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Microwave-assisted modulated synthesis
of zirconium-based metal–organic framework
(Zr-MOF) for hydrogen storage applications

Zirconium-based metal–organic framework (Zr-MOF) was
synthesized using a microwave-assisted modulated method
in a short reaction time of 5 min. The Zr-MOF material
was highly crystalline with well-defined octahedral shaped
crystals, and it exhibited comparable hydrogen storage ca-
pacity to Zr-MOF of similar specific surface area synthe-
sized using conventional methods with much longer synth-
esis time.
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1. Introduction

Zirconium-based metal–organic framework (Zr-MOF) ma-
terials have recently attracted considerable interest due to
their remarkable chemical and mechanical stabilities,
which will facilitate their industrial application in areas
such as catalysis [1], gas adsorption [2] and gas separation
processes [3]. However, it is difficult to obtain Zr-MOF
comprising a regular crystalline morphology by following
the synthetic procedure reported by Cavka et al. [4], and
instead irregular microcrystalline polyhedra of Zr-MOF
are often obtained. In our initial attempts to synthesize
Zr-MOF using the reported procedure we encountered
some difficulties; either the Zr-MOF precipitated as micro-
sized aggregates of nanocrystals, or disordered phases
formed, which exhibited low specific surface area and low
hydrogen adsorption capacity. However, following a modu-
lated synthesis approach well-defined octahedral shaped
Zr-MOF crystals of high reproducibility and with enhanced
hydrogen storage capacity could be produced within a reac-
tion time of 2 h [5, 6], and larger Zr-MOF crystals could be
obtained with a prolonged reaction time [7]. Microwave
heating typically enables short reaction times, and fast ki-
netics of crystal nucleation and growth, and has only re-
cently been applied in the preparation of multi-dimensional
coordination polymers although it has played a role in or-
ganic chemistry for several decades [8–10]. Liang et al.
[10] reported microwave-assisted solvothermal synthesis

of zirconium oxide based MOFs, and obtained highly crys-
talline products that appeared as plate-like crystallites. The
materials were not applied for hydrogen storage. Here we
performed a microwave-assisted modulated synthesis of
Zr-MOF (denoted as Zr-MOF-MW), in an attempt to obtain
a product of high crystallinity with desirable properties for
hydrogen storage applications, in a short synthesis time.
The results were compared with those of Zr-MOF syn-
thesized by conventional heating in an oven (denoted as
Zr-MOF-Oven).

2. Experimental procedure

2.1. Reagents and chemicals

Zirconium tetrachloride (ZrCl4, Sigma-Aldrich, 99.5+ %),
terephthalic acid (Sigma-Aldrich, 98%), N,N-dimethylfor-
mamide (DMF, Sigma-Aldrich, 99.8%), formic acid
(HCOOH, Sigma-Aldrich, 95+ %) and anhydrous chloro-
form (Sigma-Aldrich, 99+ %) were purchased and used
without further purification.

2.2. Modulated synthesis of Zr-MOF-Oven sample

The synthesis of Zr-MOFs was conducted using a 250 ml
flat-bottom flask and a temperature controlled oven to pro-
vide constant reaction temperature. In a typical procedure,
0.75 g (4.5 mmol) terephthalic acid and 1.05 g (4.5 mmol)
zirconium tetrachloride were ultrasonically dissolved in
40 ml DMF solvent. Then 17 ml (450 mmol) formic acid
was added as a modulator. The flask was Teflon-sealed
and placed in a pre-heated oven for 24 h at 120 8C under
static conditions. After filtration, the obtained white pro-
duct was ultrasonically washed with anhydrous chloroform
for 30 min. Then the solid was re-collected and dried under
vacuum at room temperature.

2.3. Microwave-assisted modulated synthesis
of Zr-MOF-MW sample

The microwave-assisted synthesis of Zr-MOFs was con-
ducted in a microwave reaction system (Anton Paar
Synthos 3000). In a typical procedure, 0.75 g (4.5 mmol)
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terephthalic acid and 1.05 g (4.5 mmol) zirconium tetra-
chloride were ultrasonically dissolved in 40 ml DMF sol-
vent. Then 17 ml (450 mmol) formic acid was added and
the starting solution was split into four portions. Four mi-
crowave vessels were programmed for reaction at 120 8C
for 5 min under static conditions. After reaction, the sample
was treated in the same manner as the Zr-MOF-Oven sam-
ple.

