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Abstract

A new visible-light sensitive photocatalyst, Ni(OH), nanosheets/ZnO nanorods composites with different Ni(OH), contents, was synthesized
via a facile water bath route. X-ray diffraction (XRD), transmission electron microscopy (TEM) and UV-vis spectroscopy were used to examine
the morphology and microstructure of the composites. XRD analysis revealed that the two phases were composed of well crystallized ZnO and
poorly crystallized Ni(OH), - 0.75H,0. Ni(OH),/ZnO composites showed a red shift in band edge absorption peak in the UV—vis absorbance
spectrum, which enhanced their photocatalytic activity. The composites were used for the photodecolourization of water solution of representative
organic azo dyes (thodamine B (RB), Congo red (CR), methylene blue (MB) and methyl orange (MO)) under visible light. All synthesized
composites showed better photodegradation performance compared to either pure ZnO or Ni(OH),. It was noted that composites removal rate
strongly depended on the Ni(OH), content. When Ni(OH), fraction was 10 wt% composites exhibited maximum photodegradation performance
for all organic azo dyes. Finally, the possible formation mechanism of the Ni(OH),/ZnO composites and their photocatalytic decomposition
mechanism were also proposed and discussed.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction the oxidative destruction of dyes and many other organics in
wastewater and effluents. These processes generally involve

Large quantities of dyes used in the textile industry are lost UV/H,0,, UV/O; or UV/Fenton's reagent for the oxidative
to the effluents during manufacturing and processing opera- degradation of contaminants, yielding encouraging results of

tions [1]. These colored dye effluents, which are not readily .16 removal from azo-reactive dye containing waters [3].
biodegradable, create series of environmental pollution pro-  gemiconductor photocatalysts based on AOPs were thoroughly
plems by releasing toxic and potent.lal carcinogenic substances investigated due to their high efficiency, commercial avail-
into the aqueous systems. Adsorption and chemical coagula- ability and high chemical stability. When the semiconductor

tion are two typical techniques of wastewater treatrpeqt. particles are illuminated with UV-light, valence band electrons
However, these methods merely transfer dye from the liquid e hromoted to the conduction band due to photoexcitation,

to the solid phase causing secondary pollution and requiring  1o5ino an electron deficiency or hole behind. Such generated
further post-treatment [2]. Recent developments of advanced  jocqron_hole pairs can either recombine or interact separately
oxidation processes (AOPs), have led to new improvements of iy oher molecules. Both reductive and oxidative processes

— . ) ) ) can occur at or near the surface of the photoexcited semi-
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organic chemical degradation. However, current research reports
show that ZnO can be also used as a very efficient semicon-
ductor photocatalyst comparable to TiO, [6,7]. ZnO and TiO,
have similar bandgaps around 3.2eV [89].The quantum
efficiency of ZnO powder is also significantly larger than that
of TiO, powder, and higher catalytic efficiencies of some
azo-reactive dyes in aqueous solutions have been reported for
ZnO [10-12].

Unfortunately, the photocatalytic efficiency on a bare ZnO is
very low, mainly due to the rapid recombination of photo-
generated electrons and holes. On the other hand, because of
the large band gap (3.2 eV) all photon-driven applications of
ZnO require ultraviolet light (A < 387 nm) for excitation [13].
To overcome these shortcomings and enhance photocatalytic
activity of ZnO to the visible region, many efforts have been
made, including noble metal modifying [14], non-metallic
elements doping (e.g. C, N, S) [15-17], rare-earth ion doping
(e.g. Ce, La) [18,19] and transitional metal doping (e.g. Ni,
Mn, Co, Fe, Cu) [20-24]. Moreover, some mixed oxide
semiconductors composed of two or more oxide particles with
different energy levels exhibit better photocatalytic activity due
to more efficient charge separation. The previous work showed
that NiO-ZnO composite was a cost-effective and efficient
photocatalyst. For example, Zhang et al. [25] and Hameed
et al. [26] reported that the NiO-ZnO nanocomposites synthe-
sized through electrospinning technique and co-precipitation/
co-gel formation technique, respectively, exhibited better
photocatalytic activity than pure ZnO and NiO in the degrada-
tion of organic dyes under the irradiation of UV-light, and both
of them attributed the results to the formation of p-n
heterojunctions in the NiO-ZnO nanocomposites. In addition,
Yu et al. [27] investigated the fabrication of Ni(OH), modified
TiO, (Ni(OH),/TiO,) nanocomposite and its photocatalytic
activity for water splitting to produce H, under UV irradiation.
However, to our best knowledge, there is no report on the
visible-light photocatalytic decomposition of azo-reactive dyes
using Ni(OH),/ZnO composites.

