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The strategy to manipulate nanoscale materials into well-organized hierarchical architectures is very

important to both material synthesis and nanodevice applications. Here, nanoscale MOF-5 crystallites

were successfully fabricated onto ordered hierarchical ZnO arrays based on aqueous chemical synthesis

and molecule self-assembly technology guided room temperature diffusion method, which has the

advantages of energy saving and simple operation. The structures and morphologies of the samples

were performed by X-ray powder diffraction and field emission scanning electronic microscopy. The

MOF-5 crystallites have good quality and bind well to the hexagonal-patterned ZnO arrays. The

photoluminescence spectrum shows that the emission of hybrid MOF-5-ZnO films displays a blue shift

in green emission and intensity reduction in UV emission. This ordered hybrid semiconductor material

is expected to exploit the great potentiality in sensors, micro/nanodevices, and screen displays.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

As we know, zeolites and related siliceous materials have
interesting properties compared with the other porous materials,
namely highly regular pore structures and exceptionally high
chemical and thermal stabilities. However, the range of control of
functionality at molecular level still leaves a large margin for
some important applications. Metal-organic frameworks (MOFs)
whose skeletons constructed from inorganic metal ions and
organic functional groups are a new class of porous materials.
They are hybrid inorganic–organic solid-state compounds with
zeolite-like structures, yet transgressing the limitations of zeolites
in terms of materials chemistry. That is to say, the pore size,
morphology, and surface functionality of MOF materials can be
easily tuned upon selection of different metal ions and organic
molecules, which is the superiority compared with conventional
porous materials. Therefore, that would make it possible to design
MOF materials with desired properties. Under the worldwide
background of capturing and storing carbon and exploiting clean
energy based hydrogen, a large number of researches on MOFs are
directed to exploit MOFs with super-high specific surface
area [1,2]. For this reason, one of the most significant applications
of MOFs is gas storage [3–7]. The idea of tuning the properties
also makes the extensive applications in separation [8,9], cata-
lysis [10,11], and drug delivery [12,13].
ll rights reserved.
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As a member of the MOF-n materials [14], MOF-5, also known
as isoreticular metal organic framework-1 (IRMOF-1), can be
traced back to the end of 1990s [15,16] and shows high hydro-
gen-storage capacities. Presently the study of MOFs mainly
focused on powders. Indeed, various potential applications such
as micro-optics and photonic devices, microelectronics, functional
and protective coatings, sensors, biomaterials, and microfluidic
devices are associated with the morphology of a membrane on
certain substrate [17]. Till now, very few studies of MOF films
have been reported compared with that of MOF powders. Hermes
et al. [18] have demonstrated selective nucleation and growth of
MOF thin films on patterned carboxylate-terminated self-
assembled monolayers on Au (1 1 1). While Biemmi et al. [19]
prepared the porous framework HKUST-1 on various functiona-
lized self-assembled monolayers via oriented growth.

To direct the nucleation and growth of MOFs on substrates,
self-assembled monolayer (SAM) technology has been extensively
used as a link between MOFs and substrates [18,20,21]. What
deserves to be mentioned the most is that zinc oxide (ZnO), as an
important semiconductor materials, has been extensively studied.
Dot-like, rod-like, and flower-like structures have been fabricated
via various methods [22–24]. And it can be widely used in light-
emitting diode [25], ultraviolet laser [26], solar cells [27], and
piezoelectric nanogenerators [28]. Recently, several studies have
shown that thiol molecules can adsorb on ZnO surfaces and
nanoparticles [29–31]. However, the combination of MOF films
and ordered ZnO arrays using SAM had not been reported so far.
In this paper, we report the formation of MOF-5 thin films on
ordered hierarchical ZnO arrays via a modified slow diffusion
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approach. The crystalline MOF-5 has small sizes. Ordered hier-
archical ZnO arrays were prepared through the aqueous chemical
synthesis method. Utilizing molecule self-assembly technology,
the MOF-5 crystallites were perfectly combined with the pat-
terned ZnO substrate. Our previous work [32–34] focuses on the
morphology control of ZnO nanomaterials, which provides a
sound basis for surface modification on ZnO. Considering the
MOF-5 possesses the characteristic of semiconductor, this
composite–semiconductor membrane would be beneficial for
potential applications in chemical sensing, photocatalysis, and
other optoelectronic devices.
2. Experimental sections

