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Novel ZnO/ZnAl,0, nanocomposites with ZnAl,O4 nanoparticles homogeneously dis-
persed inside a network of ZnO are fabricated by thermal treatment of a single-source pre-
cursor of ZnAl-layered double hydroxides (ZnAl-LDHs) at 800°C. The effects of the Zn/Al
molar ratio of the LDH precursors on the structure, composition, morphology, textural as
well as UV-absorbing properties and photocatalytic activities of the nanocomposites are
investigated in detail. The results show that the ZnO/ZnAl,O, nanocomposites derived
from the ZnAl-LDHs precursors have superior photocatalytic performances to either single
phase ZnO or similar ZnO/ZnAlL,O, samples fabricated by chemical coprecipitation or
physical mixing method. The heterojunction nanostructure and the strong coupling between
the ZnO and ZnAl,O, phase derived from ZnAl-LDHs precursors are proposed to contrib-
ute the efficient spatial separation between the photo-generated electrons and holes, which
can concomitantly improve the photocatalytic activities. © 2011 American Institute of
Chemical Engineers AIChE J, 58: 573-582, 2012
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Introduction

Since Fujishima and Honda reported the evolution of oxy-
gen and hydrogen from a TiO, electrode under the irradia-
tion of light in 1972," the development of semiconductor
photocatalysts and techniques was regarded as one effective
way to solve the energy and environmental problems.M Due
to the rapid recombination of photogenerated charge carriers,
i.e., electrons (e”) and holes (h") pairs, the photocatalytic
efficiency of the single-component semiconductor was seri-
ously impeded. To solve this problem, much efforts have
been devoted to enhance the photocatalytic activity by com-
bining of the target semiconductor with other components,
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such as coating of noble metal nanoparticles,S_7 hybridizing
of conjugated materials or polymers,”'! doping of nonmetal
ions,'*™" and coupling of other semiconductor to form nano-
composite.'®"® Among these strategies, the synergy of the
coupled semiconductor nanocomposite has been proved to be
capable of alleviating the recombination of photogenerated
e~ and h' pairs in the photocatalytic systems: after a good
matching of conduction band (CB) and valence band (VB)
levels, the energy gap between corresponding band levels
drives the e~ and h™ pairs from one particle to its neighbors
to form a spatial separation (Figure 1). Thus, the band struc-
ture of the semiconductor itself, as well as the interaction
between the two semiconductor compounds in the nanocom-
posite plays an important role for the photocatalytic perform-
ance. =~ Herein we report the fabrication of a novel ZnO/
ZnAl,O4 nanocomposite with ZnAl,O4 nanoparticles homo-
geneously dispersed inside a network of ZnO nanoparticles
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Figure 1. Schematic illumination of the coupling of two
different semiconductor nanoparticle and the
separation of the charge carriers, in which E
represents the potential/eV vs. NHE.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

by thermal treatment of a single-source precursor of ZnAl-
layered double hydroxide (ZnAl-LDH).

LDHs are a family of two-dimensional anionic clays with
the general formula [Mf_§M3§(OH)2]A')'(7n-mHzO, where M+
and M>* are di- and trivalent cations, respectively; the value
of the coefficient x is equal to the molar ratio of M/
(M2++M3+); and A" is an anion.”® Thus, a large class of
isostructural materials can be obtained by changing the metal
cations, the molar ratio of M>"/M’*, or the interlayer
anions. LDHs have a wide range of applications as catalysts
or catalyst precursors,24‘2‘ microcontainer, and microreac-
tor,zﬁ’27 etc. Calcination of LDHs has been reported to be an
alternative to the traditional chemical and physical methods
for the fabrication of a wide variety of mixed metal oxide
(MMO) nanocomposite materials composed of metal oxide
and spinel phases,”® " and such various MMO materials dis-
played outstanding magnetic,3 1.32 catalyticz&33 and textual
properties.34 A recent work in our group about the thermal
decomposition of ZnAl-LDH also proved that it could be a
precursor material for the synthesis of ZnO-based MMO
nanocomposites.