In this paper, we report a simple water bath method for the
fabrication of the Ni(OH), nanosheets/ZnO nanorods compo-
site photocatalysts and their enhanced photocatalystic degrada-
tion activity for some azo dyes: rhodamine B, Congo red,
methylene blue and methyl orange under the visible light. The
structure, morphology and composition of the as-synthesized
samples were characterized by X-ray diffraction analysis
(XRD) and transmission electron microscopy (TEM). UV-—
vis spectroscopy was taken to explore their optical properties.
Also a mechanism for photocatalytic decomposition in Ni
(OH),/ZnO was proposed.

2. Experimental details

2.1. Synthesis of Ni(OH), nanosheets-ZnO nanorods
composites

All the chemical reagents used in the experiments were
obtained from commercial sources as guaranteed-grade reagents
and used without further purification.

In a typical experiment, 1.7 g zinc chloride (ZnCl,) was
mixed with distilled deionized water (20 mL) under vigorous
stirring until a homogenous solution was obtained. The various
quantitites of nickel chloride hexahydrate (NiCl,-6H,0)
solution (5 mL) were added into the ZnCl, solution in order
to achieve a sequence of Ni**/Zn?* molar ratios: 0.3, 0.5, 0.8,
1.0 and 2.0. After stirring for 10 min, appropriate amount of
the mixing solution was dribbled into 5 M NaOH solution
(20 mL) with an OH/Zn** molar ratio of 10. Then, 35 mL of
the reaction mixture was transferred into a flask filled with
distilled deionized water (20 mL), and the flask was kept at
90 °C for 24 h under a water bath condition. Finally, the
powder products were obtained through centrifugation, wash-
ing, drying and collection. The as-prepared samples in subs-
equent discussions of this paper were designated as 0.3NZ,
0.5NZ, 0.8NZ, 1.0NZ and 2.0NZ, respectively. The synthesis
procedure for the pure ZnO and Ni(OH), was the same as
above mentioned.

2.2. Characterization

Powder X-ray diffraction (XRD) data were carried out with
a Rigaku D/MAX-3B powder diffractometer using CuKoa
radiation (1=1.54056 A). The samples were scanned from 5°
to 90° (26) in steps of 0.02°. Transmission electron microscopy
(TEM) measurement was performed on a Zeiss EM 912 Q
instrument at an acceleration voltage of 120 kV. The samples
for TEM were prepared by dispersing the final samples in
distilled deionized water; this dispersion was then dropped on
carbon—copper grids coated by an amorphous carbon film. To
prevent agglomeration of nanostructures, the copper grid was
placed on a filter paper at the bottom of a Petri dish. UV/vis
measurements were made with a Hitachi U-4100 spectro-
photometer with a wavelength range between 200 and 800 nm.

