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A modulated synthesis of Zr-metal organic framework (Zr-MOF) with improved ease of
handling and decreased reaction time is reported to yield highly crystalline Zr-MOF with
well-defined octahedral shaped crystals for practical hydrogen storage applications. The
Zr-MOF obtained from the modulated synthesis showed high thermal and moisture sta-
bilities with enhanced hydrogen storage capacity. Further study suggests that the modu-
lated synthesis of Zr-MOF may lead to the development of a flow-through synthesis

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

With the discovery and exploration of various hydrogen stor-
age materials, the implementation of efficient ways to prepare
and process the materials for practical applications remains an
engineering challenge. Research over the past decade has
revealed the considerable potential for hydrogen storage ap-
plications of microporous metal organic frameworks (MOFs)
with high surface areas and micropore volumes. However,

* Corresponding author. Tel.: +27 128412967, fax: +27 128412135.
E-mail address: JRen@csir.co.za (J. Ren).

most MOFs, in particular zinc-based MOFs, are moisture-
sensitive, and the structural decomposition leads to poor
reproducibility of the materials and decreased hydrogen
sorption capacity [1,2]. Additionally, the moisture sensitivity of
MOFs poses a limitation on further handling towards com-
mercial hydrogen storage applications, e.g. shaping of MOFs
powder materials into application-specific configurations.
Interestingly, Cavka et al. [3] reported zirconium-based
MOFs with comparable surface area to Zn-based MOFs (e.g.
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MOF-5), and high structural resistance against water and
external mechanical pressure. Therefore, these zirconium-
based MOFs can be handled conveniently in atmospheric
moisture. Compared to Zn-based MOFs, the enhanced stabil-
ity of Zr-based MOFs can be attributed to their stronger Zr—O
bonds relative to the Zn—0 bonds (in Zn-based MOFs) within
the secondary building unit (SBU) and to a high degree of
interlinking of these SBUs [4]. Octahedral shaped crystals of
Zr-MOF in the nanosize range (150—200 nm) have been syn-
thesized after a crystallization time of 72 h [5]. However, as
stated by Zhao et al. [5] synthesized Zr-MOF samples reported
in the literature have usually exhibited morphologies
comprising irregular inter-grown microcrystalline polyhedra,
due to the difficulty to generate Zr-MOF of a regular crystalline
morphology [6]. Our laboratory has also experienced some
difficulties in the synthesis of Zr-MOF to obtain satisfactory
crystals by following the reported synthetic procedures. These

difficulties were either the Zr-MOF precipitated as micro-sized
aggregates of nanocrystals, or the synthesis that led to
disordered phases with a low specific surface area and low
hydrogen uptake capacity. In addition, the filtration process
was time-consuming and the lab-scale centrifugation unable
to effectively handle large volumes of solutions. Kitagawa
et al. [7,8] demonstrated a coordination modulation approach
for MOFs synthesis which prompted to the investigation of the
modulated Zr-MOFs synthesis in our lab towards Zr-MOF
products of improved reproducibility and crystallinity.

In this paper, we report the investigation of a fast modu-
lated synthesis of micron-sized Zr-MOF material using formic
acid as a modulator. The characterizations results showed
that the use of formic acid was successful in the fast modu-
lated synthesis of micron-sized Zr-MOF. The synthesized Zr-
MOF products were reproducibly made with a high yield
plus also a relatively higher crystallinity in a much shorter

a1 T 1 1

(a) 100 eq

10 eq

2-Theta

1 . L
8 9 10 11 12 13 14 15 16 17 18 19 20

Fig. 1 — (a) PXRD patterns and (b) SEM images of the obtained Zr-MOFs samples using formic acid as modulator in different

equivalents with respect to ZrCl,.
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reaction time of 2 h. Larger crystals sizes could be obtained
with longer reaction time. The resultant Zr-MOFs also had
high stability in several selected aqueous media, high thermal
stability, and comparable specific surface area and hydrogen
storage capacities to reported values in the literature.