2.4. Characterization

Powder X-ray diffraction (PXRD) patterns were obtained at
room temperature by using a PANalytical X’Pert Pro pow-
der diffractometer with Pixcel detector using Ni-filtered
Cu-Ka radiation (0.154 nm) in the range of 2h = 1–908,
and scanning rate of 0.18 · s–1. The exposure time of sample
to environment was about 20 min including the sample pre-
paration and testing procedure. An Auriga Cobra focused-
ion beam scanning electron microscope (FIB-SEM) was
used to study the morphology of the Zr-MOF samples. All
the samples were mounted on carbon tape and coated with
gold prior to measurement. Thermal stability of the ob-
tained Zr-MOFs was evaluated using a thermogravimetric
analysis (TGA) instrument (Mettler, Toledo, TGA/SDTA
851e). 10 mg of Zr-MOF sample was loaded into a pan and
heated to 1000 8C at a rate of 10 K · min–1. The air gas flow
was maintained at 10 mL · min–1.

Surface area and pore characteristic measurements were
carried out on an ASAP 2020 HD analyzer (Micromeritics)
using N2, and the BET surface areas were obtained from the
linear region of the N2 isotherms using the two consistency
criteria suggested in the literature [11–13].

Volumetric H2 adsorption isotherms at 77 K and up to 1
bar were also measured on the ASAP 2020 instrument. All

gas sorption isotherms were obtained using ultra-high pur-
ity grade (99.999%) gas. Before analysis, the pre-treated
MOF samples (0.2–0.3 g) were outgassed in the analysis
tube under vacuum (down to 10–7 bar) with heating up to
200 8C, which is sufficient to remove solvent molecules
without thermal decomposition or loss of framework crys-
tallinity.

3. Results and discussion

Powder XRD patterns and the corresponding SEM images
of the Zr-MOF-Oven and Zr-MOF-MW materials are
shown in Fig. 1. The PXRD patterns of both samples
showed the full set of sharp diffraction peaks belonging to
Zr-MOF (also known as UiO-66) [4]. Similarly to other
MOF materials, the relative intensities of the reflection
peaks normally give qualitative information of the crystals
[14]. The Zr-MOFs showed a high degree of crystallinity.
It can be seen from the SEM image that the Zr-MOF crys-
tals obtained from 24 h oven reaction undoubtedly were
octahedral shaped with sharp edges and well-defined facets.
The crystal sizes were in the range of 1–3 lm. For the mi-
crowave reaction, not only was the same degree of crystalli-
nity achieved within a much shorter reaction time of 5 min,
but also clearly defined octahedral shaped crystals of sizes
0.5–3 lm were obtained as shown in the SEM image.
These results illustrate that the use of microwave signifi-
cantly reduces the synthesis time of Zr-MOF without com-
promising the crystallinity of the material.

Weight loss profiles from thermogravimetric analysis
(TGA) showed principally two stages in weight loss for
both the as-prepared Zr-MOF-Oven and Zr-MOF-MW
samples (Fig. 2). Generally, in the first stage the mass
dropped almost steadily up to about 350 8C as the sample
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Fig. 1. (a) PXRD patterns and (b) SEM images of Zr-MOF-Oven and Zr-MOF-MW samples.
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was heated. This mass loss was most likely associated with
the removal of all organic materials, including the evapora-
tion of guest molecules such as solvent DMF and chloro-
form from the pores. The modulated Zr-MOF-MW sample
showed less weight loss, indicating that it contained less
guest organic materials. Between 350 and 500 8C a nearly
constant weight was recorded as the weight loss curve was
almost flat indicating that the Zr-MOFs had high thermal
stabilities. The TGA profile of the Zr-MOF-Oven sample
was in close agreement with that of UiO-66 originally re-
ported by Cavka et al. [4]. Above 500 8C the mass dropped
abruptly, implying that both Zr-MOFs retained their struc-
ture up to 500 8C and above this temperature the materials
decomposed to form ZrO2. These TGA results demonstrate
that microwave-assisted synthesis also produces highly
crystalline Zr-MOFs with high thermal stability.

