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Interest in the large-scale applications of metal-organic frameworks (MOFs) has grown in the last
10 years. However, applying MOFs in real life situations remains challenging due to the high cost asso-
ciated with mass production and their potential negative effects on the environment. In this study, ZIF-71
and ZIF-93 frameworks were synthesized at room temperature using greener solvents (water, methanol,
and ethanol) and via mechanochemical synthesis. Structural and textural analyses revealed that the
structural and textural properties of the ZIFs were mostly preserved, with the mechanochemically
prepared samples exhibiting slightly reduced crystallinity and microporosity compared to those prepared
using established solvothermal synthesis methods. The water and ethanol sorption performance study of
the samples revealed comparable water and ethanol uptake for the entire ZIF-93 series and for the sample
prepared by methods from the literature. The same applies to the ZIF-71 series, except for one ZIF-71
sample synthesized using the liquid-assisted ball milling method, which showed reduced water and
ethanol uptake due to partial degradation of the structure during the sorption study. The stability study of
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the four best-performing samples over up to 20 sorption/desorption cycles revealed that the samples
prepared using ball milling and the precipitation method, maintained their initial capacity throughout the
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Introduction

Sorption-based technologies are widely recognized for their
efficiency in various applications, including thermal energy
management, gas separation, water harvesting, and environ-
mental remediation.’” These technologies rely on the ability of
materials to adsorb and desorb gases or vapours through
precise interactions, enabling energy-efficient processes with
minimal environmental impact.

Especially relevant in recent research are sorption-based
thermochemical energy storage (TCES) and adsorption heat
pump (AHP) technologies, which use reversible chemical reac-
tions and/or sorption processes of gases and vapours in solids.
One major benefit of using these methods is that they enable
an insignificant amount of heat loss while reaching higher
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evaluated cycling program, suggesting promising long-term performance.

energy transformation and storage performance®® with storage
densities comparable to those of state-of-the-art Li-ion
batteries.® TCES and AHP have the capacity to utilize solar
thermal energy and low-grade or renewable heat sources to dry
and activate the adsorbent material, leading to a significant
reduction in CO, emissions.

The need to further improve the current performance and
efficiency of adsorbents for thermal management at optimal
conditions (e.g., for TECS maximising adsorption/desorption
within the 0.1 to 0.4 relative pressure range, activating materi-
als at temperatures below 150 °C and cycling stability) explains
the continued interest of researchers in this field, and high-
lights the significant amount of work still required.”

Currently, studies are primarily focused on traditional (e.g.,
zeolites) and innovative (e.g., metal-organic frameworks
(MOFs), aluminophosphates and composites) sorbents.>®
Generally, the drawback of zeolites is their activation tempera-
ture, which is too high to be achieved with conventional solar
collectors or other low-grade heat sources. Aluminophosphates
fulfil most performance requirements but are expensive to
synthesise, and composites from inorganic salts and porous
supports generally suffer from salt leaching and subsequent
material degradation.*’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MOFs, crystalline porous materials, are formed from metal
ions or clusters (Zn, Cr, Cu, Ni, etc.) bridged by organic
ligands,">'" such as carboxylates."” Zeolitic imidazolate frame-
works (ZIFs) are a subclass of MOFs, with imidazolate linkers
and zeolite-like topologies."*'* Due to the strong bonds
between the cation of the metallic centres and nitrogen of the
imidazole anion, ZIFs are considered to be thermochemically
more stable when compared to other MOFs. In addition to their
large specific surface areas and porosity, ZIFs can contain
various functional groups on the imidazolate ligand and exhibit
pore sizes above 1 nm, which makes them potentially suitable
sorbents for sorption-based thermal management."’

In recently reported studies, different types of working
fluids/adsorbates have been tested. However, water is the
most frequently used adsorbate, as it is environmentally
friendly.>'*'®'® The capacity and mechanism of water adsorp-
tion, which determine the performance of thermal batteries
and heat pumps, depend on the hydrophilicity/hydrophobicity
of the functional groups, the pore size and the geometry/
topology of the frameworks. Gao et al. investigated the adsorp-
tion behaviour of water for 7 different ZIFs."” The study
revealed that ZIFs with non-polar groups, such as ZIF-8, have
weak interactions with water, leading to hydrophobicity and
low uptakes. Conversely, ZIFs with polar groups, such as ZIF-93
and SIM-1/ZIF-94, form hydrogen bonds with water, which
promotes its adsorption. It was also reported that ZIF-93 has
a higher porosity, lower density and significantly higher water
adsorption at high relative pressures than SIM-1/ZIF-94 with
the same molecular formula but different topology.'”"’