Zinc nitrate (Zn(NO3)2 �6H2O), hexamethylenetetramine
(C6H12N4), 1,4-benzenedicarboxylic acid (H2BDC), N,N’-dimethylfor-
mamide (DMF), and triethylamine (TEA) were of analytical reagent
grade from commercial sources and were used without further
purification. Polystyrene sphere (PS) suspensions were bought from
Thermo Fisher Scientific Inc. The average diameter of PS is 1000 nm
and the solids mass fraction in the suspensions is 10% by weight.

The ZnO nanocrystals were prepared according to Meulen-
kamp’s method [35], while the ZnO seeds layer was prepared on
the glass substrate (microscope slide, Sail brand, Cat. No. 7101) by
the dip coating method. The substrate was annealed at 450 1C to
burn out the residual organic materials and well-crystallized ZnO
film was obtained.

Large-scale PS monolayer colloidal crystals (41.5 cm2 in area)
were prepared by an air–liquid–solid interface self-assembly
method [36]. The PS monolayer templates were treated at 90 1C
for 0.25 h in order to enhance the adhesion between PS particles
and ZnO seeds layer.

Bowl-rod hierarchical ZnO structures were fabricated by aqueous
chemical synthesis with assistance of PS monolayer templates, as
schematically illustrated in Fig. 1. The growth experiment was carried
out in a sealed Teflon vessel, which contained 15 mL equimolar
(typically, 0.05 M was used) aqueous solution of Zn(NO3)2 and
C6H12N4. The whole growth process lasted for 2 h at the temperature
of 90 1C. Then the sample was washed with deionized water and
dried under nitrogen gas stream, following to be heated at 450 1C for
1 h in the atmosphere to burn out the PS.

The bowl-rod-like hierarchical ZnO arrays were immersed in
50 mL of 1 mM 11-mercaptoundecanoic acid ethanolic solution
for the thiol molecule to self-assemble on the ZnO surfaces. It was
carried out in atmosphere and lasted at least 12 h, after which the
Fig. 1. Schematic illustration of the synthesis process of ZnO bowl-rod hierarch-

ical structures.
thiol-capped ZnO arrays were rinsed with ethanol and dried
under N2 stream.

The procedure for synthesizing MOF-5 given in the litera-
ture [37,38] was modified. The DMF solution containing
Zn(NO3)2 �6H2O, H2BDC was placed in a small beaker. Ethanolic
solution of TEA was placed in a larger beaker. The small beaker
was placed in the center of the larger beaker. The whole system
was covered with seal membrane and kept under 50 1C for 12 h.
The white precipitate in small beaker was filtered and transparent
filtrate was obtained. The SAM-modified ZnO arrays were placed
upside-down on a clean glass-support in the filtrate. Then, the
small beaker containing filtrate was placed in the larger one
again. The whole system was sealed and kept under 25 1C for
48 h. After the synthesis, the ZnO arrays were washed with DMF
and ethanol and then dried for 3 h at 100 1C.

The shape and crystal structure of the resulting sample were
investigated by field emission scanning electron microscopy
(FESEM, LEO1530) and X-ray diffraction (XRD, Rigaku D/MAX-
RB). X-ray photoelectron spectroscopy (XPS) and photolumines-
cence (PL) spectra were measured by PHI Quantera SXM system
and SPEX-1403 laser Raman spectrometer.
3. Results and disscussion