Considering of ZnO nanoparticle whose band gap (E,) is
3.2 eV exhibits comparable efficiency as TiO, for the photo-
catalytic oxidation of organic contaminations, various ZnO-
based semiconductor nanocomposites have been investigated,
including the mutually photosensitive components such as
ZnO-Ti0,,*® ZnO-CdS,*” ZnO-ZnS*® and so on. Further-
more, the coupling between ZnO and another nonsensitive
semiconductor (usually have very wide band gap), e.g.,
In,05 (E, = 3.6 eV),”” Sn0, (E, = 3.8 eV),* and NiO (£,
= 3.5 eV)*! also has been proved to be a effective method
to improve the photocatalytic activity of ZnO. Our recent
observation®® indicated that ZnO-based nanocomposite mate-
rials obtained by calcination of ZnAl-LDH precursors might
be a good candidate in the photocatalysis field. In this arti-
cle, a series of ZnO/ZnAl,0, nanocomposites were fabri-
cated by thermal treatment of ZnAl-LDH precursors with
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different Zn/Al molar ratio under 800°C. Subsequently, the
structure, composition, morphology, textural and UV-absorb-
ing properties of the resulting nanocomposites were system-
atically investigated by HRTEM, TEM, XRD, nitrogen
adsorption, and UV-vis spectra techniques. Finally, the pho-
tocatalytic activities of the ZnO/ZnAl,O, nanocomposites
were evaluated by the degradation of methyl orange (MO)
and the relationship between the structural features and the
photocatalytic activity of the ZnO/ZnAl,O, was discussed.

Experimental Section

Synthesis of ZnAl-LDH precursors and ZnO/ZnAl,Oy
nanocomposites

The Zn,Al-LDH precursors synthesized using the SNAS
method (involving separate nucleation and aging steps)
developed in our laboratory,*” and the n value represented
the Zn/Al molar ratio of as-fabricated ZnAl-LDH precursors,
which were 2.0 3.0 and 4.0. A mixture of Zn(NOs),-6H,O
and AI(NO;3)3-9H,0O with different Zn/Al molar ratio were
dissolved in deionized water to give a solution with a total
cationic concentration of 1.2 M (solution A); and NaOH and
Na,COs5 were dissolved in deionized water to form a mixed
base solution (solution B). The concentrations of the base
were related to those of the metal ions as follows: [CO327]
= 2.0 [AP"], [OH | = 1.6(1Zn”*]+[AI’*]). Solutions A and
B were simultaneously added rapidly to a colloid mill with
the rotor speed set at 3000 rpm and mixed for 1 min. The
resulting suspension was removed and aged at 90°C for 48
h, centrifuged, washed thoroughly with distilled water and
finally dried at 60°C for 24 h. The ZnO/ZnAl,04 nanocom-
posites were fabricated by calcination of the as-synthesized
ZnAl-LDH precursors in air at 800°C for 4 h. The resulting
nanocomposites derived from LDH precursors with Zn/Al
molar ratio 2.0, 3.0, and 4.0 were denoted as Zn,Al, ZnsAl,
and Zn4Al, respectively.

For comparison, several photocatalyst samples were pre-
pared: (1) A single phase ZnO sample was fabricated by
thermal treatment of layered zinc hydroxide nitrate, synthe-
sized by a coprecipitation method following the procedure
described in Ref. 43, at 800 °C. (2) A physical mixture sam-
ple of the single phase ZnO powder and ZnAl,O, powder
which was fabricated by the coprecipitation method
described in Ref. 44 were mixed with a total Zn/Al molar ra-
tio of 3.0 and denoted as Zns;Al-R1. (3) A ZnO/ZnAl,O4
nanocomposite was synthesized by a coprecipitation
method:* a mixture of Zn(NOs),-6H,0O and Al(NO5);-9H,0
with Zn/Al molar ratio of 3.0 were dissolved into deionized
water to form a clear solution. Then Na,CO; was added
with constant stirring to the above solution until pH > 10 to
ensure complete precipitation. The gel solution was aged for
24 h and then washed by deionized water for several times
and then dried under 80°C; finally, the ZnO/ZnAl,O, was
obtained after annealing of such precursor under 800°C for 4
h and denoted as Zn;Al-R2.