To further explore the potential of hydrophobic ZIFs, other
alternatives for working fluids were suggested, like methanol
and ethanol.">**?°>* Lange et al. examined the benefits of
switching water for ethanol as a working fluid in adsorption-
driven heat pumps and chillers for 18 MOFs and reported on
the more efficient use of larger pores, occurrence of adsorption
at lower partial pressures, lesser impact of polar/apolar func-
tionalities in MOFs, and improved stability. Additionally, the
freezing point of ethanol is lower than water, so it can be used
in cooler environments.*" In our recent study, we studied seven
different ZIFs (ZIF-8, ZIF-62, ZIF-71, ZIF-74, ZIF-76, ZIF-90 and
ZIF-93) and their heat storage potential using water and ethanol
as working fluids."> It was demonstrated that the storage
performance is governed by several factors, including the pore
dimensions, type and distribution of functional groups on
imidazolate ligands, chemical stability of the framework, as
well as the type of working fluid. Ethanol sorption data demon-
strated inflection points in the sorption isotherms at lower
relative pressures, and enhancement of uptakes for ZIFs with
hydrophobic properties, but lower desorption enthalpies when
compared to water sorption. We found that ZIF-93 was the most
promising material for both working fluids.

In spite of the demonstrated potential of ZIFs for many
different applications, their large-scale application is still lim-
ited by the absence of low-cost mass production, as well as the
lack of sustainable synthesis routes that would lower the
environmental impact of the ZIF preparation.**** Traditionally,
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most of the stable ZIFs are synthesized via solvothermal synthesis,
which requires higher temperatures, can take up to 72 h or more
and/or need to be activated.'»*'>17:24730 Additionally, large
quantities of a polar aprotic solvent N,N-dimethylformamide
(DMF) are often used as well. This is due to its ability to dissolve
a wide range of metal salts and organic linkers, and its ability to
act as a catalyst for the reaction."™"*'>'7?43% gince DMF is known
to be toxic and carcinogenic, much attention has been focused on
implementing greener solvents to the ZIF synthesis process and
lowering its impact on the environment.>® For example, DMF was
successfully replaced with methanol in the synthesis of ZIF-71 and
ZIF-93."72%313> pyrthermore, Ramos-Fernandez et al. synthesized
ZIF-93 by water-based room temperature synthesis.>* Alternative
organic solvents, such as dihydrolevoglucosenone (commercial
name Cyrene™), gamma-valerolactone (GVL), dimethyl sulfoxide
(DMSO), TamiSolve™ and methyl 5-(dimethylamino)-2-methyl-
oxo-pentanoate, were also used for the synthesis of different
ZIFs.”® Despite the great progress that has been made toward
achieving a greener solvothermal synthesis of ZIFs and other
MOFs, the addition of reaction modulators (such as triethylamine,
ammonia, formic acid, hydrochloric acid, etc.) is necessary to
reduce the reaction temperature and shorten the synthesis time,
which again leads to higher cost and possible environmental
pollution.****™*° In recent years, many alternative synthesis tech-
niques (mechanochemical, microwave-assisted, sonochemical)
have been examined to reduce the reaction time and the quantity
of solvents used. Among them, mechanochemical synthesis is the
most promising, as no (neat grinding) solvent or only a minimal
amount of solvent (liquid-assisted grinding) is needed. Further-
more, the reaction proceeds without extra heating and takes less
than an hour to complete.">*! In the last couple of years, the
mechanochemical syntheses of ZIF-8, ZIF-62 and ZIF-67 have
been reported.””*® For the synthesis of ZIFs, liquid-assisted
grinding is most commonly used. The small amount of auxiliary
solvent (50 to 400 pL) increases the speed of synthesis and yield,
but it can affect the topology of the framework as well.*!