2.3. Measurement of degradation properties for azo dyes

The photodecolourization of azo dyes in aqueous solution
was studied in the presence of as-synthesized Ni(OH),/ZnO
nanocomposite powders. The dye aqueous solutions of RB,
CR, MB and MO were prepared by dissolving analytical grade
dye in water. Ten milligrams of the photocatalyst powders
were added into 50 mL of RB, CR, MB and MO aqueous
solutions with a concentration of 1x 10 M in a quartz
beaker, respectively. The reaction mixtures were irradiated
by a visible-light lamp with a filter to cut the UV region and
magnetically stirred throughout the photocatalytic experiment
under air at room temperature. The distance between the
visible-light lamp and the solution surface was 8 cm. The
average intensity of visible-light reaching the surface of
solutions was measured to be ca. 0.8 mW/cm?®. The reactors
were sealed to prevent any evaporation of the solutions.
During irradiation, and four milliliter of the dispersion was
continually extracted at given time and subsequently centri-
fuged to separate catalyst and dye solutions at 4000 rev min~'
for 30 min. For comparison of the effect of photolysis and
adsorption on the degradation properties, measured without
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any photocatalyst powders under visible light (photolysis
experiments) and in the dark with photocatalyst powders
(adsorption experiments), for RB, CR, MB and MO aqueous
solutions with a concentration of 1x 107> M in a quartz
beaker were carried out. The concentration (C) of the
centrifuged solution and the initial concentration (C,) of RB,
CR, MB and MO solution were monitored immediately by
measuring the absorbance of the different supernatant at
maximum absorption wavelength of 550, 498, 664 and
463 nm, respectively, using the absorbance model by a
spectrophotometer (model no. JH722N).

3. Results and discussion
3.1. Structure, morphology and component

The representative XRD patterns of as prepared composites
denoted as 0.5NZ, 1.0NZ, pure ZnO and pure Ni(OH), are
presented in Fig. 1. All diffraction peaks in Fig. 1(c) and (g)
can be perfectly indexed to the hexagonal wurtzite structure of
ZnO (Zinc Oxide, JCPDS card no. 36-1451) or hexagonal
crystal structure of Ni(OH), (Nickel Hydroxide, JCPDS card
no. 73-1520), respectively. The diffraction peaks are sharp and
intense for the pure ZnO, but broad and relatively weak for Ni
(OH),, suggesting the different crystalline character of the pure
phases prepared under similar water bath condition. Hence,
ZnO is more easily crystallized at low temperature (90 °C). As
observed in Fig. 1(d) and (e), two sets of diffraction peaks
exist for the sample 0.5NZ and 0.1NZ, which are correspond-
ingly assigned to the hexagonal structure ZnO and hexagonal
structure Ni(OH), - 0.75H,0 (nickel hydroxide hydrate, JCPDS
card no. 38-0715). No characteristic peaks for byproducts, such
as ZnCl,, NiCl, or other zinc nickel oxides, are found in the
patterns, indicating the formation of Ni(OH),/ZnO composites.
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Fig. 1. XRD patterns of as-synthesized pure ZnO, pure Ni(OH),, and Ni(OH),
nanosheets/ZnO nanorods composite.

Further observation from Fig. 1 shows that there is no shift of
the ZnO diffraction peaks, suggesting that the deposited Ni
(OH), - 0.75H,0 clusters do not incorporate into the lattice of
7ZnO [28]. Nonetheless, by comparison of Ni(OH),-0.75H,O
diffraction peaks intensities for various samples, it appears that
its intensities are gradually increased upon increasing the molar
ratio of Ni to Zn from 0 to 0.5 and 1 (from pure ZnO to 0.5NZ
and 1.0NZ). Besides, it is worth noting that the products
are nickel hydroxide hydrate instead of pure nickel hydroxide
when forming a complex with zinc oxide, symptomatic of
an interaction between the components of the composites. This
interaction will be discussed below in the section of the growth
mechanism.