The nitrogen adsorption isotherms at 77 K of desolvated
Zr-MOF-Oven and Zr-MOF-MW powder samples were
Type I in nature (Fig. 3a), characteristic of a structure with
micropores [15]. The textural properties and hydrogen up-
take capacities of the desolvated Zr-MOF-Oven and Zr-
MOF-MW samples are given in Table 1, alongside reported
values in the literature. The Langmuir surface areas (not
shown in the table) determined from the sorption isotherms
were 1581 and 1186 m2 · g–1 for Zr-MOF-Oven and Zr-
MOF-MW, respectively. The latter value is very similar
to the reported value of 1187 m2 · g–1 for UiO-66 [16].
The BET surface areas and total pore volumes were
1367 m2 · g–1 and 0.56 cm3 · g–1, respectively for Zr-MOF-
Oven, and 1087 m2 · g–1 and 0.44 cm3 · g–1, respectively
for Zr-MOF-MW. The difference in surface areas between
the Zr-MOF-Oven and Zr-MOF-MW samples also comple-
ments the observed differences in weight loss curves shown
in Fig. 2. The BET surface areas obtained here are within
range of those reported for various UiO-66 samples shown
in Table 1. The inserted Horvath–Kawazoe differential
pore volume plots exhibited two main regions of pores at
7.8 and 11.3 Å along side others for Zr-MOF-Oven sample.
While for Zr-MOF-MW sample, only one region of pores at
11 Å was observed. The absence of pores around 8 Å for
the Zr-MOF-MW sample may, at least in part, be responsi-
ble for the lower surface area and pore volume when com-

pared to the Zr-MOF-Oven sample. The H2 adsorption iso-
therms for the desolvated Zr-MOF-Oven and Zr-MOF-
MW samples are presented in Fig. 3b. At 77 K and approxi-
mately 1 bar, the hydrogen storage capacity reached
1.5 wt.% for Zr-MOF-Oven, which is among the high val-
ues reported in the literature (see Table 1). Meanwhile un-
der the same conditions a hydrogen storage capacity of
1.26 wt.% was attained for Zr-MOF-MW, in agreement
with the lower values from the literature for UiO-66 (see
Table 1). The higher hydrogen storage capacity for Zr-
MOF-Oven sample may be benefitted by the multiple re-
gions of pore size distributions. At 77 K and approximately
1 bar a direct relationship between hydrogen storage capa-
city and the specific surface area of materials exists [17].
The hydrogen storage capacities obtained in this work cor-
related very well with the BET surface areas of the Zr-
MOFs. These results demonstrate that although the micro-
wave-assisted modulated synthesis method generates Zr-
MOF with relatively lower specific surface area, pore vol-
ume and hydrogen storage capacity than those of the Zr-
MOF produced by conventional heating in an oven, these
properties of the former are comparable to some literature
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Fig. 2. Thermogravimetric analysis of the as-prepared Zr-MOF-Oven
and Zr-MOF-MW samples.

(a)

(b)

Fig. 3. (a) N2 sorption isotherms (insert, Horvath–Kawazoe differen-
tial pore volume plot), and (b) H2 sorption isotherms at 77 K and
1 bar for the desolvated Zr-MOF-Oven and Zr-MOF-MW samples.
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values [4, 18–20], with the Zr-MOF-MW displaying super-
iority in terms of crystal size and morphology, and the
added advantage of extremely short synthesis time for this
material.

4. Conclusions

In summary, the employment of a microwave-assisted
modulated method in the synthesis of Zr-MOF yields a high
quality crystalline material with significant hydrogen sto-
rage capacity within a very short reaction time. Such an
approach would facilitate production of the material on an
industrial scale for hydrogen storage applications.

The authors would like to acknowledge the financial support from the
South African Department of Science and Technology (DST).
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Table 1. Comparison of physical properties and H2 uptake capacities of the Zr-MOF samples reported in the liternatures and prepared in
this work.

Sample Sizea Synthesis SBET
(m2 · g–1)b

Pore vol.
(cm3 · g–1)c

Micropore vol.
(cm3 · g–1)d

H2 uptake
(wt.%)e

Ref.

UiO-66 200 nm Solvothermal 1080 – – 1.28 [4]
UiO-66 100–200 nm Solvothermal 1020 – – 1.24 [18]
UiO-66 100 nm Solvothermal 1434 0.65 0.43 1.6 [19]
UiO-66 150–200 nm Solvothermal 1358 – – 1.49 [20]

Zr-MOF-Oven 1–3 lm Modulated
solvothermal

1367 0.56 0.44 1.5 This work

Zr-MOF-MW 0.5–3 lm Modulated
microwave

1087 0.44 0.38 1.26 This work

aEstimated from SEM images. bBET surface area. cFrom H-K analysis. dFrom H-K analysis. eAdsorbed at 77 K and approximately 1 bar.
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