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ARTICLE INFO ABSTRACT

Keywords: We report a new simple, fast, scalable technique for MOF-801 synthesis. The effect of modulators on crystal-
Metal-organic frameworks linity, size, and shape of particles, porosity, hydrogen and water uptake was traced using two mono-carboxylic
MOF acids with various concentrations. We also showed that slow heating and small grains in powder samples are
Modulator

Acetic acid
Zirconium fumarate

optimal for fast water release at relatively low temperatures. Heating up to 60-80 °C is enough for complete
water release in 40 min, while at 40 °C, after 100 min, water is retained in pores of the sorbent. It was shown that

both acetic and formic acids enhance the properties of MOF-801 material. However, even without any additives,
proposed synthesis conditions lead to porous, highly crystalline material with hydrogen uptake about 1.1 wt% at
750 mmHg and water uptake about 20% at ambient conditions. We proved that solvent from the synthesis of
MOF-801 could be used at least four times without any degradation of the obtained sorbent in key properties.

1. Introduction

Metal-organic frameworks (MOFs) are porous materials that attract
a lot of attention recently [1]. According to the concept of reticular
chemistry, MOFs could be constructed from two counterparts — sec-
ondary building units (SBUs) and linkers [2]. SBUs are inorganic clus-
ters, which contain one or more metal ions coordinated by oxygen or
nitrogen. These clusters are bonded to each other through organic
molecules - linkers. Numerous possible combinations of SBUs and lin-
kers result in a great number of MOFs.

Moreover, particular MOF could be additionally tuned toward the
desired application by the introduction of functional groups to linkers.
This flexibility of MOFs leads to their success in various fields such as
gas storage and separation [3], catalysis [4-5], water and air pur-
ification [6-7], biomedicine [8-9], and others. However, not only the
composition and crystal structure of MOFs is crucial for most applica-
tions. The size of particles and the concentration of defects could have a
significant impact on the properties of resulting materials. The concept
of coordination modulation could be used for intelligent control of
morphology and size of particles, defects, and crystallinity of MOFs
[10]. According to this concept introduction of mono-carboxylic acids
into the reaction mixture during the synthesis of MOFs results in
modulation of the crystallization process. Mono-carboxylic acids, in this
way, act as modulators. They compete with linkers for the coordination
of metal ions. As the concentration of modulators is usually higher than
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the concentration of linker molecules, at the first moment, metal ions
build the coordination spheres from modulator molecules. However,
the linker could form more than one bond with metal ions, and it
substitutes modulators during the reaction process. It results in slower
crystal growth and higher crystallinity of obtained MOFs. A very high
concentration of modulators could result in defect formation when
substitution of modulators is slower than crystal growth.

The present investigation is focused on MOF-801. It is constructed
from Zr-SBUs and fumarate linkers. Each SBU contains six Zr ions. Each
ion is coordinated by eight oxygen ions — 4 from the carboxylic groups
of fumarate linkers and four bridge oxygen ions. Each SBU is co-
ordinated by 12 linkers (Fig. S1). Strong covalent bonds and high co-
ordination of SBUs result in a very stable framework. MOF-801 contains
three types of pores — two tetrahedral and octahedral. Fumarate ions are
not linear, and carboxylic groups are located not exactly under each
other but shifted from the line of double-bond in opposite directions
(Fig. Sla). It leads to shghtly tilted SBUs and two types of tetrahedral
pores — 5.6 A and 4.8 A. Octahedral pores have a diameter of about
7.4 A. Such small pores are optimal for the adsorption of small mole-
cules. MOF-801 was applied for hydrogen [11-12] and water storage
[13-18], removal of fluoride [19-21], arsenide [22] and chromium
[23-24] ions. For MOF-801 synthesis, various methods were used
(Table S1). It was reported that MOF-801 could be obtained in water
solution by heating reaction mixture at 120 °C for 24 h with modulator
additives [20,25-26]. Most parts of the reported procedures include
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synthesis in DMF solution due to it provides higher solubility of pre-
cursors and do not initiate hydrolysis of zirconium salt
[12-13,15-16,18-19,21-24,27-31]. Authors use modulator additives
and/or linker excess to increase the yield of reaction and to enhance the
porosity of the product. However, these features obstruct the re-use of
solvent after synthesis, while recycling of DMF could reduce the en-
vironmental impact and cost of the product.