Characterization

Powder X-ray diffraction data (XRD) were collected on a
Shimadzu XRD-6000 diffractometer under the following
conditions: 40 kV, 30 mA, graphite-filtered Cu Ko radiation
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Figure 2. XRD patterns of (a) Zn,Al-LDH, (b) Zn3Al-
LDH, and (c) Zn,Al-LDH.

(4 = 0.15418 nm). The powder samples were step-scanned
in steps of 0.04° (20) using a count time of 10 s/step.

Elemental analysis was performed using a Shimadzu
ICPS-7500 inductively coupled plasma emission spectrome-
ter (ICP-ES). Samples were dried at 100°C for 24 h before
analysis, and solutions were prepared by dissolving the sam-
ples in dilute hydrochloric acid.

High resolution transmission electron microscopy
(HRTEM) and TEM images were recorded on JEOL JEM-
2010 high-resolution transmission electron microscopes. The
accelerating voltage was 200 kV.

The specific surface area determination and pore volume
and size analysis were performed by BET and BJH methods,
with nitrogen adsorption at 77 K using a Quantachrome
Autosorb-1C-VP Analyzer. Before the measurements, the
samples were degassed at 200°C for 2 h.

Solid-state  UV-Vis diffuse reflectance spectra were
recorded at room temperature in air by means of a Shimadzu
UV-2501PC spectrometer equipped with an integrating
sphere attachment using BaSO, as background.

Photocatalytic reaction

The photocatalytic degradation of methylene orange (MO)
on the catalyst sample was preformed under UV-light irradi-
ation. The UV source was a 500 W high-pressure mercury
lamp. Typically, a mixture of MO solution (2 x 10~> mol/L,
100 mL) and 20 mg of catalyst was vigorously stirred in

Figure 3. Typical SEM images of LDH precursor with
Zn/Al molar ratio of 2.0.

dark for 30 min until establishing an adsorption/desorption
equilibrium. Then, the reaction solution was stirred under
light irradiation. At given time intervals, the solution was an-
alyzed by measuring the absorption band maximum using a
Shimadzu UV-2501PC spectrophotometer. The blank reac-
tion was carried out following the same procedure without
adding catalyst.

Results and Discussion

Figure 2 shows XRD patterns for series of ZnAl-LDH pre-
cursors with Zn/Al molar ratio of 2.0, 3.0, and 4.0, respec-
tively. The characteristic diffraction peaks of well-crystal-
lized hydrotalcite-like LDH materials (JCPDS no. 38-0486)
with a series of (00/) harmonics at low angle for the three
samples are present. Assuming a 3R stacking of the layers
and from the positions of the (003), (006), (009), (110)
reflections, the lattice parameter a and ¢ can be calculated.®
The value of parameter @ (=2d;¢) is a function of the aver-
age radii of the metal cations while the value of parameter ¢
(=3dpo3 = 6dpos = 9dpgo) is a function of the average charge
of the metal cations, the nature of the interlayer anion and
the water content. Due to the ionic radii for Zn>" 0.74 A) is
larger than that of AT (0.50 A), the a decreases from 0.302
to 0.328 nm with the Zn/Al molar ratio increasing from 2.0
to 4.0; meanwhile, the increase in lattice parameter ¢ from
2.229 to 2.256 nm with increasing Zn**/APP" ratio is con-
sistent with the decrease in Coulombic attractive force
between the negative charged interlayer anions and the posi-
tively charged brucite-like layers (Table 1). Moreover, the
average crystallite size in the ¢ direction was calculated by
means of the Scherrer equation, as shown in Table 1. The
actual Zn/Al molar ratios in the obtained ZnAl-LDH precur-
sors were estimated by elemental analysis, which is in good
accordance with the Zn/Al molar ratio in initial nitrate salt

