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ABSTRACT: A method for synthesizing porous cubic-shaped ZnO particles a few tens of micrometers in size is described on
the basis of a pyrolytic conversion of Zn-terephthalate metal−organic frameworks (MOFs). MOF crystals were initially grown in
solutions containing Zn(NO3)2·6H2O and terephthalic acid as solutes and N,N-dimethylformamide (DMF) or N,N-
diethylformamide (DEF) as a solvent under a solvothermal condition. It was the key to controlling the microstructure of MOF
cuboids for their use as an intermediate compound for ZnO. Actually, many cracks were formed and hence the cubic
microstructure was somewhat destroyed in the pyrolytic conversion from dense MOF crystals (grown in the DMF solution) to
ZnO. In contrast, mesocrystal-like MOF cuboids (grown in the DEF solution) could maintain their shape during the pyrolysis
because of the relaxation against a MOF-to-ZnO volume change. The resultant ZnO with a highly porous cubic structure showed
intense visible photoluminescence upon irradiation with ultraviolet light.

■ INTRODUCTION

Nanostructure control of functional materials is now widely
recognized as an excellent technique for improving the
performance of electronic or optical devices. One- and two-
dimensional nanostructures, such as nanorods1 and nano-
sheets,2,3 respectively, can be directly produced following an
original crystal structure of target materials in chemical solution
systems. Moreover, the addition of a certain kind of
modification agent to solutions can tailor the morphology of
materials in a desired manner.4−6 However, a drastic
morphological change both in size and in shape is difficult to
achieve because the original crystal structure is being defined in
the respective materials.
We previously reported a self-template method for directing

the morphology of nanostructured materials.7,8 For example,
metal-hydroxide nanosheets (a few tens of nanometers in
thickness), which were synthesized by controlling the crystal
growth of their layered structure, were converted to another
kind of nanosheets consisting of metal-oxide nanoparticles (a
few tens of nanometers in size) by a pyrolysis reaction without
an overall morphological change. Thus a new morphology is

obtained, apart from the crystal structure of the objective metal
oxide, with an appropriate choice of intermediate compounds.
In this work, we focused on metal−organic frameworks

(MOFs) as intermediate crystals for possible use as self-
templates. Generally, MOFs have a coordinate network
structure through the interaction between metal ions and
organic ligands, and their porous structure with a large surface
area is useful for applications such as hydrogen storage, sensing,
and catalysis.9,10 The combination of different metal ions and
organic ligands results in the evolution of various crystal
structures.11−13 Although the main research field of MOFs lies
in complex chemistry and their applications are based on their
considerably large surface area, a study of MOFs from the
viewpoint of a microstructural control is also attractive in
materials chemistry.14−17 Moreover, there have been recent
reports on the fabrication of metal oxides through the pyrolysis
reaction of MOFs,18−20 which is of new significance for
inorganic solid-state materials.
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Zinc oxide (ZnO) is our current target because it has long
been considered as the representative material for the study of
crystal growth and nanostructure control.21−24 However,
extensive studies on the morphological control of ZnO,
which has a hexagonal crystal structure of wurtzite, have
revealed the difficulty of obtaining ZnO with a cubic
appearance. Particular attention is paid here to “MOF-5”
composed of zinc and terephthalic acid. Actually, MOF-5 is
well-known among various kinds of MOFs and can exhibit a
cubic morphology.25,26 An attempt was then made to fabricate
large cubic-shaped MOF-5 crystals as self-templates for ZnO
particles. For this purpose, we examined first the growth of
MOF-5 crystals in solutions using different solvents. It was
found that a surface morphology and inner structure of MOF-5
cuboids were largely influenced by a kind of solvents. In
consequence, both dense and porous MOF-5 cuboids could be
obtained as possible self-templates. Next the conversion of
MOF-5 to ZnO was analyzed from the viewpoint of a
microstructural change. Mesocrystal-like porous cubic-shaped
MOF-5 was beneficial in preventing a crack formation during a
thermal treatment and obtaining porous cubic-shaped ZnO a
few tens of micrometers in size. Such the ZnO particles have
not been synthesized so far and therefore are expected as newly
functional ZnO. For instance, they showed relatively intense
visible photoluminescence (PL) upon irradiation with ultra-
violet (UV) light.