2. Materials and methods
2.1. Reagents and chemicals

Zirconium tetrachloride (ZrCly, Sigma—Aldrich, 99.5+%), ter-
ephthalic acid (Sigma—Aldrich, 98%), N,N-dimethylformam
ide (DMF, Sigma—Aldrich, 99.8%), formic acid (HCOOH, Sig-
ma—Aldrich, 95+%) and dried acetone (Sigma—Aldrich,
99.8+%) were purchased and wused without further
purification.

2.2. Up-scaled synthesis of Zr-MOF samples

The synthesis of Zr-MOFs was based on a previously reported
procedure [9] with some amendments. Experiments were
conducted using a 5000 ml round-bottom flask and a Heat-on
5000 ml Block from Heidolph to provide constant reaction
temperature. In a typical procedure, 35.6 g (0.22 mol) of ter-
ephthalic acid and 51.3 g (0.22 mol) zirconium tetrachloride
were ultrasonically dissolved in 2000 ml of DMF solvent. To
gain a better understanding of the influence of the modulator,
different equivalents of formic acid with respect to ZrCl, were
added. For the safety purposes, the outlet of flask was capped
by a thick-walled balloon before being heated up to 120 °C and
maintained at that temperature for 24 h under static condi-
tions. After cooling, the product was collected by centrifuga-
tion or filtration, depending on the actual condition. The
obtained white product was transferred into a drying appa-
ratus with 100 ml dried acetone, and ultrasonically washed for
30 min. Then the solid was re-collected and dried under vac-
uum at room temperature. Furthermore, several parallel re-
actions were carried out at different reaction times (1—-24 h) to
monitor the nucleation rate of the specific synthesis.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained at room tem-
perature by using a PANalytical X'Pert Pro powder diffrac-
tometer with Pixcel detector using Ni-filtered Cu-K, radiation
(0.154 nm) in the range of 26 = 1-90°, and scanning rate of
0.1 s™*. The exposure time of sample to environment was
about 20 min including the sample preparation and testing
procedure. An Auriga Cobra Focused-lon Beam Scanning
Electron Microscope (FIB-SEM) was used to study the
morphology of the Zr-MOF samples. All the samples were
mounted on a carbon tape and coated with gold prior to
measurement. Thermal stability of obtained Zr-MOFs was
checked by a thermogravimetric analysis (TGA) instrument
(Mettler, Toledo, TGA/SDTA 851°). 10 mg of Zr-MOF sample
was loaded into a pan and heated to 1000 °C at a rate of 10 °C/
min. The air gas flow was maintained at 10 mL/min.

Surface area and pore characteristics measurements were
carried out on an ASAP 2020 HD analyzer (Micromeritics) using

N,, and the BET surface areas were obtained from the linear
region of the N, isotherms using the two consistency criteria
suggested in the literature [10—12].

Volumetric H, 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 purity
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 1077 bar) with heating up to 200 °C, which is
sufficient to remove solvent molecules without thermal
decomposition or loss of framework crystallinity.

3. Results and discussion

In this section, the term equivalent (eq) refers to the molar
ratio between formic acid and ZrCl, in a synthesis batch. For
example, in a synthesis designated as “100 eq”, the molar ratio
of formic acid/ZrCly is 100:1.

PXRD patterns and the corresponding SEM images of the Zr-
MOF products obtained using0, 10, 50 and 100 eq of formic acid
are shownin Fig. 1. Similar to other MOF materials, the relative
intensity of the reflection peaks normally gives qualitative in-
formation of the crystals [13]. Without the addition of formic
acid (0 eq synthesis), the intensity of the first reflection peak at
20 =7.4° was low relative to the second peak at 20 = 8.5°, and the
peaks were broader, indicating alow crystallinity phase, which
was also confirmed by the corresponding SEM image showing
ill-defined crystal shapes with agglomeration. With the addi-
tion of 10 eq of formic acid to the synthesis, the degree of
crystallinity was significantly enhanced. When 50 eq of formic
acid was used, all of the crystals began to take an octahedral
shape with particle size around 100 nm. In the presence of
100 eq formic acid the obtained Zr-MOF crystals undoubtedly
showed an octahedral shape with sharp edges and clearly
visible facets. The crystal sizes were in therange of 1-3 um. The
degree of agglomeration decreased with increasing equivalent
of formic acid. Further evidence of decreased agglomeration
was observed in the filtration process which was relatively fast.
The PXRD patterns for 10, 50 and 100 eq synthesis showed the
full set of reflections of a crystalline phase, and seven typical
signals positioned at 26 = 7.4, 8.5, 14.1, 14.7, 17, 18.6 and 19.1°
confirmed the successful synthesis of Zr-MOF (also known as
Ui0-66) [3].