N
N o H
dclim almelm

Fig. 1 (a) RHO topology of ZIF-93 and ZIF-71. ZnN, tetrahedra are shown
in blue, and the yellow spheres indicate empty spaces in the cage. Linkers
are shown in ball and stick representation (H in pink, C in grey, N in blue, O
in red and Cl in green). (b) The structure of 4,5-dichloroimidazole (dclim)
and 4-methyl-5-imidazolecarboxaldehyde (almelm), which are the linkers
for ZIF-71 and ZIF-93, respectively.
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Table 1 Pore entrance size (d3), the pore/cage capacity (dB) and topology
for the two examined ZIFs
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Table 2 Reaction conditions for the studied ZIF-71 and ZIF-93 samples,
where RT denotes room temperature and N/A indicates non-applicable

ZIF dg [A] dg [A] Topology Ref. Sample Zinc precursor Solvent Time Temp.
ZIF-71 4.2 16.5 RHO 27 and 48 1-ZIF71-P Zn(NO3),-6H,0 MeOH 18 h RT
ZIF-93 3.6 17.9 RHO 47 2-ZIF71-P Zn(OAc),-2H,0 MeOH 1h RT
3-ZIF71-P Zn(OAc),-2H,0 EtOH 1h RT
4-7Z1F71-BM Zn0/Zn(0Ac),-2H,0 GVL 45 min N/A
. . 5-ZIF71-BM  ZnO/Zn(OAc),-2H,0  N/A 17 min  N/A

In this work, ZIF-93 and ZIF-71 with the same RHO topology | zipg3.gT Zn(OAc), 2H,0 MeOH 24 h 35 °C
and similar pore sizes were studied (Fig. 1(a) and Table 1) under  2-ZIF93-P Zn(NO;),-6H,0 H,0 18 h RT
conditions suitable for sorption-based TCES application with 3-ZIF93-P Zn(0Ac),2H,0 H,0 4h RT
d ethanol Kine fluids. o274 ZIF-71 s the  YZIFO3-P Zn(OAc),-2H,0 H,0 5h RT
water and ethanol as working fluids. -71 contains the 5 71po3 BM  7n0/Zn(OAc),2H,0  H,0 45min  N/A
hydrophobic 4,5-dichloroimidazole ligand, while ZIF-93 uses the = 6-ZIF93-BM  ZnO/Zn(OAc),2H,0  H,O/GVL 30 min  NJ/A

polar 4-methyl-5-imidazolecarboxaldehyde ligand, which makes
it hydrophilic (Fig. 1(b)). The aim of the study was to better
understand the influence of the synthesis conditions on the
sorption performance of both solvothermally and mechano-
chemically prepared ZIFs. The mechanochemical preparation
was introduced as a step toward achieving a more sustainable
synthesis of the selected materials and possible mass production
for large-scale applications. Furthermore, the emphasis was on
the study of the materials’ hydrothermal stability, which is of
utmost importance for water-based sorption applications.

Experimental

An extensive and systematic study on the synthesis of ZIF-71
and ZIF-93 via solvothermal, precipitation and mechanochem-
ical methods was completed. The main body of this manuscript
will only discuss the samples that showed the most notable
results. A detailed list of the synthesis conditions for the
samples that will not be discussed can be found in the ESIt
in Tables S1-S6.

Materials

Zinc acetate dihydrate (Zn(OAc),-2H,0, 98%), zinc nitrate hexa-
hydrate (Zn(NO3),-6H,0, 99%), zinc oxide (ZnO, 99%), ammo-
nium chloride (NH,Cl, 99.5%), formic acid (HCOOH, 95%) and
y-valerolactone (GVL, 99%) were purchased from Sigma Aldrich
(Darmstadt, Germany). 4,5-Dichloroimidazole (dclIm, 99%)
was purchased from Abcr (Karlsruhe, Germany). 4-Methyl-5-
imidazolecarboxaldehyde (almelm, 99%) was purchased from
Fluorochem (Hadfield, UK). Methanol (CH;OH, 99.9%) and
N,N-dimethylformamide (DMF, 99.8%) were purchased from
Honeywell Fluka (Seelze, Germany). Acetic acid (CH;COOH,
99.8%) was purchased from Carlo Erba (Val de Reuil, France).
GVL was mixed with MeOH in a 1:1 ratio prior to use. This
mixture will be denoted as ‘GVL’ in the synthesis methods. All
remaining chemicals were used without any further treatment.