TEM investigations provide insight into the morphological
and structural features of the Ni(OH),/ZnO nanostructured
composites. Fig. 2 shows the representative low-magnification
TEM and high-resolution transmission electron microscopy
(HRTEM) images of pure ZnO, Ni(OH), and 1.0NZ. From
Fig. 2(a), although there some short ZnO nanorods which
adhering impurities on the surface, it is clearly visible that
most of the pure ZnO nanorods are cone-shaped in morphol-
ogy and smooth at surface. The average diameter of pure ZnO
nanorods is around 500 nm and the length is up to 1-5 pm.
The pure Ni(OH), nanostructures synthesized by the same
process as shown in Fig. 2(c) display the uniform morphology
of flake-like nanostructures with typical length in the range of
several to several tens of nanometers. The image also
demonstrates that the Ni(OH), nanosheets are very thin.
Fig. 2(b) and (d) depict that the space between two adjacent
lattice planes is 0.26 and 0.24 nm, respectively, which
correspond to (00 2) planes of hexagonal ZnO and (01 1)
planes of hexagonal Ni(OH),. Fig. 2(e) exhibits a low
magnification TEM image of the sample 1.0NZ. As it can be
seen from this image, a layer of Ni(OH),-0.75H,O with a
thickness in the range of several tens to several hundreds of
nanometers is deposited on the surface of the ZnO nanorods. It
also reveals the simultaneous presence of the adhering and
individual nickel hydroxide hydrate clusters, indicating that
not all Ni(OH),-0.75H,O is intimately deposited on the
surface of ZnO nanorods. HRTEM images of ZnO and Ni
(OH), - 0.75H,O compounds which constitute the sample
1.0NZ are shown in Fig. 2(f) and (g), respectively. The
depicted nanorod with a calculated d-spacing of 0.27 nm
correspond to the (00 2) planes of the hexagonal ZnO. The
interplanar distances of 0.31 nm are close to the lattice spacing
of the (00 1) planes of the hexagonal Ni(OH),-0.75H,0.
Moreover, a more detailed observation indicates that the
surface of nanorods appear to be modified due to the
occurrence of nickel hydroxide hydrate nanosheet clusters.
Most transition metal ions are known to remain preferably in
aqueous solution as stable complexes, not to incorporate into
zinc site, and the formation of secondary phases related to
transition metal ions or variation can result in the change of
morphology [29,30]. XRD study showed that Ni(OH), - 0.75H,O
could suppress the nucleation and growth of ZnO, resulting in
spatial distribution of Ni related nanoparticles. Although slight
modification in the surface of the rods is observed with the
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Fig. 2. TEM images of pure ZnO, pure Ni(OH),, and Ni(OH),/ZnO composite at low magnification and at high magnification: (a) and (b) ZnO; (c) and (d) Ni
(OH),; (e)~(g) 1.0NZ.

coupling of composites, overall anisotropic growth of ZnO is absorbed by the system. UV—vis spectroscopy is performed on
maintained. the as-fabricated photocatalysts to observe changes in optical

The optical properties of photocatalytic materials are of ultra ~ properties as a function of material composition. The UV-vis
most importance because they dictate the number of photons absorption spectra of Ni(OH),/ZnO composites with various
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Fig. 3. UV-vis absorption spectra of pure ZnO, pure Ni(OH),, and Ni(OH),/
ZnO composites.

molar ratio of Ni to Zn are presented in Fig. 3. It is found that
while pure ZnO has no absorption in the visible region (400-
800 nm), pure Ni(OH), show very broad absorption bands
spanning the visible region. As for sample 0.3NZ, 0.5NZ,
0.8NZ, 1.0NZ and 2.0NZ, except the strong absorption band at
ultraviolet region which coincide with the intrinsic absorption
of ZnO, the spectra also show absorption in the 600-800 nm
region, in addition to the onset of absorption at about 450 nm
[31]. According to the viewpoint of Irie et al. [32], the 600—
800 nm absorption can be assigned to the Ni(Il) d—d transition,
and the absorption at 450 nm of Ni(OH),/ZnO can be ascribed
to the direct interfacial charge transfer (IFCT) from the VB of
ZnO to Ni(IT). Therefore, it can be seen that the absorption at
450 and 600-800 nm increases with fraction of the deposited
Ni(OH),. These results suggest that the prepared Ni(OH),/ZnO
nanostructures have potential capacities of photocatalytic activity
utilizing sunlight. Concerning the ZnO bulk absorption edge
appearing at 373 nm at room temperature [33,34], it was found a
red-shift of 68-81 nm in the band-edge for all samples by the
UV-vis spectroscopy. This indicates that the optical band gap of
the Ni(OH),/ZnO composites prepared by a water bath method
emerges a decrease with the coupling of nanorods and
nanosheets. However, in comparison to pure ZnO, no great
change in the absorption edge of the Ni(OH),/ZnO samples are
observed, implying that Ni(OH), is not incorporated into the
lattice of ZnO, only deposited on its surface. This result is not
surprising because low-temperature deposition of Ni(OH),
does not have enough energy for Ni** to enter the lattice of
Zn0 [27].