Table 1. Properties of ZnAl-LDH Precursors

Lattice Parameter

Actual Zn/Al Molar Average Crystallite L
Sample Ratio in Product Basal Spacing (nm) Size in ¢ Direction® dq1o (nm) a’ c*
Zn,Al-LDH 1.9 0.743 25.11 0.151 0.302 2.229
Zn;Al-LDH 2.8 0.748 20.31 0.157 0.314 2.244
Zn4Al-LDH 3.8 0.752 21.77 0.164 0.328 2.256
:Value calculated from the values of the full-width at half-maximum (fwhm) of the (003) and (006) diffraction peaks from the Scherrer equation.
a = 2dy9.

o= average value calculated from (003), (006), and (009) reflections.
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Figure 4. XRD patterns of (a) ZnO/ZnAl,04 nanocomposites derived from LDH precursor with different Zn/Al molar
ratio and ZnO sample fabricated by thermal treatment of layered zinc hydroxide nitrate at same tempera-
ture is shown for comparison and (b) for ZnzAl-R1 and Zn;Al-R2 samples.

solutions. The morphology of ZnAl-LDH precursors was
characterized by SEM (Figure 3). The characteristic hexago-
nal plate-like morphology of LDH crystallite is clearly
observed and the diameter of the basal plane ranges from
150 to 300 nm; the thickness of the plates is in the range of
20-30 nm, which is in good agreement with the results cal-
culated from XRD.

Thermal treatment of the ZnAl-LDH precursors was car-
ried out under 800°C and the XRD patterns of the resulting
Zn0/ZnAl,0,4 nanocomposites are shown in Figure 4a. The
characteristic XRD reflection peaks for ZnO and ZnAl,O4
were observed in each case. Reducing of Zn/Al molar ratio
caused an enhancement of the intensity and a sharpening of
the peaks of the (220), (311), (422), (511), and (440) reflec-
tions of ZnAl,O4, indicating an increase of ZnAl,O4
amounts in the final samples. In fact, based on the decompo-
sition equation of ZnAl-LDH (equation 1), the molar ratio of
7ZnO to ZnAl,O, in the final composites from the ZnAl-LDH
precursors with Zn/Al ratio of 2.0, 3.0, and 4.0 is 3.0, 5.0,
and 7.0, respectively.

Table 2. Textural Properties of ZnO/ZnAl,O,
Nanocomposites Derived from LDH Precursor with Different
Zn/Al Molar Ratio

Pore

Particle Size of Particle Size of Surface Volume

Sample 7ZnO (nm)*  ZnALO, (nm)" Area (mz/g)i (cm? /g)§
Zn,Al 17.8 18.9 28.6 0.26
Zn3Al 18.4 20.6 22.2 0.43
Zn4Al 22.5 23.1 19.0 0.27
Zn3Al-R1 47.5 32.7 23.44 0.08
Zn3Al-R2 34.6 28.5 30.13 0.28

*Values determined using the Scherrer equation with (002), (110), and (103)
reflections.

"Values determined using the Scherrer equation with (422), (440), and (400)
reflections.

*Surface area calculated from the N, adsorption isotherm according to the
BET method.

SPore size calculated from the N, desorption branch using the BJH model.
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Zn,Al(OH) 5, ,,)(CO3), 5 - mH0—(n — 0.5) ZnO
+ 0.5 ZnAl,O4 + 0.5 CO, + (}’l +m+ 1) H,O
(n=2,3, or4) (1)