Solvothermal & precipitation synthesis of ZIF-93

1-ZIF93-ST was synthesised according to our previous study and
used for comparison purposes.'® The synthesis of ZIF-93 used a
1:3:371 molar ratio for zinc acetate dihydrate, 4-methyl-5-
imidazolecarboxaldehyde and methanol. The reaction condi-
tions are presented in Table 2. The remaining samples were

5578 | Mater. Adv., 2025, 6, 5576-5587

synthesised based on the modified method published by
Ramos-Fernandez et al.** For all 4 samples, the same molar
ratio of 1 Zn:2 almeIm:1 NH;:135 H,O was used. In a glass
beaker, a mixture of zinc salt and linker was prepared by adding
1.05 g of Zn(NO;),-6H,0 or 0.78 g of Zn(OAc),-2H,0 and 0.88 g
of almeIm to 56 mL of deionized water. The mixture was stirred
until both powdered reactants had fully dissolved. In a separate
beaker, 480 pL of 30% ammonia solution was added to 40 mL
of deionized water. The solution was stirred and later added
dropwise to the solution of zinc salt and linker. After stirring for
4-18 h at room temperature (RT), the resulting mixture was
centrifuged at 3500 rpm for 15 min. The precipitate was washed
with water and centrifuged again. After repeating the same
process, the sample was left to dry at room temperature over-
night and activated for 18 h in a vacuum oven at 150 °C. More
information on the synthesis conditions is provided in Table 2.

Mechanochemical synthesis of ZIF-93

For 5-ZIF93-BM, 0.07 g ZnO (0.9 mmol) and 0.02 g Zn(OAc),-
2H,0 (0.1 mmol) were ground with an agate mortar and pestle.
The ground reactants were added to a 10 mL ball mill grinding
jar along with 0.22 g (2 mmol) almeIm linker, 45 pL (2.5 mmol)
deionized water, 5 pL 30% (0.01 mmol) NH; solution and 2
stainless steel grinding balls with a diameter of 10 mm. The
reaction mixture was milled with the Retsch Mixer Mill MM 400
for 45 min at a frequency of 30 Hz. For 6-ZIF93-BM, 0.0653 g
ZnO (0.9 mmol) and 0.0439 g Zn(OAc),-2H,0 (0.1 mmol) were
ground with an agate mortar and pestle. The ground reactants
were added to a 10 mL ball mill grinding jar along with 0.2202 g
(2 mmol) almeIm linker, 100 pL (11.1 mmol) deionized water,
100 pL (2 mmol) GVL and 2 stainless steel grinding balls with a
diameter of 10 mm. The reaction mixture was milled with the
Retsch Mixer Mill MM 400 for 30 min at a frequency of 30 Hz.
The resulting powders were suspended in EtOH and centri-
fuged for 7 min at 5500 rpm. The precipitates were dried
overnight in a convection oven at 60 °C. The dried samples
were then activated in a vacuum oven at 120 °C overnight.

Precipitation synthesis of ZIF-71

As with ZIF-93, the synthesis method from our previous study
was used for comparison purposes, and the reaction conditions
can be seen in Table 2.* This sample was denoted as 1-ZIF71-P

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and had a reaction ratio of 0.66 mmol: 3.14 mmol : 1.48 mol for
zinc nitrate hexahydrate, dichloroimidazole and methanol,
respectively.'” 2-ZIF71-P was synthesized using a modified
method from Yuan et al.** In a glass beaker, 0.22 g (1 mmol)
Zn(OAc),-2H,0 was dissolved in 10 mL (247 mmol) MeOH
(Solution A). A ligand solution was prepared by stirring the
mixture of 0.55 g (4 mmol) dclim, 10 mL (247 mmol) MeOH and
38 pL (1 mmol) HCOOH (Solution B). Solution B was added
dropwise to solution A. The mixture was covered and stirred at
room temperature for 1 h. The mixture was then centrifuged for
8 min at 5500 rpm. The obtained product was dried at room
temperature overnight. For the synthesis of 3-ZIF71-P, the
method was modified by substituting 10 mL of MeOH with 8
mL of EtOH in the preparation step of both solutions.