On the basis of the above analysis, the probable formation
mechanism of the Ni(OH), nanosheets/ZnO nanorods compo-
sites has been proposed. At the stage of the precursor solution
preparation, the finally obtained solution was clear and
transparent without any generated precipitation or suspensions
for pure ZnO, while for pure Ni(OH), as well as Ni(OH),/
ZnQ, the solution was green and turbid. Therefore, the reaction

process at this stage for Ni(OH),/ZnO composites was
proposed as follows:

Zn*t+Ni’4+OH~ < Ni(OH),/Zn(OH);~ 1)

At the solution configuring course, Zn** and Ni** ions were
added to the alkaline solution. The aquaeous precipitate
appeared at once and gradually increased by the addition of
7ZnCl, and NiCl, mixed solution, which demonstrated that the
reaction occurred and Ni(OH), emerged. In the meantime, the
Zn(OH), generated in this system was immediately dissolved
by the excess of OH™ ions, and ultimately form an over-
saturated Zn(OH)ﬁ_ solution, as shown in the reaction Eq. (1).
Based on the XRD results, one can see that all identified
compounds ZnO and Ni(OH), - 0.75H,0, crystallized in the
hexagonal system. The growth process of such crystals can be
divided into two phases: nucleation and crystal growth. When
heating the precursor solution, Zn(OH)i_ ions, which coated
with the Ni(OH), micelles, transformed into [Zn,O,(OH).]<**
29~ through the dehydration and bonding reaction [35].
Simultaneously, the removed water molecules were adsorbed
by Ni(OH), micelles, giving rise to the formation of Ni
(OH), - nH,O (n=0.75 when it comes to this study). Once
the [ZnXOy(OH)z](”zy_zx)_ reached a certain value, there
would be a reaction formulated as follow:

Ni(OH),/Zn(OH)3~ — Ni(OH), * nH,0/ZnO+OH "~ )

Upon prolongation of the heating-treatment time, the nuclei
precipitates, and crystal further grows on the basis of nuclei
aggregation. The specific procedure comprises: (a) Large
amount of ZnO nuclei produced in the super-saturated solution
under heating condition; (b) a mass of ZnO and Ni(OH), - nH,O
nuclei gathered though mutual effect, forming highly active sites
of the body surface. The active sites caused further growth of
the crystal planes with low surface activity ((0 0 2) planes for
ZnO and (00 1) planes for Ni(OH), - nH,0); (c) this trend of
growth along respective directions formed the shape of the Ni
(OH), nanosheets/ZnO nanorods composite.

3.2. Degradation properties of azo dyes

The photocatalytic performances of Ni(OH),/ZnO nanocom-
posite were evaluated by examining the photodegradation
properties of azo dyes (RB, CR, MB and MO) under visible
light illumination at wavelengths longer than 420 nm, since all
of the obtained composites samples have a broad adsorption in
visible light region.

RB was used as one of the test contaminants because it has
been extensively used as an indicator for the photocatalytic
activity owing to its absorption peaks in the vis range [25,36,37].
The results of the RB degradation in the presence of Ni(OH),
nanosheets/ZnO nanorods composite with different Ni contents
are summarized in Fig. 4(a), where C, and C are the initial
concentration before reaction and the reaction concentration of
RB at time ¢, respectively. To demonstrate the synergy-induced
enhancement of the photocatalytic efficiency of Ni(OH),/ZnO
nanocomposite, contrastive experiments were performed using
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Fig. 4. Photocatalytic activity for azo dyes under visible-light irradiation in the presence of all of the as-synthesized samples at different time intervals, and UV—vis
absorption spectra of azo dyes before and after treatment with sample 1.0NZ at corresponding time intervals: (a) and (b) RB; (c) and (d) CR; (e) and (f) MB; (g) and
(h) MO. Photographs of the azo dye solutions during the process as inset. (For interpretation of the references to color in this figure legend, the reader is referred to
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pure ZnO nanorods and Ni(OH), nanosheets as photocatalyst for
the photodegradation of RB. The reduction in the concentration
of RB decreased with exposure time indicates the photocatalytic
degradation of the organic dye. 1.0NZ (Ni(OH),/ZnO composite
with a Ni/Zn ratio of 1.0) was found to be the most active
composite, which approximately 76.1% of RB is removed under
the visible light irradiation in the first 6 h, comparing to about
11.5, 22.4, 34.2 and 50.1% for samples 0.3NZ, 0.5NZ, 0.8NZ
and 2.0NZ, respectively. As expected, both pure ZnO and Ni
(OH), display very poor activity that only about 56.8 and 39.2%
of the dye is removed in the 36 h of exposure. Fig. 4(b) shows the
variation in the UV-vis absorption spectra of the aqueous
solution of RB before and after treatment with sample 1.0NZ at
different time intervals. It can be seen that the maximum
absorbance at 550 nm decreased rapidly with extension of the
exposure time, and almost disappears after about 12 h. Further
exposure leads to no absorption peak in the whole spectrum. The
color change sequence in the RB solution during this process is
shown in the inset of Fig. 4(b), from which it is clear that the
intense rose color of the initial solution gradually disappears with
increasingly longer exposure time.