In the present work, we have optimized the solvothermal synthesis
of MOF-801 in DMF. We applied both modulated and non-modulated
routes to prove that fast synthesis without modulator or excess of linker
does not degrade such key properties of MOF-801 as hydrogen and
water capacities.

2. Experimental
2.1. Synthesis

Starting materials zirconium tetrachloride (ZrCl), fumaric acid
(H,FC), acetic acid (AA), formic acid (FA), N, N-dimethylformamide
(DMF), methanol were purchased from commercial suppliers and used
without further purification. Deionized (DI) water (18 MQcm) was
obtained from a Simplicity UV ultrapure water system.

In a typical procedure, ZrCl, was dissolved in DMF under magnetic
stirring, then DI water was added. After that, the respective amount of
AA/FA was added, and after complete dissolving, H,FC was poured to
the clear solution (Table 1). The conical flask was capped and place into
the preheated oven at 120 °C for two hours. After cooling to room
temperature, white precipitates were collected using centrifugation,
washed two times with DMF and one time with methanol, and dried at
60 °C overnight.

2.2. Recycling

Synthesis MOF-801 was reproduced according to the procedure
mentioned above. Briefly, 0.2008 g of ZrCl, was dissolved in 20 ml of
DMF under magnetic stirring. After this, 46.6 ul of DI water was added.
Finally, 0.1000 g of H,FC was admixed to the clear solution. The re-
action mixture in a closed glass vessel was placed into a preheated oven
for two hours at 120 °C. After cooling down, the precipitate was col-
lected by centrifugation and treated as previously obtained samples.
Separated DMF was used for the second synthesis. We applied four
cycles with the same solvent. Each precipitate was denoted as MOF-801
with a number of cycles. For example, sample MOF-801-1 was syn-
thesized in new DMF, while for the synthesis of the sample MOF-801-3,
we used DMF after two cycles, so it was the third synthesis in the same
DMEF.

2.3. Characterization methods

Powder X-ray diffraction (PXRD) was measured on a Bruker D2
PHASER X-ray diffractometer (CuKa, A = 1.5417 10\) with a step of
0.01°. The full profile PXRD analysis was performed by using MAUD
software [32-33]. Prior to the refinement for the samples investigated
in this work, the experimental function was derived by using the PXRD

Table 1
Molar ratio of precursors used for the synthesis of MOF-801 samples.

Sample The molar ratio of components used for the synthesis
designation

ZrCly H,FC H,0 AA FA DMF
MOF-801 1 1 3 - - 300
MOF-801-10AA 10 -
MOF-801-10FA - 10
MOF-801-30AA 30 -
MOF-801-30FA - 30
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pattern of Al,O3 standard (corundum) free from the effect of small
crystallite size broadening and lattice defects. The experimental func-
tion was approximated by using the Caglioti polynomial function
parametrized by few parameters accounting for peaks width and
asymmetry.

For ﬂ the samples, the goodness of the fit (GoF) was estimated as
X = % [34]. The PXRD refinement for the standard Al,O; was

€x]