■ EXPERIMENTAL SECTION
Synthesis. MOF-5 crystals were grown by a solvothermal method.

Zn(NO3)2·6H2O (Wako Pure Chemical Industries, Ltd., Japan) and
terephthalic acid (Kanto Chemical Co., Inc., Japan) were dissolved in
10 mL of N,N-dimethylformamide (DMF; Wako) or N,N-
diethylformamide (DEF; Tokyo Chemical Industry Co., Ltd., Japan).
Concentrations of Zn2+ and terephthalic acid were fixed at 0.075 and
0.038 M, respectively. The solutions were kept at 150 °C for 1, 2, or 3
h in glass containers, which were further capped with PFA
(tetrafluoroethylene-perfluoroalkylvinylether copolymer) containers.
After aging, the resultant precipitates were filtered, rinsed with DMF
or DEF, and dried at room temperature for a day. The MOF-5 crystals
thus synthesized were heated at 500 or 800 °C for 0.5 or 3 h in air.
Characterization. The crystal structure was identified by X-ray

diffraction (XRD) analysis (Bruker, AXS D8−02 diffractometer) using
CuKα radiation. Fourier transform infrared spectroscopy (FT-IR)
(Varian, FTS-60A/896) was also employed to identify chemical
species present in the samples. The morphology of samples was
observed by field-emission scanning electron microscopy (FE-SEM)
(Hitachi, S-4700). The microstructure of the samples was also
observed by field-emission transmission electron microscopy (FE-
TEM) (FEI, Tecnai Spirit). Thermal analysis was carried out by
thermogravimetry-differential thermal analysis (TG-DTA) (Mac
Science, 2020S). TG-DTA curves were recorded in air at a heating
rate of 3 °C/min. Brunauer−Emmett−Teller (BET) specific surface
areas were determined from nitrogen adsorption at 77 K with a
micrometric analyzer (Shimadzu, Tristar 3000). PL excitation and
emission spectra were measured at room temperature using a
spectrofluorophotometer (JASCO, FP-6500) with a xenon lamp
(150 W) as a light source. Optical images of the samples, which were
placed in alumina boats, were taken under UV irradiation with a 302
nm illuminator at room temperature or under cooling with liquid
nitrogen (77 K).

■ RESULTS AND DISCUSSION
Growth of MOF-5. The structure of our MOF crystals

grown by the solvothermal method was analyzed using an XRD
pattern derived from the CIF data of MOF-5 with a cubic
crystal system reported by Li et al.25 (pattern a in Figure 1).

Patterns b and c in Figure 1 correspond to our MOF obtained
by using the DMF and the DEF solution, respectively. The
position of diffraction peaks in patterns b and c agrees with that
in the pattern a, indicating that both the MOF samples have
basically the same crystal structure. However, it is also noticed
that the relative intensity among the peaks is very different from
each other. This difference might be related to the modulation
of the structure coming from the remnant solvent in the porous
MOF crystal. Pattern b is also similar to that of MOF-5 with a
trigonal crystal system reported by Hafizovic et al.27 They
reported that a long c-axis in the trigonal cell corresponds to a
diagonal in the cubic cell. The peak around 2θ = 10° appears to
be split in pattern b, which is also related to the structural
modification because of the partial evaporation of the solvent
(DMF) from the MOF crystal. Actually the MOFs tend to
show different intensity and position of XRD peaks depending
on the amount of solvent molecules in the crystal structure.27