The presence of formic acid in the synthesis obviously
accelerated the formation of the crystalline Zr-MOF, with the
highest equivalent of formic acid giving the largest crystals.
During the synthesis of Zr-MOF, water is somehow essential
for the hydrolysis of the Zr precursor including also for the
oxygen supply for the formation of ZrgO4(OH)4(0,C)12» SBUs.
N,N-dimethylformamide, however, easily absorbs water and
decomposes as follows [6,14]:

(o}

H o
)\\ + o —= N+
~_ H 2 »\H

\ |
\ HO
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Fig. 2 — (a) N, sorption isotherms, and (b) H, sorption
isotherms at 77 K and 1 bar for the desolvated Zr-MOF
samples obtained from 0, 10 and 100 eq syntheses.

The presence of formic acid, added as a modulator, could
displace this equilibrium to the left side to make more water
available in the reaction system for the hydrolysis of the Zr
precursor. By this indirect means, formic acid firstly sped up
the formation of the SBUs and then accelerated the formation
of the nuclei, and in the end the excess SBUs available around
allowed nuclei to grow into larger crystals.

The nitrogen adsorption isotherm at 77 K of desolvated Zr-
MOF powder samples obtained from 0, 10 and 100 eq syn-
theses were observed as a Type I isotherm (Fig. 2a), indicating
a structure with micropores [15]. Table 1 lists the physical
properties and H, uptake capacities of the Zr-MOF samples
obtained in this work, and reported values in the literature.
The Langmuir surface area determined from the sorption
isotherm for the samples from 0, 10 and 100 eq syntheses are
273, 1032 and 1581 m? g~ ¢, respectively, and that for Zr-MOF
(100 eq) sample is larger than the reported value of
1187 m? g~* for Ui0-66 [16]. The BET surface area and total
pore volumes also increased from 241 m? g *and 0.13 cm® g *
for the (Zr-MOF, 0 eq) in relation to the 1367 m? g~! and
0.56 cm? g=* (Zr-MOF, 100 eq), respectively.

The H, adsorption isotherms for the desolvated Zr-MOF
samples from 0, 10 and 100 eq syntheses are shown in
Fig. 2b. The H, storage capacity of Zr-MOF (0 eq) is quite low as
0.3 wt.%. The H, storage capacity of 1.1 wt.% for Zr-MOF (10 eq)
sample compares quite well with the value in a patent re-
ported by Hafizovic et al. [17], measured by the volumetric
method at 77 K and pressure up to 1 bar. Due to the direct
relationship between hydrogen capacity and the specific sur-
face area of materials under the condition of 77 K and
approximately 1 bar [18], Zr-MOF (100 eq) sample showed a
relatively higher H, storage capacity of 1.5 wt.% as expected,
resulting from a better crystallinity and higher BET surface
area as discussed above.

Weight loss profiles from thermogravimetric analysis
(TGA) tests showed that both of the as-prepared Zr-MOF
samples from 10 to 100 eq syntheses present mainly two
stages in weight loss (Fig. 3). A nearly continuous mass loss
up to 350 °C was observed in the TGA plots. This mass loss
probably corresponds to the removal of all organic material,
including the evaporation of guest molecules from the pores
such as solvent DMF and acetone. Between 350 and 500 °C
the weight loss was almost linear indicating the high ther-
mal stability of the Zr-MOFs. The TGA profile of Zr-MOF
sample (10 eq) agreed very well with that UiO-66 originally
reported by Cavka et al. [3]. Both Zr-MOFs maintained their
structure up to 500 °C and after that a sudden weight loss
was observed, which was attributed to decomposition of the
Zr-MOFs to ZrO,. This suggests that modulated synthesis
produces highly crystalline Zr-MOFs with high thermal
stability.