performedp for the PXRD pattern in the range from 20° to 70° in 26.
Conversely, for the analysis of MOF-801 samples, the 26 range from 2°
to 55° has been employed for full profile analysis. As an initial guess for
the PXRD fit, the structure of MOF-801, as reported by H. Furukawa
and co-workers [13] has been utilized. In our work, full profile analysis
has been parameterized by the background coefficients and few struc-
tural parameters such as lattice parameter a, an average crystalline
size < D > within an isotropic model, and microstrains ¢. At the same
time, positions and occupancies of different atomic sites have not been
refined. The results of the full profile analysis are summarized in
Table 2. A high-resolution transmission electron microscope (HTEM)
FEI Tecnai G2 F20 was employed for the imaging of the samples. IR
spectra were measured on a Bruker Vertex 70 spectrometer in ATR
(Attenuated total reflectance) geometry using an MCT detector and a
Bruker Platinum ATR attachment. The spectra were measured in the
range from 5000 to 300 cm ™! with a resolution of 1 cm ™! and 128
scans. The reference is air. The specific surface area (BET) values and
hydrogen capacities of the samples were determined from nitrogen
(hydrogen) adsorption/desorption isotherms at —196 °C obtained on
Accelerated Surface Area and Porosimetry analyzer ASAP 2020 (Mi-
cromeritics). The samples were activated at 150 °C for 10 h under a
dynamic vacuum before the measurement. Thermogravimetric analysis
(TGA) was performed on the thermal gravimetric analyzer STA 449 F5
Jupiter with a low drift balance. Samples in corundum crucibles were
heated with a rate of 5-10°/min in the flux of air or nitrogen.

3. Results and discussion
3.1. Effect of modulators

According to powder XRD, all obtained samples have the same
structure in good agreement with previously reported data for MOF-801
(Fig. 1a). All reflections could be assigned to cubic symmetry, space
group Pn-3 (201). We have not observed any specific trend in the
evolution of the lattice parameters. Only MOF-801-10-AA demonstrates
a slightly elongated lattice parameter a with respect to all other sam-
ples. However, it is clearly demonstrated that an averaged crystallite
size < D > increases with the increase of modulator loading. It should
also be mentioned that the sample obtained without modulators (MOF-
801) also demonstrates a high level of crystallinity reflected in an
averaged crystallite size < D > equal to 30.5 nm, and very low values
obtained for microstrains € (Table 2). FTIR spectra of obtained samples
are presented in Fig. 1b. For all samples, they are quite similar and are
in good agreement with previously reported data for zirconium MOFs.
The first two peaks at 490 and 660 cm ™! could be attributed to Zr-(OC)
asymmetric stretching and the vibration of the Zrg(OH)404 cluster,
respectively [35]. Modes at 795 cm ™%, 990 cm ™! and 1210 cm ™ * could
be assigned to C—H vibrations [35-36]. Absorption at 1400 cm~!is
attributed to the O—C—O symmetric stretching in a carboxylic group of
a linker, while asymmetric stretching of this group gives rise to bands at
1650 cm ™! and 1570 cm ™! [35,37].

The morphology of synthesized particles and the effect of mod-
ulators were traced using TEM (Fig. 2, Fig. S2). It was observed that
modulator additive increases the size of particles in good agreement
with previously reported data [38-39] (Table 2, Fig. 2). The mor-
phology of obtained crystals could be assigned to cubic with smoothed
edges in good agreement with reported data [19].

TGA curves in airflow for all obtained samples are provided in
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Table 2
Some properties of synthesized samples. SSA stands for specific surface area.
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Sample designation Profile analysis SSA, m%/g Pore volume, cm®/g H, capacity, wt.%

a, A Micro-strains € Particle size < D >, nm GOF 20 mmHg 750 mmHg
MOF-801 17.915 9.37 108 30.53 1.23 595 0.27 0.228 1.107
MOF-801-10AA 17.930 1.06 10° 27.19 1.45 578 0.28 0.216 1.034
MOF-801-10FA 17.918 1.37 10° 23.63 1.43 556 0.29 0.210 1.005
MOF-801-30AA 17.910 1.14 103 34.47 1.22 632 0.31 0.222 1.070
MOF-801-30FA 17.913 4.44 10" 35.02 1.56 632 0.31 0.229 1.131

(Fig. 3a). They were rescaled according to the method proposed by
Loredana Valenzano and coauthors for UiO-66 [40]. The residual after
heating of MOF-801in the airflow is zirconium oxide. Six mols of ZrO,
could be obtained from one formula unit of MOF-801.