The crystalline sizes of ZnO and ZnAl,0, in the three samples
were estimated from XRD reflections by the Scherrer equation
(Table 2). The particle sizes of both ZnO and ZnAl,O, are
ranged from 15 to 25 nm for the three composites. In
comparison, the corresponding XRD pattern for the single
phase ZnO sample derived from calcination of layered zinc
hydroxide nitrate precursor at 800°C is much sharper, which
indicates the larger crystallite size for the ZnO sample. As
calculated by the Scherrer formula, the average crystallite size
is about 51.7 nm, which is much bigger than the ZnO
decomposed from the ZnAl-LDH precursors. Moreover, XRD
patterns for both ZnzAl-R1 and Zn3Al-R2 are also shown in
Figure 4b. As can be seen, diffraction peaks of ZnO and
ZnAl,O, of both samples are sharp and intense, and the bigger
particle size of ZnO and ZnAl,O,4 (shown in Table 2) suggests
the occurring of phase sintering and separation compared with
the ones calcined from ZnAl-LDH precursor with same Zn/Al
molar ratio. Such results indicates that, compared with other
methods (mechanical mixing or chemical coprecipitation
method), the ZnO/ZnAl,0, nanocomposite derived from
series of ZnAl-LDHs precursors show higher thermal stability.
According to the decoration model for the crystal growth
mechanism from LDH precursors by calcination,*® the
remarkable particle-boundary mobility and the segregation
and inhibition effects on the crystal growth lead to the high
thermal stability and resistance to sintering of LDH under high
temperature.

More detailed structural and morphology information
about the ZnO/ZnAl,0O, nanocomposites was provided by
(HR)TEM (Figure 5). For the Zn3zAl and Zn4Al samples
derived from LDH precursors with Zn/Al molar ratio 3.0
and 4.0, respectively, the plate-like morphology of LDH pre-
cursor is well maintained after the thermal treatment at
800°C. According to our previous work,'" the thermal
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Figure 5. TEM (a, ¢, and e) and the HRTEM (b, d, and f)
images of 2ZnO/ZnAl;,O, nanocomposites
derived from ZnAl-LDH precursors of ZnsAl,
ZnzAl and Zn,Al; TEM (g, i) and the corre-
sponding HRTEM (h, j) images of ZnzAl-R1
and ZnzAl-R2 samples.

decomposition of ZnAl-LDH nanoplatelets firstly led to the
formation of continuous ZnO and amorphous alumina phase;
with the increasing of the calcination temperature, a solid
reaction between ZnO and alumina occur to form ZnAl,O4
nanoparticles which are dispersed/“planted” in the continu-
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ous ZnO phase. Thus, the growth of the ZnAl,O, phases in
the continuous network of ZnO nanoparticles can potentially
have direct contact/interaction with ZnO. In addition, consid-
ering that the metal cations are uniformly distributed on a
molecular level in the layers of LDH, without segregation of
“Jakes™ of separate cations,*’ such ZnAl,O, nanoparticles
may be homogeneously dispersed inside the ZnO network.
The TEM exhibit that the average particle sizes of both ZnO
and ZnAl,0O, particles range from 20 to 25 nm for the two
Zn3;Al and Zny4Al samples, which are in good agreement
with the results of XRD. Examination of the HRTEM
images reveals that both ZnO and ZnAl,O4 phase are highly
crystallized and form a heterojunction nanostructure as evi-
denced by well-defined lattice fringes in some regions: the
spacing of 0.26 nm depicts the lattice-resolved (001) crystal-
line plane of ZnO phase, and the spacing value of 0.28 and
0.46 nm corresponds to the (220) and (111) facets of
ZnAl,O, phase, respectively. However, for the Zn,Al sam-
ple, the TEM shows that although the plate-like morphology
is still preserved, the platelet is loosely accumulated by ZnO
and ZnAl,O4 nanoparticles. Meanwhile, HRTEM for the
Zn,Al sample shows no heterojunction structure exists
between ZnO and ZnAl,O, particles. Such results indicate
that, with the increase of A’ in the ZnAl-LDH precursor, a
phase segregation phenomenon occurs during the thermal
treatment process, and ZnO and ZnAl204 nanoparticles are
“separated” with each other. For comparison, TEM (Figures
5g,i) and HRTEM (Figures 5h,j) images of both Zn;Al-R1
and Zn;Al-R2 are also provided. As can be seen, although
the lattice fringes of ZnO and ZnAl,O, can be clearly
observed, the particles are separated with each other and no
heterojunction nanostructure exists in both samples.