Fig. 2 shows a representative SEM image of bowl-rod-like
hierarchical ZnO arrays. The whole ZnO arrays occupy a large area
and exhibit iridescent color under sunlight at different angles. The
arrays possess a primary structure of hexagonal microbowls and a
secondary structure of nanorods. The diameter of the top edge of
the microbowls is about 1 mm. The diameter of the nanorods
varies from 50 to 200 nm and their length is about 0.7 mm (Fig. 2,
inset). As is known, ZnO is a kind of polar crystal with the polar
axis along the c-axis (o0 0 14). Polar faces with surface dipoles
are thermodynamically less stable than non-polar faces and tend
to grow more rapidly. Laudise et al. [39] reported that the higher
the growth rate, the quicker the disappearance of the plane.
Therefore, the polar (0 0 1) faces are the most rapid-growth-rate
planes as compared to other growth facets. That is to say, ZnO
grows fast along the [0 0 1] direction. Since ZnO crystal growth
happened in a small confined space provided by the PS monolayer
template and the substrate, bowl-rod-like hierarchical ZnO struc-
tures were obtained. When ZnO crystallites grew in the region
shadowed by PS, they had to grow along the outline of the PS due
to the spatial confinement, and then formed the bowl-like
structures. However, the region located among every three PSs,
not shadowed by PS, is open to air. The ZnO crystallites had
Fig. 2. SEM image of a typical ZnO arrays (tilted 451), the inset shows the

corresponding high-magnification SEM image.
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chance to grow further and form the rod-like structures. Fig. 3
shows the XRD pattern of the hierarchical arrays. All diffraction
peaks can be identified as diffractions from hexagonal wurtzite
ZnO. It is demonstrated that the hierarchical ZnO arrays preserved
polycrystalline structure. The enhanced (0 0 2) peak indicated
that a strongly oriented structure was formed along the o0 0 14
crystalline direction in the as-grown arrays.

Fig. 4 presents the thin MOF-5 films on ordered hierarchical
ZnO arrays. It can be seen that the synthesized MOF-5 crystallites
have smaller sizes (less than 100 nm) compared with the
Fig. 3. XRD pattern of ZnO hierarchical arrays.

Fig. 4. (a) SEM image of hybrid films of ZnO and MOF-5 (tilted 451), the inset shows the

of the hybrid films (without tilt).

Fig. 5. (a) Zn 2p3/2 XPS spectra of ZnO hierarchical arrays with and with
traditional diffusion method [38]. This is because the initially
formed white precipitate in the small beaker was filtered, which
can effectively avoid the emergence of Ostwald ripening in the
process of crystal growth. When 11-mercaptoundecanoic acid
was dissolved in ethanol, the exposed end groups were both –SH
and –COOH. It should be noted that the bond energy of Zn–S
(205 kJ/mol) is higher than that of Zn–O (159 kJ/mol) [40]. There-
fore, –SH end groups would be easier to anchor the ZnO surface
forming –COOH-terminated SAM on the entire ZnO surface.
A comparison of the XPS spectra carried out for the bare ZnO
and SAM-modified ZnO is shown in Fig. 5a. The peak of SAM-
modified ZnO was shifted, which implied that some of the Zn–O
bonds had been transferred into Zn–S bonds. In Fig. 5b, the S 2p
peak was observed in the spectrum of SAM-modified ZnO. The S
2p peak can be resolved into three components of binding
energies of 161.8, 162.9, 164.2 eV, which are bound up with
thiolates (Zn–S–) and unbound thiols (–SH, with S 2p3/2 and S
2p1/2 components), respectively. These results fully illustrated
that SAM had been effectively formed on ZnO surface. Carboxyl,
as an important organic functional group, has been proved that it
is crucial to involve in crystal growth [19,41]. Here, –COOH-
terminated SAM enables coordination of the zinc ions or second-
ary building units (SBUs) [42] from the solution to the ZnO
surface. The attached zinc centers or SBUs will be subsequently
coordinated by the organic ligands (H2BDC) present in the
solution. Then the crystal growth of the desired MOF-5 occurs
with the crystals being directly attached to the ZnO surface.
From Fig. 4b and the inset of Fig. 4a, we can see that both ZnO
microbowls and ZnO nanorods are well encapsulated by MOF-5
crystallites. The hexagonal pattern of the films can also be clearly
seen. The diameter of the nanorods is about 100�250 nm and
their length is approximately equal to that of nanorods before
encapsulation. What we should pay attention to is that the PS
corresponding high-magnification SEM image. (b) High-magnification SEM image

out SAM. (b) S 2p XPS spectra of ZnO hierarchical arrays with SAM.
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monolayer template not only enables formation of ordered hybrid
structures, but also leaves space for the MOF-5 crystallites
growing on ZnO surface. The ZnO nanorods arrays are relatively
sparse with a density varying from 2.3�108 to 1.2�109 cm�2,
and the distance between nanorod bundles is large enough to let
growth solution readily diffuse into the space. Without PS
template, the ZnO arrays are crowded nanorods structures, leav-
ing no room for the growth of MOF-5 except the top ZnO surface.