Z1r604(OH)4(C404H3)e + 180, = 6ZrO, + 24CO, + 8H0 (9]

The weight of 6 mols of ZrO, was used as 100%. We have calculated
the theoretical position of the plateau according to the stoichiometry of
MOF-801 (dashed lines in Fig. 3a). Theoretical weight loss is 37%,
according to ZrgO4(OH)4(C404H5) stoichiometry. All samples demon-
strate similar shapes of TGA curves and weight loss close to theoretical.
Sample MOF-801-10AA slightly deviates from other samples and de-
monstrates 43% weight loss. DSC curves of all samples contain three
picks. The first one at 83 °C is negative, which corresponds to the en-
dothermic process of evacuation of water molecules from the pores. The
second process is exothermic, and pick at 400 °C could be attributed to
the breaking of the coordinated bonds between the fumarate-linkers
and SBUs. It results in the formation of ZrO, particles with a graphitized
carbon shell [41]. The last pick at 590 °C also corresponds to the exo-
thermic process. It could be assigned to the decomposition of carbon
shells and the formation of pure ZrO, as a final solid product of the
reaction (1). Considering high research interest on MOF-801 applica-
tion for water harvesting [13,15-16,42] we have thoroughly in-
vestigated water adsorption/desorption properties of the synthesized
materials via the TGA experiment under a controlled atmosphere. TGA
has been collected in the inert flow of nitrogen (total flow of 50 ml/
min) in the temperature range 25-160 °C (Fig. 3b). Before the mea-
surements, all samples were treated in the same way. Firstly, they were
dried at 60 °C for 24 h. Such relatively low temperature could not be
sufficient to complete evacuation of all water molecules from MOF-801
(as it will be shown later). Still, it is relevant for the desorption cycle of
water harvesting devices operating in the day/night mode earlier de-
scribed in the literature [15-16]. After the activation, samples were left
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in the open space under room conditions (relative humidity (RH), about
48% and T = 25 °C; both relative humidity and temperature were
fluctuating during the day, and an averaged value are reported herein)
for 24 h. We suppose that after this treatment, samples were saturated
with water, and we could estimate water capacity according to TGA. As
it could be observed, the modulator does not significantly affect water
capacity, and its values for all samples are in the range of 18.6-21.3%.

Samples start water desorption from the very beginning of heating
at about 30 °C, and curves reached the plateau at about 120 °C. The rate
of heating affects the water desorption process as well. According to
TGA data, a slow heating rate 5 °C/min allows to get significantly faster
weight loss with respect to the data measured with a heating rate 10° C/
min, yielding the difference of ca. 2.8 wt% at 80° C (Fig. 4a). It proves
that slow heating (for example, by the sun) will additionally shift the
temperature of complete water desorption to relatively low tempera-
tures. To prove this hypothesis, we have measured the weight loss of the
sample MOF-801-10AA in isothermal conditions. Fig. 4b shows TGA
isotherms measured for 40 °C, 60 °C, and 80 °C for the MOF801-10AA
sample. Before the measurement, samples were activated at 60 °C for
24 h and subsequently were exposed at room conditions with RH about
50% and temperature 25 °C. For the lower temperature isotherm, the
almost linear trend of weight loss is observed starting from the tem-
perature of 40° C. While for isotherms at 60° C and 80° C fast ex-
ponential weight loss is observed. In both cases, fast exponential weight
loss is followed by the linear trend with an almost similar slope. After
40 min of heating samples at 60 °C and 80 °C have lost 20% of the
weight and reached the plateau. Obviously, the curvature of the ex-
ponential range of the TGA curve is stronger for 80 °C isotherm. More
interesting that there is a constant difference of ca. 2 wt% in the linear
part of 60 °C and 80 °C isotherms. It clearly shows that some portion of
water molecules is still not accessible at 60 °C, even in the case of
prolonged heating. These results of particular interest because in the
water harvesting applications, the temperature of the MOF-based
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Fig. 1. Powder XRD patterns (a) and FTIR-spectra (b) of synthesized MOF-801-samples. Patterns are shifted along the intensity-axis. In part (a) intensities were
multiplied after dashed line for better representation. Profile MOF-801 calc was calculated according to crystallographic data [13]. In part (b) dotted lines highlight

modes assigned to the MOF-801 structure (see text for details).
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)