CR is a sulphonated compound with two sulphonic acid
groups. The absorption spectra of the CR solutions are
characterized by one main band in the visible region with its
maximum absorption at 498 nm corresponding to the azo
bonds of the CR molecule, which is responsible for the coceine
red color of aromatic rings pertaining to azo groups [38,39]. Its
photocatalytic decolourization was studied in different pre-
cursors as above discussed. As depicted in Fig. 4(c), while all
the Ni(OH),/ZnO composites as well as pure Ni(OH), are able
to almost fully decolorize the dye within 36 h of illumination,
the pure ZnO shows significant less efficiency in the same
period of time. The reason is being increase in surface defects
on account of coupling of ZnO and Ni(OH), leading to
enhanced absorption in the visible region. Also the chromogen
of CR can be effectually destroyed in the case of pure Ni(OH),
nanosheets existence. Compared with RB solution, higher
degradation efficiency of the Ni(OH),/ZnO samples for CR
solution with the same concentration can be observed. The plot
of absorption versus wavelength at various times for the
photodegradation of CR with sample 1.0NZ, the most active
composite, is represented in Fig. 4(d), where photograph of CR
solutions at the corresponding time intervals as inset. It is
visible in graph that the disappearance of the adsorption band
centered at 343 nm and 498 nm is accompanied by the total
discoloration of the solutions in the presence of sample 1.0NZ,
which degrades the practically 100% of dye within 6 h.

MB with S and N linkages in its molecular structure is a
well known class of azo dye, which is cationic in aqueous
media and absorbs the light in the visible region (700-550 nm)
with the absorption maxima at 664 nm [26,40]. Fig. 4(e) gives
the results of the photocatalytic treatment of MB using all of
Ni(OH),/ZnO composites and the pure individual components.
In the presence of pure ZnO nanorods, just about 56.0% of MB
is removed after 48 h of irradiation. By comparison, the
degradation rate of MB in the presence of Ni(OH), nanosheets
is 82.6% under the same condition. However, Ni(OH),/ZnO

composites are found to exhibit more prominent photocatalytic
efficiency, and as uppermost as 98.4% of MB was photode-
graded from the aqueous solution after visible-light irradiation
for 48 h, when it comes to sample 1.0NZ. An interesting
phenomenon was observed that both the blue color of MB
solution and the green color of sample powder dramatically
turned into mazarine color once the 10 mg of sample 2.0NZ
powder was introduced into the 50 mL of MB solution, giving
rise to the constant 83.9% removal ratio of MB. This
occurrence is probably due to the quick adsorption resulting
from the ultra-high surface area in the abundant Ni(OH),
nanosheets and their interfaces with ZnO nanorods. From
Fig. 4(f), it can be seen that in the presence of sample 1.0NZ,
the amplitude of the characteristic peak decreased with respect
to the treatment time and correspondingly the blue color of
starting solution gradually disappears along with increasing
degradation time.

