

+|G11)

Intensity (a.u.)

* * *#

20 25 30 35 40 45 50 55 60 65 70
2 Theta (degree)

Fig. 1 XRD patterns of (a) ZnO NRs; (b) Fe;04 QDs; (c) ZnO NRs/
Fe;0, QDs nanocomposites

3 Results and discussion

Figure 1 shows the XRD patterns of the ZnO NRs, Fe;0, QDs
and ZnO NRs/Fe;0, QDs nanocomposites. As seen from
Fig. 1a, all the diffraction peaks can be indexed as the wurtzite
7ZnO structure, which is consistent with the standard card
(JCPDS No. 80-0074). It is noticeable that the (002) diffraction
peak is stronger and narrower than the other peaks, suggesting
a preferential growth direction along the c-axis [19]. Figure 1b
displays the XRD pattern of Fe;O4 QDs. It can be seen that all
the diffraction peaks can be indexed as the face-centered cubic
structure, which is consistent with the standard card (JCPDS
No. 19-0629). The average size estimated from the FWHM
using the Debye—Scherrer formula [20] is about 5 nm, which is
further demonstrated below by TEM studies. The XRD pattern
of the ZnO NRs/Fe;04 QDs nanocomposites (Fig. 1c) shows
the characteristic peak of the ZnO NRs and Fe;0,4 QDs, indi-
cating the formation of the nanocomposites.

To further prove the formation of ZnO NRs/Fe;O4 QDs
nanocomposites, we perform the SEM and HRTEM
measurements to characterize the morphology of the
samples. Figure 2a shows the SEM image of the ZnO
NRs. It can be seen that the large-scale, vertically aligned
ZnO NRs with high density and smooth surface are uni-
formly grown on the surface of ITO substrate. And the
average diameter of ZnO NRs is about 118 nm. Figure 2b
displays the HRTEM image of the Fe;04 QDs. It can be
seen that these QDs are well crystallized and the average
diameter of the QDs is about 4—5 nm, which is consistent
with the XRD results. The lattice fringes with the
d spacing of 0.25 nm can be assigned to the (311) plane
of the cubic Fe;04 QDs [21, 22]. Figure 2c, d display the
SEM images of the ZnO NRs/Fe;0, QDs nanocompos-
ites. Compared with the ZnO NRs (average diameter is

about 118 nm), the average diameter is increased (average
diameter is about 123 nm), and its surface is not smooth,
demonstrating that the Fe;O4 QDs exist on the surface of
ZnO NRs.

Figure 3 shows the absorption spectrum of ZnO NRs
and ZnO NRs/Fe;0, QDs nanocomposites, respectively.
The absorption curve is smooth and the absorption peak is
obtained at 355 nm (3.49 eV) for ZnO NRs (Fig. 3a),
which displays blue-shift compared to the bulk ZnO
(3.37 eV), indicating the formation of nanomaterials [23].
For ZnO NRs/Fe;O, QDs nanocomposites (Fig. 3b), a
broad absorption band from 370 to 500 nm can be
observed, which can also prove that ZnO NRs have been
modified by Fe;O, QDs. Consequently, the ZnO NRs/
Fe;04 QDs nanocomposites with the extended absorption
spectrum would exhibit the excellent photocatalytic per-
formance under solar light irradiation.

The photocatalytic activity of ZnO NRs and ZnO NRs/
Fe;0,4 QDs nanocomposites was evaluated by the degra-
dation of organic dye RhB under solar light irradiation.
Figure 4 shows the concentration changes of RhB (C/Cy)
during photodegradation as a function of solar light irra-
diation time, where Cy and C are its initial concentration
and the concentration of RhB after solar light irradiation,
respectively. After the 7 h of solar light irradiation, the
ZnO NRs/Fe;04 QDs nanocomposites show a remarkable
enhancement in the photodegradation of RhB compared
with the ZnO NRs (Fig. 4). Seen from the images in the
inset figure of Fig. 4, almost all of the initial RhB dyes are
decomposed by ZnO NRs/Fe;04 QDs nanocomposites,
however, a great mass of RhB still remain in the solution of
ZnO NRs.

The degradation kinetic of RhB under solar light irra-
diation was also investigated by plotting the relationship
between In(Co/C) and irradiation time (Fig. 5). It can be
seen that the curves of In(Cy/C) versus irradiation time
show linear lines, indicating a rather good correlation to
first-order kinetics [24]. The determined k value for ZnO
NRs and ZnO NRs/Fe;04 QDs nanocomposites is 0.12 and
0.26 min~', respectively. The photocatalytic activity of
ZnO NRs/Fe;0,4 QDs nanocomposites is two times higher
than that of ZnO NRs. Reusability is also important for the
practical application of photocatalysts. The durability of
the catalyst for the degradation of RhB under solar light
irradiation was studied. Following a simple step of washing
with water, the recycled photocatalyst was reused and the
results of the photocatalyst degradation rate of RhB are
shown in Fig. 5b. The ZnO NRs/Fe;O, QDs nanocom-
posites does not exhibit a significant loss of activity after
five cycles of the degradation reaction, which indicates the
stable structure of the prepared nanocomposites throughout
the photocatalytic process.
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Fig. 2 a SEM image of ZnO
NRs; b HRTEM image of Fe;0,
QDs; ¢ SEM image of ZnO
NRs/Fe;04 QDs
nanocomposites; d an enlarged
view of the yellow rectangle in
(¢) (Color figure online)
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Fig. 3 UV-Vis absorption spectrum of (¢) ZnO NRs and (b) ZnO

NRs/Fe;04 QDs nanocomposites
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Fig. 4 Photocatalytic degradation of RhB under the irradiation of
solar light with ZnO NRs and ZnO NRs/Fe;04 QDs nanocomposites,
the inset figure shows the image of the photocatalysis of RhB solution
containing (a) ZnO NRs and (b) ZnO NRs/Fe;04 QDs nanocompos-
ites after the irradiation for 7 h
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Fig. 5 aPlot of In(Cy/C) as the function of solar light irradiation time
for the photocatalysis of RhB solution containing ZnO NRs and ZnO
NRs/Fe;04 QDs nanocomposites; b the reusability of the ZnO NRs/
Fe;0, QDs nanocomposites under the solar light degradation of RhB
solution

4 Conclusions

ZnO NRs/Fe;04 QDs nanocomposites were successfully
synthesized via electrostatic self-assembly method. The
photocatalytic activity of ZnO NRs and ZnO NRs/Fe;0,
QDs nanocomposites was evaluated by the degradation of
organic dye RhB under solar light irradiation. It was found
that ZnO NRs/Fe;O0, QDs nanocomposites had higher
photocatalytic activity and the kinetic rate constant of the
ZnO NRs/Fe;04 QDs nanocomposites was about two times
higher than that of the ZnO NRs. Therefore, combining
ZnO NRs and Fe;04 QDs would open up a promising way
to develop novel and highly efficient heterostructure
photocatalysts.
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