Fig. 2. TEM images of synthesized samples MOF-801-10AA (a), MOF-801-10FA (b), MOF-801-30AA (c), MOF-801-30FA (d).

absorber layer typically varies in range from 60 °C to 100 °C being
heated by the solar energy upon the water desorption cycle. Another
crucial point for fast water desorption is the size of particles in powder
samples. Sample MOF-801 was sieved just after the activation by using
um sieves, and three fractions of the sample (with a grain size below
94 um, 125 pm, and 250 pm) were held under room conditions for
water uptake. Fig. 4c demonstrates TGA curves obtained for MOF-801
with different grain sizes. One can see that notable differences in the
weight loss for the MOF-801 fractions with different particle sizes were
obtained. Indeed, there is a clear trend in the range from 30 °C to
100 °C, which declares that a sample with a smaller particle more
readily desorbs water molecules at a given temperature. This might be
explained by the higher water adsorption capacity in the near-surface
part of powder grains. Also, for sieved MOF-801 samples, slightly
higher weight loss is observed at the temperature of 160 °C.

Nitrogen adsorption—desorption isotherms of synthesized samples
are presented in Fig. 5. All of them could be assigned to type I, ac-
cording to IUPAC classification. It indicates the microporous nature of
materials. Nitrogen capacities of samples MOF-801, MOF-801-10AA,
and MOF-801-10FA are rather close, while samples MOF-801-30AA and
MOF-801-30FA exhibited slightly higher values. Specific surface areas,
calculated according to the BET model, are in good agreement with
nitrogen capacities (Table 2). For samples MOF-801, MOF-801-10AA,
and MOF-801-10FA, they are in range 550-600 m?/g, while for samples
MOF-801-30AA and MOF-801-30FA, they were estimated as 632 m?>/g.
All isotherms contain hysteresis loops of H1 type in IUPAC notification,
which could be attributed to capillary condensation of nitrogen in slit-
like cages between approximately uniform particles in agglomerates.

For hydrogen adsorption, we have observed a slightly different
trend. All samples possess close hydrogen capacities both in the low-
pressure region and at ambient pressure. Moreover, sample MOF-801
was synthesized without any modulators and exhibited one of the
highest weight % of H,. All isotherms showed a similar steep increase at
the low-pressure range, and at ambient pressure, they did not reach
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83 °c 400°C c— s
|
0 f 10

100 200 300 400 500 600 700 800
Temperature (° C)

Heat flow (mW/mg)

saturation. Therefore, we suppose that at higher pressures, hydrogen
capacity could be further increased.

3.2. Recycling of DMF

Fig. 6a represents powder XRD profiles of MOF-801 samples ob-
tained during the recycling experiment. We did not observe any de-
gradation of crystal structure even after the fourth synthesis in the same
DMF. Moreover, from the preliminary visual examination, one can see
the increase of crystallinity moving from sample MOF-801-1 to sample
MOF-801-4 (Fig. S3). Indeed, we observed a gradual increase in the
intensity of the reflections in the entire 26 range of the experimental
patterns. Full profile analysis has been performed to quantify the ob-
served effect for the patterns shown in Fig. 6a.