The textural properties of the ZnO/ZnAl,O, nanocompo-
sites from different ZnAl-LDH precursors were investigated
by the nitrogen sorption measurements, and the pore size
distributions were determined by means of the BJH model
from the desorption branches of the nitrogen sorption iso-
therms, as shown in Figure 6a and Table 2. All the ZnO/
ZnAl,O, samples have a type IV isotherm with a Hj type
hysteresis loop that does not exhibit any limiting adsorption
at high P/P,. This is commonly observed with aggregates of
plate-like particles giving rise to slit-shaped pores, indicating
that the plate morphology of the LDH precursors has been
retained in the calcined mixture.**** At the same time, the
surface area of the calcined samples decreases from 28.6 to
19.0 m2/g with the ZnO to ZnAl,O4 molar ratio in the final
nanocomposites increases. We believe that such phenomena
are closely related with the structural feature of different
7Zn0/ZnAl,0,4 nanocomposites after calcination: as shown in
TEM images, the higher amounts of ZnAl,O, nanoparticles
in Zn,Al sample may result in the breaking of the continu-
ous ZnO phase, leading to the increase of surface area.
Meanwhile, all ZnO/ZnAl,0, nanocomposites display pore
diameter and broader distribution in the range of 3—100 nm.
Figure 6b display the textual properties of both Zn;Al-R1
and Zn;Al-R2 samples: the hysteresis loops belong to H;
type and Hj; type for Zn;Al-R1 and Zn;Al-R2, respectively;
and the distribution of pore diameter are in the range of
mesopore. Meanwhile, after the similar calcination process,
the surface area of both Zn3;Al-R1 and Zn;Al-R2 exhibits
very close to that of the series of ZnO/ZnAl,O4
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Figure 6. N, sorption isotherms (a left and b left) of ZnO/ZnAl,O, nanocomposites derived from LDH precursor
with different Zn/Al molar ratio and ZnO/ZnAl,O, samples fabricated by different methods, and the corre-
sponding pore size distributions (a right and b right).

nanocomposites derived from ZnAl-LDHs precursors, as can
be seen in Table 2.

The photocatalytic activities of the ZnO/ZnAl,0O4 nano-
composites were evaluated by the photodegrading organic
dye of MO. Figure 7 shows the typical absorption spectra of
aqueous solution of MO in the presence of the ZnO/ZnAl,O4
nanocomposites derived from Zn;Al-LDH sample under UV
irradiation at different periods of time. The major absorption
peak at 464 nm corresponding to the MO molecules
decreases rapidly and shifts considerably toward the blue
region during the course of the photoassisted degradation.
As shown in Figure 8a, the fractions of the MO dye decom-
posed after 1 h are estimated to be 88.5%, 76.3%, and
58.6% for the Zn;Al, Zn4Al, and Zn,Al sample, respectively,
all of which are higher than that of the blank experiment
(3.3%) and the chemical -coprecipitation ZnO sample
(27.9%). The relationship between In(C/Cy) and reaction
time ¢ (Figure 8a) shows that, the decomposition of MO
with different photocatalysts accords with a pseudo first-
order kinetic®™! and the reaction rate after the adsorption
equilibrium can be express as

—In(C/Cy) = kt 2
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Where C and C are the reactant concentration at time ¢t = ¢
and t = 0, respectively; k and ¢ are the apparent reaction rate
and time, respectively. A plot of —In(C/Cy) vs. ¢ will yield a
slope of k. The apparent reaction constants (k) of MO
decomposition using the photocatalysts are shown in Figure
9. Compared with pure ZnO material, all the ZnO/ZnAl,O4
nanocomposites derived from LDH precursors show higher
photocatalytic activity, which is represented by larger values
of k.