Because the thickness of the MOF-5 on ZnO arrays is too less, it is
unable to directly determine the crystal structure of MOF-5 using
XRD. A feasible alternative is to choose the MOF-5 crystallites in
liquid phase for indirect determination of the crystal structure. Fig. 6
shows the corresponding XRD pattern. The typical pattern agrees
with the experimental results shown by Huang et al. [37] and Saha
et al. [43]. It means that the crystal structure of the synthesized
crystallites in liquid phase fits well with that of MOF-5.

Both MOFs and ZnO are important photoluminescent materi-
als. Therefore, it is necessary to investigate their luminescent
Fig. 6. XRD pattern of MOF-5 crystallites formed in liquid phase.

Fig. 7. Room temperature PL spectra of MOF-5 crystallites, hierarchical ZnO arrays

and hybrid MOF-5-ZnO films, enlargement of the region between 450 and 750 nm

is shown as the inset.
properties. Fig. 7 shows the PL spectra of MOF-5 crystallites,
hierarchical ZnO arrays, and MOF-5 films on ZnO arrays. The
MOF-5 crystallites exhibit a significant PL with a maximum at
550 nm, as indicated by the black solid curve. The PL spectrum of
hierarchical ZnO has both ultraviolet (UV) and green emissions, of
which the origins can be attributed to band edge exciton transi-
tion and the deep level transition from oxygen vacancies, respec-
tively [44–47]. The low efficient green emission is characterized
by a broad band centered at 600 nm. As for the hybrid films of
MOF-5 and ZnO, UV and green emissions are also observed.
Interestingly, the intensity of the UV emission decreases com-
pared to that of pure hierarchical ZnO, and a blue shift of about
50 nm is observed in the green emission. The blue shift and
amplitude reduction of UV emission are usually thought to
originate from fluorescence resonance energy transfer between
ZnO and MOF-5. It is indicated that the MOF-5 thin films well
attach to hierarchical ZnO arrays and effectively affect the ZnO
luminescent behavior. As for ZnO, the 380 nm emission is more
efficiently generated by exciting it with 325 nm photons. Further-
more, the 380 nm photons excite the MOF-5 thin films, which
results in the reduced intensity of ZnO UV emission and the
enhanced green emission. The observed enhancement reveals
respectable energy transfer from ZnO, acting as a donor, to
MOF-5, where the electron–hole recombination occurs. There is
another near-infrared (NIR) emission at 760 nm. The NIR emission
is mostly attributed to excess oxygen [48], however, zinc inter-
stitials are also proposed to explain the origin of NIR emis-
sion [49]. Yet anyhow, the MOF-5 films hardly affect the NIR
emission of the hierarchical ZnO, which indirectly explains that
energy transfer accounts for the change in UV and green emission
in a large part. These findings open up interesting optical
applications of MOF-5. It has considerable advantages in terms
of potential applications in optoelectronic devices and might
be used as spectral-conversion layer for thin-film harvesting
solar cells.
4. Conclusion

We have demonstrated the growth of MOF-5 thin films on
ordered ZnO arrays using a modified slow diffusion approach
combined with molecule self-assembly technology. The as-pre-
pared MOF-5 crystallites have small sizes and good quality. These
small crystallites grow well against the surface profile of the
patterned ZnO arrays and they also display the hexagonal
arrangement. The PL spectrum of MOF-5-ZnO hybrid films shows
a blue shift in green emission and intensity reduction in UV
emission compared with that of pure hierarchical ZnO arrays. This
facile and effective method might be promising to implement
the fabrication of high-performance devices as an excellent
alternative.
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