Mechanochemical synthesis of ZIF-71

For 4-ZIF71-BM, 0.07 g ZnO (0.9 mmol) and 0.02 g Zn(OAc),-
2H,0 (0.1 mmol) were ground with an agate mortar and pestle,
and transferred to the 10 mL ball mill grinding jar. After the
addition of 0.28 g (2 mmol) dcllm linker, 45 pL (0.47 mmol)
GVL, 5 uL 30% (0.1 mmol) NH; solution and 2 stainless steel
grinding balls with a diameter of 10 mm to the jar, the reaction
mixture was milled with the Retsch Mixer Mill MM 400 at a
frequency of 45 Hz for 30 min. For 5-ZIF71-BM, 0.1303 g ZnO
(0.9 mmol), 0.5479 g (3.9 mmol) dclim linker and 0.0880 g
Zn(OAc),-2H,0 (0.1 mmol) were added to the 25 mL ball mill
grinding jar. Then, 2 stainless steel grinding balls with a
diameter of 15 mm were added to the jar, and the reaction
mixture was milled with the Retsch Mixer Mill MM 400 at a
frequency of 20 Hz for 17 min. The obtained powders were
suspended in EtOH and centrifuged for 6 min at 4500 rpm. The
products were dried in a convection oven at 60 °C overnight.
These samples were activated by soaking in MeOH, and then
outgassed in a vacuum oven at 150 °C overnight.

Characterisation methods

The PXRD patterns of the as-synthesized and activated samples
were recorded using a PANalytical X’'Pert PRO diffractometer
with a fully opened 100 channel X’Celerator detector Plus.
Cu-K,, radiation with a wavelength 2 = 1.5418 A was used. The
produced PXRD patterns were examined in the 20 range of
5-50° with a step size of 0.034° per 100 s. The PXRD patterns
were analysed using the HighScore Plus 4.9 program.

TGA of the as-synthesized and activated samples was per-
formed on a TA Instruments Q5000 to determine the stability of
the ZIFs, as well as the % of adsorbed water/ethanol. The
analyses were carried out in airflow (25 mL min~ " air and
10 mL min ' Ar). Thermal stability was determined in the
temperature range of 25-750 °C for ZIF-93 and 25-800 °C for
the ZIF-71 samples, both at a ramp rate of 10 °C min—".

In order to determine the specific surface area, pore volume
and pore size distribution of the samples, nitrogen physisorp-
tion was conducted. The samples were degassed for 10 h at
150 °C. Nitrogen physisorption isotherms were recorded by
using a Quantachrome AUTOSORB iQ3 at —196 °C. The specific
surface area, micro pore volume and total pore volume were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculated using the Quantachrome AUTOSORB iQ3 software.
The Brunauer-Emmett-Teller (BET) specific surface area was
calculated from the adsorption data in the relative pressure
range from 0.005 to 0.02. The total pore volume (Vi) Was
calculated from the amount of N, adsorbed at P/P, = 0.97 and
micropore volume (Vijcro) from the ¢-plot (P/P, = 0.15-0.3).

SEM images were taken with a Zeiss Supra 35 VP microscope
with an aperture size of 30 um and an electron high-tension
voltage of 1.00 kv.