Thus the crystal structure of MOF-5 is slightly modulated by
the kind of the solvent used (DMF and DEF). FT-IR spectra of
the MOF-5 crystals are shown in Figure S1 in the Supporting
Information. There is no clear difference observed in the
spectra of the samples from the DMF and the DEF solution,
supporting that we could synthesize the same MOF crystal.
Figure 2 shows FE-SEM images of the MOF-5 crystals

obtained from the DMF solution with the aging duration of 1,
2, or 3 h under the solvothermal condition. The crystals grow
into well-defined cuboids approximately 35 μm in size with any
duration. Figure 3 shows FE-SEM images of the MOF-5
crystals obtained from the DEF solution under the same
condition. There appears no difference in the crystal growth
coming from the solvents, except that the crystals from the
DEF solution are slightly smaller than those from the DMF
solution.
When comparing high-magnification images, however, the

surface microstructure of the crystals is considerably different
between the DMF and the DEF solution, as indicated in Figure
4. For the MOF-5 crystals from the DMF solution, the surface
microstructure changes from rough to smooth with increasing
the aging duration from 1 to 2 and 3 h. Because the crystal size
does not change during the aging (see Figure 2), the smooth
surface might not result from a simple attachment of solutes on
the growing crystal. It is more probable that the smoothing is
caused by a dissolution−reprecipitation process. That is, the
unstable surface is once dissolved in the solution and then the
stable surface is created to reduce the surface energy and

Figure 1. (a) XRD pattern of MOF-5 reported by Li et al.,25 and XRD
patterns of the products obtained from (b) the DMF and (c) the DEF
solution.
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increase the thermodynamic stability of the crystal. The crystals
were cut and their cross-section was observed, as shown in
Figure 5. It reveals that the MOF-5 crystal from the DMF
solution with the duration of 3 h has a dense morphology at
both interior and exterior locations. This is also the result of the
dissolution−reprecipitation process leading to the densification
of the crystals.
As also shown in Figure 4, the MOF-5 crystals from the DEF

solution have a porous morphology comprising small units
irrespective of the aging duration. Thus the cuboid has facets

formed by small units, which is the case with mesocrystals. In
cross-section images (see Figure 5), an interior morphology of
the crystal from the DEF solution is more rough and porous
than that from the DMF solution. Generally, single-crystalline-
like porous materials are called mesocrystals, which in most
cases are formed based on the oriented attachment. Such
mesocrystals are classified as isolated-type mesocrystals.28 The
driving force for the spontaneous oriented attachment is the

Figure 2. FE-SEM images of the products obtained from the DMF
solution for various durations; (a1, a2) 1, (b1, b2) 2, and (c1, c2) 3 h.

Figure 3. FE-SEM images of the products obtained from the DEF
solution for various durations; (a1, a2) 1, (b1, b2) 2, and (c1, c2) 3 h.

Figure 4. FE-SEM images of the products obtained from (a−c) the
DMF and (d−f) the DEF solution for various durations; (a, d) 1, (b,
e) 2, and (c, f) 3 h.

Figure 5. Cross-section FE-SEM images of the particles obtained from
(a1−a3) the DMF and (b1−b3) the DEF solution with the duration of
3 h.
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removal of the pairs of high-energy surfaces, which would result
in a substantial reduction in the surface free energy in
accordance with thermodynamics.29 On the other hand,
bridged-type mesocrystals are also reported as a case where
the crystal growth is included in the mechanism of their
formation.28 In the present cubic-shaped porous MOF-5, the
morphology of the small units is neither clear-faceted nor
homogeneous. Thus the porous mesocrystal-like MOF-5 is
considered to be of the bridged-type classification. It is
presumed that the change in the morphology, as well as in
the crystal structure, is based on the difference in the dielectric
constant of DMF (ε: 37.06) and DEF (ε: 29.02).30 In the
solvent with a higher dielectric constant, the solubility is also
high because of the suppression of the Coulomb repulsive
force. Then the dissolution-reprecipitation process could occur
in the DMF solutions, causing the densification of the crystals
and the modulation of the crystal structure.
Conversion of MOF-5 to ZnO. In converting MOF-5 to