As a wide band-gap semiconductor (3.8 eV),”? ZnAl,O,
mainly serves as catalysts and catalyst supports, and it also
can be used as transparent conductor, dielectric or optical
materials.> To the best of our knowledge, no systemic work
has been done to investigate the photocatalytic properties of
7Zn0/ZnAl,0,4 nanocomposites. The band energy levels and
charge-transfer procedure of ZnO and ZnAl,O, are shown in
Figure 10 schematically. For ZnO, the CB bottom and the
VB top lie at —4.19 and —7.39 eV, with respect to absolute
vacuum scale (AVS). While for ZnAl,O4, the CB bottom
and VB top lie at —3.36 and —7.16 eV vs. AVS. When ZnO
and ZnAl,O, are coupled together, photons may be absorbed
in both ZnO and ZnAl,O, and form the e and h™ pairs.
The electrons at the CB bottom of ZnAl,O, would migrate
to that of the ZnO; whereas holes at the VB top of ZnAl,O,4
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Figure 7. Absorption changes of MO solution during
the photodegradation process over ZnO/
ZnAl,0, nanocomposites derived from LDH
precursor with Zn/Al molar ratio of 3.0 under
UV-light irradiation.

would remain there. On the other hand, the holes at the VB
top of the ZnO would migrate to that of ZnAl,O,4, with elec-
trons at the CB bottom of ZnO remaining there. Such pro-
cess is energetically favorable and the photogenerated e~
and h™ pairs can be efficiently separated, which is regarded

as the key factor for the enhancement of photocatalytic
activities of the ZnO/ZnAl,0, nanocomposites. All these
results indicate that the coupling mode of energy gaps of
7Zn0O and ZnAl,O,4 between corresponding band levels drives
the charge carriers from one particle to its neighbor to form
a spatial separation between the electrons and holes.

Also, it is revealed that the effective design of a coupled
semiconductor composite not only relies on the band struc-
tures of its components, but also is determined by some fac-
tors such as crystallinity, particle size and distribution, as
well as loading content of the less active component.z’54 In
our system, the amount of ZnAl,0O, also shows a significant
affect on the photocatalytic activity of the final ZnO/
ZnAl,O4 nanocomposites: when the molar ratio of ZnO:
ZnAl,Oy is 5.0, the k value goes through a maximum 0.037
min~ ', while for other samples with ZnO : ZnAl,0, ratio of
3.0 and 7.0, the k value is 0.025 min~! and 0.017 min !,
respectively (Figure 9). All these results indicate that, com-
pared with single phase ZnO material, the coupling effect
between the interface of ZnO and ZnAl,O, increase the life-
time of the charge carriers, which thereby transfer to
adsorbed substrates and leads to the enhancement of the pho-
tocatalytic activity upon MO; such coupling effect becomes
more efficient with the increase of ZnAl,O4 in the ZnO net-
work, and therefore, the photocatalytic activity of ZnO/
ZnAl,O4 nanocomposite becomes higher when the ZnO:
ZnAl,O,4 reaches 5.0 from 7.0. However, for the sample in
which ZnO: ZnAl,0O4 molar ratio of 3.0, the amount of
ZnO—which is the main photocatalytic active phase, in the
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Figure 8. Photodegradation of MO monitored as the normalized concentration change vs. irradiation time with
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final ZnO/ZnAl,O, nanocomposite decreases, and subse-
quently the photocatalytic activity decreases rapidly. For
comparison, the photocatalytic activities of the other two
7Zn0/ZnAl,0,4 nanocomposites fabricated by physical mixing
(Zn3;Al-R1 sample) and chemical coprecipitation (Zn;Al-R2
sample) have been investigated. The ZnO/ZnAl,O, nano-
composite derived from LDH precursor shows a much
higher photocatalytic activity than Zn3Al-R1 and Zn;Al-R2
samples with the same composition (Figure 8b) and the com-
parison of k value are shown in Figure 9. After 1 h, the
decomposition of MO only reaches 25% and 59% for the
Zn;Al-R1 and Zn3Al-R2 samples, and the corresponding
reaction constants k value of both samples are lower than
that of the composite derived from Zn3;Al-LDH precursor
(Figures 8b and 9). Based on the TEM results, unlike the