The microstrains ¢ were fixed as 1 - 107° to get a more precise
quantitative comparison of the averaged crystalline size for this kit of
samples (Table 3). We have not observed any apparent trends for the
lattice parameter a, while a clear trend in averaged crystalline size <
D > is confirmed, declaring two times larger averaged particle for the
last sample in the sequence with respect to the first one. We suppose
that two factors could affect the properties of material during solvent
recycling. The first one could be attributed to the increase of precursors
concentration in the reaction mixture. The yield of the reaction is less
than 100%; therefore, unreacted molecules of fumaric acid, as well as
zirconium tetrachloride, stay in DMF after synthesis. If we use the same
solvent secondly, in fact, we already have a small amount of precursors
in it. Therefore, after dissolving a new portion of precursors, we will
obtain a solution with higher concentration. The second point is nuclei,
which could not be separated by centrifugation due to the small size. As
we showed previously, the first stage of UiO-66 formation is tiny tet-
ragonal zirconium oxide particles, which are formed as a product of
interaction zirconium tetrachloride with water [43]. The same process
is expected during MOF-801 synthesis. So after each recycling step, we
use DMF boosted with some precursors and nuclei for crystal growth.
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Fig. 3. TGA and DSC curves of synthesized MOF-801 samples measured in airflow (a) and N, (b). TGA plots in part (a) were renormalized, referring to the remaining
weight at high temperature (6ZrO,) as 100%. Black dotted lines in part (a) represent the normalized weight of the hydrated sample according to formula
Zrg04(0OH)4(C404H,)6, while gray line — dehydrated one with formula ZrgOg(C404Hs)e. Part (b) represents accurate data in the temperature range 25-160 °C for

synthesized samples treated in the same way (see details in the text).
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Fig. 4. TGA curves obtained for MOF-801 (10AA) sample with a different
represents TGA curves os sample MOF-801 with different grain sizes.
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Table 3

Some properties of samples, which were obtained in the recycling experiment. SSA stands for specific surface area. < D > designates the size of crystals calculated

according to XRD data.

Sample name Profile analysis SSA, m%/g Pore volume, cm®/g H, capacity, wt.%

a, @A) <D >, (nm) GoF, (%) 20 mmHg 750 mmHg
MOF801-1 17.914 30.52 1.23 595 0.27 0.228 1.108
MOF801-2 17.899 33.96 1.37 658 0.28 0.240 1.150
MOF801-3 17.900 44.88 1.22 749 0.33 0.242 1.197
MOF801-4 17.898 60.02 1.21 772 0.31 0.251 1.300
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We also examined the evolution of such important properties like
porosity and hydrogen capacity during the recycling experiment.
Fig. 6b represents the nitrogen adsorption isotherms. All samples de-
monstrate the identical shape of isotherms, which could be assigned to
type I according to [IUPAC classification. It indicates that during the four
cycles of the experiment, we obtained microporous materials. Specific
surface areas were calculated according to the BET model (Table 3).
These values exhibit a well-pronounced trend: each next step of re-
cycling leads to the more porous material. The same trend could be
observed for hydrogen capacities (Table 3, Fig. 6¢). We suppose that
higher crystallinity of samples leads to less-defect materials. As could be
observed from pore size distribution (Fig. 6b inset), most of the cages
are about 7 A, which is close to the theoretical value (7.4 A for octa-
hedral cages). The crystal structure of MOF-801 with small pores is
optimal for hydrogen storage. Defects, in this way, will reduce the ac-
tive surface for hydrogen adsorption. Therefore, less-defect MOF-801
samples obtained in recycled DMF exhibited higher H, capacity.

4. Conclusions

In the present work, we have tested new fast synthesis, which is
appropriate for MOF-801 large-scale production. Acetic and formic
acids in two concentrations were used as modulators. We traced the
effect of these modulators on the crystallinity of the product, the
morphology of particles, and the porosity of the material. Moreover,
such important for practical application properties as hydrogen and
water capacity were investigated as well. We showed that modulator
additives increase crystallinity and specific surface area of MOF-801.
However, for hydrogen and water capacities, this effect is not sig-
nificant, and MOF-801 could be obtained even without any additives
according to suggested conditions. It allowed us to apply the recycling
of the DMF. We showed that at least four times, one could obtain MOF-
801 in the same solvent without any degradation of the obtained ma-
terial. Moreover, the properties of MOF-801 were enhanced during
recycling. We also showed that such properties as grain size, rate, and
temperature of heating are crucial for successful water desorption.
Recycling options and simple, fast synthesis procedure could be im-
portant for large-scale production of MOF-801.
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