Single component vapour isotherms and cycling measurements
were performed in a DVS Vacuum gravimetric sorption analyser
from Surface Measurement Systems. In this setup, a continuous
adsorbate flow enters the sample enclosure, passes a suspended
sample pan, and is entrained by a vacuum system. The total
pressure is maintained by a backpressure regulating valve located
before the outlet. The analyte is sourced from the headspace of a
temperature-controlled reservoir. Uptake is measured by a micro-
balance capable of measuring mass changes at a resolution of
0.01 mg. The entire sample enclosure is kept in a temperature-
controlled chamber to avoid any condensation points. For each
experiment, between 6 and 20 mg of as-synthesised fresh sample
was loaded in the sample holder. The sample was outgassed in situ
to a pressure of approximately 10~ Torr under a secondary vacuum
at 150 °C for 600 minutes. Pure vapour was flowed continuously
over the sample at a controlled rate of 5 sccm. Kinetic data were
recorded with a resolution of 1 Hz, and the mass stability was used
to determine the equilibration by automatically monitoring the
rate of change (dm/d¢) until it was below 0.006% min " for at
least 10 minutes. Carrier vapour isotherms were performed in a
DVS Endeavour from Surface Measurement Systems. This device
is a high throughput 5x gravimetric sorption analyser that uses a
partially vapour-saturated carrier gas at ambient pressure as the
test gas, in this case nitrogen. Outgassing conditions were
identical as in the pure vapour experiments except carried out
under 100 scem flow of nitrogen. The sample mass require-
ments, recording resolution and equilibrium criteria were iden-
tical to the pure vapour experiments.

Results and discussion

Structural and physicochemical properties of the
synthesized ZIFs

The structural properties of the synthesized materials were
examined using PXRD, TGA, N, physisorption and SEM. The
PXRD analysis shows that ZIF-93 structures were formed in all
6 samples (Fig. 2) and the structure remained intact after the
activation process (Fig. S1, ESIt). The same was confirmed for
the ZIF-71 samples (Fig. 2 and Fig. S1, ESIt). Additional crystal-
line phases were confirmed in the samples. However, traces of
ZnO are possible in BM samples as residual unreacted ZnO.
The presence of a diffraction maximum at 5.6° 26 in the XRD
pattern of the as-synthesised 2-ZIF93-P sample, but not in its
activated form, might be due to a long-range arrangement of
extra-framework molecules in the as-synthesised sample, which

Mater. Adv,, 2025, 6, 5576-5587 | 5579
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size of the primary crystallites of ZIF-93, synthesized via
mechanochemical method, is 1.5 times smaller than the size
of the solvothermally synthesized ZIF-93 via precipitation
method. For the ZIF-71 system, this trend is not observed
because the size of all crystallites is the same, except the size
of the solvothermally prepared sample. A peak is observed in
some of the diffractograms at 44° 20, which is attributed to the
sample holder. It is important to note that the calculated values
from the Scherrer equation need to be considered as an
estimation due to the limitations of the validity of the method
to particle sizes of up to 100 nm.

TGA analysis was first performed on the as-synthesized
samples and later repeated on the activated samples (see
Fig. 3 and Fig. S2, S3, ESIt). The weight losses up to 100 °C
are negligible for most ZIF-71 samples due to the hydrophobi-
city of the framework (Fig. 3 and Fig. S2, ESIT). For 5-ZIF71-BM,
a small weight loss due to the removal of the solvent from the
pores up to 300 °C can also be seen as well, which suggests that
the material requires activation (Fig. 3(b)). The weight change
after 300 °C was due to the gradual degradation of the
framework.

Conversely, the as-synthesised ZIF93 samples all show
weight losses of up to 100 °C, which is in accordance with the
hydrophilic nature of the material. The most pronounced
weight loss between 100 °C and 300 °C attributed to solvent
removal is found in the DTG curve of the as-synthesised 6-
ZIF93-BM (Fig. 3(d)). The weight change in the samples after
300 °C was due to the gradual degradation of the framework.
Furthermore, peaks at around 30 °C are also present after
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activation due to air exposure of the samples before the
measurement. The peak between 100 °C and 300 °C disappears
after activation in all samples, except for 6-ZIF93-BM (Fig. 3(d)).
This is likely due to only partial removal of the GVL from
the pores.

All as-synthesized samples were further analysed by SEM
imaging (Fig. 4 and 5). Most of the samples appear to have a
single phase, with traces of unreacted reagents or carbon coat-
ing, which was applied before the analysis. However, the 5-
ZIF93-BM sample (Fig. 5(e)) and 6-ZIF93-BM sample (Fig. 5(f))
seem to have two phases. One phase consists of ZIF-93 small
particles with diameters of up to 300 nm, which is consistent
with the results of the PXRD analysis. Phase 2 is made of larger
crystallites with diameters from 1 to 4 um. We speculate that
the sample contains SIM-1/ZIF-94 with sodalite (SOD) topology.
However, it cannot be confirmed by PXRD because the peak
positions of ZIF-94 almost completely overlap with the posi-
tions for ZIF-93.