ZnO, it is fundamental to examine its thermal decomposition
behavior at elevated temperatures. Panels a and b in Figure 6

show TG-DTA curves of the dense MOF-5 crystal obtained
from the DMF solution and the porous MOF-5 crystal from the
DEF solution, respectively. The aging duration was 3 h for both
the crystals. A gradual weight loss observed at temperatures up
to 200 °C for both the crystals is attributed to the evaporation
of the solvents that were incorporated into the frameworks. A
difference in the weight loss at this stage between the MOF-5
crystals obtained from the DMF (weight loss: 20%) and the
DEF solution (33%) is larger than that expected from the
molecular mass of DMF (73.09) and DEF (101.15). This
implies that the porous MOF-5 crystals from the DEF solution
contain a larger amount of the solvent even after drying. A

plateau then follows at temperatures up to 420 and 400 °C for
the crystal from DMF and DEF, respectively. Finally a large
weight loss (42%) with a sharp exthothermic peak occurs at
temperatures between 420 and 500 °C, which is ascribed to the
decomposition of the organic components and the crystal-
lization of ZnO, for the crystal from DMF. The decomposition
is shifted slightly to lower temperatures between 400 and 450
°C for the crystal from DEF. This discrepancy may come from
the different morphology in terms of the density of the crystal,
supposing that the respective crystals have the same crystal
structure and are free from the solvents just before the
decomposition. Because of the dense microstructure, the
decomposition of the MOF-5 crystal from DMF is retarded
as compared to that of the porous MOF-5 crystal from DEF.
The temperature for the MOF-5-to-ZnO conversion was set

to 500 °C from the above results. Figure 7 shows XRD patterns

of products after heating the MOF-5 crystal from the DMF and
the DEF solution at 500 °C for 0.5 h in air. Both the patterns
agree with that of ZnO without any peaks coming from MOF-
5. Thus the heating condition employed is enough to convert
MOF-5 to ZnO. FT-IR spectra of the ZnO samples are shown
in Figure S2 in the Supporting Information. After heating
MOF-5 at 500 °C for 0.5 h, there exist only some minor
absorption peaks possibly arising from the residual organic
species.
FE-SEM images in Figure 8 compare the morphology of

ZnO converted from MOF-5 by heating at 500 °C for 0.5 h. In
the low-magnification images (Figure 8a1, b1), only cubic-
shaped particles are observed as a result of the pyrolysis of the
MOF-5 cuboids. A close look at the surface of each particle in
the high-magnification images (Figure 8a2, b2) reveals that
many cracks are formed in the cubic ZnO particles from the
dense MOF-5 crystal grown in the DMF solution. In contrast,
the porous MOF-5 crystal grown in the DEF solution provides
the crack-free porous ZnO particles. In any case, the size of the
cubic ZnO particles is smaller than that of the respective MOF-
5 crystals. The volume shrinkage was calculated to be
approximately 37% from the observed particles. The porous
MOF-5 seems to be durable to this shrinkage by the
microstructural relaxation. Thus, for using the MOFs as the
self-template of metal oxides, their morphology should be
controlled carefully during the crystal growth in the solutions.
In the inset images of panels a2 and b2 in Figure 8, the porous

Figure 6. TG-DTA curves of the products obtained from (a) the DMF
and (b) the DEF solution.

Figure 7. (a) XRD patterns of MOF-5 reported by Li et al.25 and ZnO
(ICDD 36−1451), and XRD patterns of the products after heating the
MOF-5 crystals, which were obtained from (b) the DMF and (c) the
DEF solution, at 500 °C for 0.5 h.
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morphology is observed with pore sizes distributed randomly
and uniformly, respectively. This difference is also generated
during the thermal conversion of the morphologically dense or
porous MOF-5 crystal.
The microstructure of the cubic ZnO particles was further