0 T Absolute Vacuum Scale

-3 @ ,
= -3.36 ¢V %
= 4 b . .
8 i -4.19 eV
v 1
= = w 1
b -5 o !
g 82 : i
133 : 1 ~1
= | 2
1
]
7 4 7a6ev '
! 3 = m—mad -7.39 eV
N I g
il ZnALO .
24 : ZnO

Figure 10. Schematic diagram of the band energy lev-
els of ZnO and ZnAl,O, semiconductors and
the transfer procedure of photogenerated
e~ and h™ pairs.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11. UV-vis spectra of different Zn0O/ZnAl,O,

samples derived from the corresponding
ZnAl-LDH precursors.

Zn0O/ZnAl,0, nanocomposites derived from single ZnAl-
LDH precursors, no heterojunction nanostructure exists for
both Zn3;Al-R1 and Zn;Al-R2 sample: ZnO and ZnAl,O,4
behave as independent phase, therefore, the coupling interac-
tion is much weaker at the interface of ZnO and ZnAl,O4
compared with the similar ZnO/ZnAl,O, nanocompostites
derived from ZnAl-LDHs precursor, and minimize the chan-
ces of charge transfer from one to the other.

The relationship between the coupling effect and the ZnO/
ZnAl,O4 ratio in the final nanocomposites derived from
LDH precursors can be further investigated by the UV-vis
spectra technology for the series of ZnO/ZnAl,O, nanocom-
posites. As can be seen in Figure 11, in the visible light
region (the wavelength ranging from 400 to 800 nm), no
absorption in can be observed for all samples; while in the
wavelength region under 400 nm, although very little
changes of absorption edges of such nanocomposites can be
observed as the varying amount of ZnAl,O,, the absorption
intensity of the series of ZnO/ZnAl,04 nanocomposites fol-
lows Zn3;Al > Zn,Al > Zn4Al. Such difference in the
absorption of UV light under the similar conditions can be
attributed to the coupling interaction between the ZnO and
ZnAl,O,4 phase; and the optimizing amount ZnAl,Oy, in the
ZnO network for Zn;Al sample leads to the enhancement of
utilization of UV light, which is subsequently conducive to
the high photocatalytic activity.

Conclusions

In summary, a series of ZnO/ZnAl,0, nanocomposites
have been fabricated by thermal treatment of ZnAl-LDH
precursors and the photocatalytic activity of the resultant
nanocomposites has been investigated in detail. The use of
single-source ZnAl-LDH precursors was of key importance
in ensuring the formation of continuous ZnO network, in
which the ZnAl,0, nanoparticles were homogeneously dis-
persed. The direct contact/interaction of ZnAl,O4 with ZnO
was expected because a heterojunction nanostructure
between ZnAl,O, and ZnO was proved by HRTEM results.
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The photocatalytic results showed that the coupling of the
band gap structure of both ZnO and ZnAl,O,4 phase in the
novel ZnO/ZnAl,0, nanocomposite ensured the efficient
separation of photogenerated e~ and h™ pairs, which was
prerequisite for the enhanced photocatalytic performance
compared with single phase ZnO material. Meanwhile, by
adjusting the molar ratio of Zn**/AI*" to 3:1 in the ZnAl-
LDH precursor, the optimized concentration of ZnO and
ZnAl,O,4 in the final nanocomposites led to the enhanced
photocatalytic activity of such material. It was also observed
that, compared with similar ZnO/ZnAl,O, material fabri-
cated by chemical coprecipitation or physical mixing
method, a stronger coupling interaction existed at the inter-
face in the network of ZnO with homogeneously dispersed
ZnAl,O,4 nanoparticles, which is consequently attributed to
the enhancement of photocatalytic performance. The synthe-
sis strategy described here might open a new route for fabri-
cation of semiconductor nanocomposites in the development
of future photocatalysts.
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