Table 1 — Comparison of physical properties and H, uptake capacities of the Zr-MOF samples reported in the literature.

Sample Size? Sger (m? g )®  Pore vol. (cm® g~1)¢  Micropore vol. (cm® g 1) H, uptake (wt.%)° Ref.
Ui0-66 200 nm 1080 — — 1.28 [3]

UiO-66 150—200 nm 1358 - - 1.49 [5]

Ui0-66 100 nm 1434 0.65 0.43 1.6 [9]

Ui0-66 200 nm 1020 - - 124 [17]
Zr-MOF (0 eq) 100—200 nm 241 0.13 0.08 0.35 This work
Zr-MOF (10 eq)  100—200 nm 918 0.42 0.30 1.1 This work
Zr-MOF (100 eg) 1-3 um 1367 0.56 0.44 1.5 This work

& SEM images.

® BET surface area.

¢ From H—K analysis.

4 From H—;K analysis.

€ Absorbed at 77 K and pressure up to 1 bar.
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Fig. 3 — Thermogravimetric analysis of the as-prepared Zr-
MOF samples from 10 to 100 eq syntheses.

Furthermore, a PXRD was used and is presented in Fig. 4a
with a SEM (not shown here) to study nucleation rate in 100 eq
synthesis. The results showed that high quality Zr-MOF crys-
tals with well-defined octahedral shapes could be obtained
within a reaction time of 2 h. The synthesized crystal sizes were
in the range of 100—200 nm. With prolonged reaction time, Zr-
MOF crystals larger sizes could be produced. These results
directly demonstrate the possibility of continuous-flow Zr-MOF
synthesis [19] and a subsequent transition to our targeted
hydrogen storage applications. Further work is underway to
develop a flow-through Zr-MOF synthesis process with high
product yield and good product quality.

Once a powder adsorbent has been identified for hydrogen
storage applications, the powder would need to be shaped for
ease of handling, recyclability and prevention of potential
pipeline contamination. Therefore the stability of Zr-MOF
material (obtained from 100 eq synthesis) was tested in
several potential binders, such as H,O, acetone, 25 wt.%
glucose/H,0 and 25 wt.% sucrose/H,0 aqueous media. The Zr-
MOF material from 100 eq synthesis was dispersed in each of
the above-mentioned solutions and stirred at room tempera-
ture for 48 h. The PXRD patterns of the re-collected Zr-MOF
samples did not indicate any sign of destruction or disorder in
comparison to the as-prepared Zr-MOF powder (Fig. 4b).
Therefore, the Zr-MOF material exhibited high stability in
these aqueous media.

4, Conclusions

The modulated synthesis of Zr-MOF material with excellent
properties for practical hydrogen storage applications is re-
ported. From the study of nucleation rates, highly crystalline
Zr-MOF crystals in the size range of 100—200 nm with well-
defined octahedral shape could be obtained in a decreased
reaction time of 2 h. Larger size crystals could be obtained
with prolonged reaction time. The synthesized product has
potential to be up-scaled, with its coupled properties of high
thermal and moisture stabilities. The product also exhibited

8h

4h

(a)
jjtb/\‘L 24 h

2h

25wt. % sucrose/HZO

25wt.% glucose/H,0

acetone dried

de-ionized HZO

as-prepared Zr-MOF

2-Theta

Fig. 4 — PXRD patterns showing (a) Nucleation rate in
100 eq synthesis, and (b) stability of obtained Zr-MOF
product (100 eq, 24 h) in selected aqueous media: H,O0,
acetone, 25 wt.% glucose/H,0 and 25 wt.% sucrose/H,0
(each stirred in different aqueous media for 48 h).

comparable hydrogen storage properties of the obtained Zr-
MOF samples thus making them promising for practical
hydrogen storage applications.
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