observed by FE-TEM. Figure 9 shows FE-TEM images of both

types of the ZnO particles converted from MOF-5. It is seen
that the ZnO particles a few tens of micrometers in size consist
of primary ZnO nanoparticles approximately 20 nm in size. The
BET surface areas of ZnO from the DMF and the DEF solution
were measured to be 11.1 and 16.7 m2/g, respectively. That is,
the surface area of ZnO converted from porous MOF-5 is larger
than that of ZnO from dense MOF-5. The neck formation
among the ZnO nanoparticles is promoted at high temper-
atures to reduce the surface energy of the whole system. The
homogeneous distribution of pores, as seen in Figure 8b2, may
suppress the neck formation and consequently provide the
larger surface area of ZnO from porous MOF-5.
Finally, we measured PL of the cubic-shaped ZnO particles

as one of their physical properties relating partly to possible
applications. Figure 10 shows PL excitation and emission
spectra of the ZnO particles obtained by heating the porous

MOF-5 crystal at 500 °C for 0.5 h (Figure 10a), at 800 °C for
0.5 h (Figure 10b), or at 800 °C for 3 h (Figure 10c). Note that
the porous cubic morphology of the ZnO particles was
maintained even after heating at 800 °C for 3 h. All the
samples exhibit extremely broad emission peaks and the
intensity of these emissions is found to increase with the
heating temperature and time. Furthermore, it is observed that
a broad emission peak is blue-shifted from 570 (a yellow
emission) to 530 nm (a green emission) when comparing
spectra b and c in Figure 10. The yellow emission of ZnO is
reportedly attributed to interstitial oxygen defects and
frequently observed in samples obtained by a solution
method.31 In contrast, the origin of the 530 nm green emission
is singly ionized oxygen vacancies (VO

•) according to the
previous report.32 Thus, the blue-shift of the emissions and the
increase in the green luminescence indicate that the kind and
the amount of the oxygen defects are strongly dependent on
the heating condition of ZnO.33 The excitation spectra of all
the samples have a peak around 375 nm (corresponding to 3.31
eV), which is ascribed to the excitonic absorption. Because bulk
ZnO has an absorption onset of 395 nm (3.14 eV),34 the
nanoparticles constituting the cubic-shaped ZnO have the blue-
shifted absorption energy due to the size effect. Optical images
of the samples excited with a 302 nm UV illuminator at room
temperature or under cooling with liquid nitrogen (77 K) are
also shown in Figure 10. The emission is enhanced at the low
temperature, supporting that the visible emissions are
originated from the intrinsic defects of ZnO. Thus the
complete conversion from MOF-5 to ZnO is evidenced by
the optical characteristics of the porous cubic architecture.

Figure 8. FE-SEM images of the ZnO particles obtained by heating
the MOF-5 crystals from (a1, a2) the DMF and (b1, b2) the DEF
solution at 500 °C for 0.5 h.

Figure 9. FE-TEM images of the ZnO particles obtained by heating
the MOF-5 crystals from (a) the DMF and (b) the DEF solution at
500 °C for 0.5 h.

Figure 10. PL excitation (emission wavelength: (a, b) 570 and (c) 530
nm) and emission (excitation wavelength: 300 nm for all the samples)
spectra of the heated products from the DEF solution (a) at 500 °C
for 0.5 h, (b) at 800 °C for 0.5 h, and (c) at 800 °C for 3 h. Optical
images of the products excited with the 302 nm UV illuminator at
room temperature or under cooling with liquid nitrogen (77 K) are
also shown.
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■ CONCLUSIONS
The crystal growth through the appropriate selection of the
solvents resulted in the formation of dense or porous
mesocrystal-like MOF-5 under the solvothermal condition.
Such the MOF-5 crystal could be used as the self-template for
producing the porous cubic architecture of ZnO. Although the
dense MOF-5 was converted to the cubic-shaped ZnO particles
with many cracks, a crack-free sample was obtained from the
porous MOF-5 because of the relaxation against the large
volume shrinkage during the pyrolysis reaction. The resultant
cubic ZnO particles, which were a few tens of micrometers in
size, consisted of the primary ZnO nanoparticles approximately
20 nm in size. Intense visible photoluminescence was observed
from the cubic ZnO particles under excitation with the UV
light. This confirmed the complete conversion from MOF-5 to
ZnO by the heat treatment in air.
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