Based on the calculations with the Scherrer equation
(Table S2, ESIt), the primary crystallites in the 1-ZIF93-ST
sample, prepared via solvothermal synthesis, are nanosized
with a diameter of 65 nm. The estimated diameter from the
SEM images is 80-100 nm (Fig. 5(a)). There is larger observed
discrepancies in the calculated particle size and estimated from
SEM for the other samples (e.g., 600 nm to 900 nm for 2-ZIF93-P
particles estimated from SEM (Fig. 5(b)) and 90 nm calculated
from PXRD). This indicates that the samples consist of poly-
crystalline or agglomerated particles. It is also important to
note that the Scherrer equation takes into account coherent
scattering and excludes surface-related domains. Therefore, the
calculated values are only considered as tentative. The ZIF-71

o,
S .

Fig. 4 SEM images of the as-synthesized ZIF-71 showing (a) 1-ZIF71-P,
(b) 2-ZIF71-P, (c) 3-ZIF71-P, (d) 4-ZIF71-BM and (e) 5-ZIF71-BM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of the synthesized ZIF-93 showing (a) 1-ZIF93-ST, (b) 2-
ZIF93-P, (c) 3-ZIF93-P, (d) 4-ZIF93-P, (e) 5-ZIF93-BM and (f) 6-ZIF93-BM.

samples are found to be polycrystalline as well: the 2-ZIF71-P
and 3-ZIF71-P samples have the narrowest particle size distri-
bution (200-500 nm and 100-300 nm; Fig. 4(b) and (c)). The
rest of the samples exhibit sizes from 100 nm to 1 um.

Calculations based on the Scherrer equation revealed the
smallest primary particles in the ball-milled samples (30 nm
and 35 nm, respectively).

Nitrogen physisorption was used to determine the pore size
distribution and BET specific surface area of the samples. All of
the ZIF-93 and ZIF-71 samples present a type 1 isotherm with a
small hysteresis loop at relative pressures from 0.9 to 1. In
contrast, the 5-ZIF93-BM and 6-ZIF93-BM isotherms exhibit
hysteresis loops down to 0.5 relative pressure. The H4 type
hysteresis suggests a partial mesoporosity of the samples with
the mesopores having access to the surface only via small
entrances (e.g., slit pores in larger crystallites) (Fig. 6). A small
H4 hysteresis was also observed for the 5-ZIF71-BM sample.

Table 3 shows that the 4-ZIF93-P sample with a synthesis
time of 5 hours has the highest specific surface area, as well as
the highest total pore volume, higher than those of the
solvothermally prepared sample 1-ZIF93-ST and precipitation-
based sample 3-ZIF93-P (Fig. 6). In the ZIF-71 system, by
changing the solvent and the concentration of reactants in
the precipitation synthesis of ZIF-71, the total pore volume
remains the same, while a decrease in micropore volume and
specific surface area can be observed.

Both products synthesized via mechanochemical synthesis
have lower BET surface area and porosity, compared to the
solvothermal products. However, the specific surface areas of
both ball mill samples are still in agreement with the results
reported in the literature (604-1097 m” g~ for ZIF-93 and 652
1038 m* g ' for ZIF-71), with the BET area of 4-ZIF93-P exceed
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Fig. 6 Nitrogen physisorption isotherms and pore size distributions of the activated (a, b) ZIF-71 and (c, d) ZIF-93 samples.

those values.'>'7313347:4952 Agqin it has to be taken into the
account, that the ball-milled samples are polycrystalline with
quite small primary particles and detected mesoporosity. The size
of ZIF-93 particles evaluated in the literature was 500-2 mm,"”**
while the size of the particles in our study was estimated to be in
sub-micron region. The exception is ZIF-93 ball-milled samples,
where larger particles could belong to SIM-1/ZIF-94 impurities.
ZIF-71 crystallite size of less than 100 nm as well as 1 pm** was
reported in the literature.*”* The crystallite size of our ZIF-71
samples was similar ranging from 100-1 pm.