MO is an azo dye characterized by N=N linkage, which is
anionic in aqueous media and absorbs light in the visible
region (450-550 nm) with an absorption maxima at 463 nm
[26]. The photodegradation efficiencies of MO as a function of
irradiation time by different as-prepared samples and the time-
dependent absorption spectra of MO solution with sample
1.0NZ are shown in Fig. 4(g) and (h), respectively. It can be
perceived that pure ZnO and pure Ni(OH), have just slightly
effective to MO after being irradiated under visible light for
long-playing 72 h. Nevertheless, merely 70.6% of MO is
photodegraded even though in the presence of the most
efficient case of 1.0NZ sample in the same period of time.
The tardy intensity of the main absorption bands decreases and
accordingly the unconspicuous discoloration of the dye indi-
cate that the molecular structure of MO is stable enough and
difficult to be destroyed by the resultant photocatalyst as
compared with those of other dyes (RB, CR and MB).

The results show that the pure ZnO and Ni(OH), nanos-
tructures exhibit weak visible-light photocatalytic decolouriza-
tion activity for the examined azo dyes. When ZnO is coupled
with Ni(OH),, the removal rate of the photocatalysts is
strongly enhanced. The photodecolourization performance of
Ni(OH),/ZnO composites is dependent on the proportion of Ni
(OH), in the composite. In general, the degradation rate of Ni
(OH),/ZnO composites increases with the increase of Ni(OH),
content from 30 to 100 at%, but decreases when the content of
Ni(OH), exceeds 100 at%. Based on our experimental results
and previous literature records, a possible photocatalytic
mechanism in our experiment is proposed as shown in
Fig. 5. Although the absorption edge of ZnO nanorods red
shift to over 400 nm and theoretically the charges can generate
and transfer between valence band (VB) and conduction band
(CB) upon vis-light irradiation (see the section of UV-vis
absorption analysis), the rate of azo dyes degradation is
negligible over bare ZnO in the absence of Ni(OH),
nanosheets due to the rapid recombination of electrons and
holes. Once Ni(OH), is introduced to ZnO, the VB electrons of
ZnO are excited to CB by visible light irradiation. Thus the
photostimulated electrons in the CB of ZnO can transfer to Ni
(OH), nanosheets and then effectually reduce partial Ni** to
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Fig. 5. Schematic illustration for photodegradation mechanism, and the charge
transfer and separation in the Ni(OH), nanosheets/ZnO nanorods composites
under visible-light irradiation.

neutral Ni’ atoms, finally forming Ni atoms or clusters
[27,41,42]. As a result, these Ni atoms or clusters can act as
co-catalyst to promote the separation and transfer of light-
produced electrons from CB of ZnO to Ni(OH),/Ni clusters.
On the other hand, a portion of separated electrons and holes
can be achieved at the Ni(OH),/ZnO interfaces, which reduce
their recombination probability a certain extent and enable
them to migrate effectively to the surfaces of ZnO and Ni
(OH),, to produce hydroxyl radicals (OH *) which are strong
oxidizing agents for decomposing the organic azo dyes [43]:

AZO+OH' — AZO,,(intermediates) - CO,+H,O 3)

From Fig. 4(a), (c), (e) and (g), one can notice that the
photolysis under visible light and the adsorption in the dark
exhibit no degradation activity. Therefore, this comparison
experiment additionally confirms the proposed degradation
mechanism of azo dyes in the presence of Ni(OH),/ZnO
composites as the photocatalytic degradation.

4. Conclusions

The Ni(OH), nanosheets/ZnO nanorods composites were
successfully synthesized through a simple water bath method
at a low temperature. The XRD, TEM and UV-vis results
confirmed that the stable and good crystalline composites
composed of ZnO nanorods and Ni(OH), nanosheets were
obtained. For the photodegradation of azo dyes from water
under visible-light irradiation, Ni(OH),/ZnO composites
exhibited higher photocatalytic efficiency than the individual
components. The improved photodecolourization performance
of Ni(OH),/ZnO composites can be attributed to the reduced
Ni(OH),/Ni co-catalyst, which favors the photogenerated
electrons transfer from CB of ZnO to Ni(OH),. Ni(OH),/
ZnO composites can be a potential candidate for applications
relating to a number of environmental issues.
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