Table 3 Nitrogen physisorption data showing the specific surface area
(Sget). micropore volume (Viicro) and total pore volume (Vioa) for all
samples

Sample SBET (mz gil) Viicro (Cl’l’l3 gil) Viotal (Cm3 gil)
1-ZIF93-ST 1030 0.32 0.57
2-ZIF93-P 812 0.25 0.41
3-ZIF93-P 989 0.31 0.44
4-7ZIF93-P 1239 0.39 0.59
5-ZIF93-BM 615 0.19 0.32
6-ZIF93-BM 587 0.20 0.29
1-ZIF71-P 981 0.31 0.41
2-ZIF71-P 1008 0.31 0.44
3-ZIF71-P 901 0.28 0.44
4-7ZIF71-BM 789 0.25 0.35
5-ZIF71-BM 717 0.25 0.35
5582 | Mater. Adv,, 2025, 6, 5576-5587

Sorption performance studies

As mentioned in the introduction, our previous study showed
that 1-ZIF93-ST has the potential for heat storage applications,
as it has similar or slightly higher uptake as hydrophilic ZIF-90
but proved to be more stable.”

3-ZIF93-P and 2-ZIF71-P were used first to determine the
impact using pure vapour and carrier DVS systems (i.e., open or
closed systems) had on the total uptake, as it is known that the
carrier may have non-negligible uptake.’* We tested water and
ethanol as working fluids. As it can be seen in Fig. S4 (ESIY),
there was a slight difference in the water isotherms for 2-ZIF71-
P. Otherwise, the water and ethanol isotherms in the different
systems showed little to no difference. It is worth noting that
while there is next to no difference in the uptakes, there was a
difference in the kinetics. Fig. S5 and S6 (ESIT) shows that the
kinetics are much faster in a pure vapour system. Therefore, the
pure vapour system was used to obtain the isotherms at 25 °C
and 35 °C.

Fig. 7 shows all isotherms for all of the ZIF-71 and ZIF-93
samples collected at 25 °C. As it can be seen in Fig. 7(a), the
ethanol isotherms for ZIF-71 are S-shaped and the inflection
point occurs at low relative pressures (<0.15 P/P,). The shape
of the isotherm indicates a very limited, but noticeable uptake
of ethanol at low relative pressure. This is probably due to a
partial chemisorption of ethanol on possible surface defect

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dotted lines shows desorption.

sites, which is followed by a sudden uptake associated with the
pore filling phenomenon. There is very little difference between
the ethanol uptake at the ‘working’ relative pressure (0.4 P/P,) and
the maximum relative pressure (0.8 P/P,), showing only a differ-
ence of 0.3-0.7 mmol g~ (Fig. 7, 8 and Fig. S7, ESIt). The ethanol
uptake ranges from 5.4-5.7 mmol g~ ' for the 3 precipitation
method samples at 0.4 P/P,, while the two ball-milled samples
had a lower uptake of 2.8 and 4.3 mmol g * for 4-ZIF71-BM and 5-
ZIF71-BM, respectively. When considering the ethanol uptake at
the maximum pressure, these figures rise to 5.9-6.2 mmol g~ for
the precipitation method samples and 3.2-5.0 mmol g~ " for the
ball-milled samples. Interestingly, 5-ZIF71-BM (which showed the
lower nitrogen physisorption results) proved to be the better
performing ball-milled sample. The uptakes for 1-ZIF71-P, 2-
ZIF71-P and 3-ZIF71-P are in line with previously published
work." At the time of writing, it was not possible to find any
sorption studies for ball-milled ZIF-71 samples. As previously
mentioned in the introduction and noted in published studies,
ZIF-71 is considered to be hydrophobic due to the functional
groups from the 4,5-dichloroimidazole linker. Thus, it was
expected that the ZIF-71 samples would have a low water uptake.
Fig. 7(b) shows that this proved to be the case, with the water
uptakes at maximum pressure all being lower than 0.6 mmol g .

© 2025 The Author(s). Published by the Royal Society of Chemistry

The results clearly demonstrate that the synthesis method
significantly influenced the ZIF-71 ethanol uptakes, i.e., up to
25% lower uptake with the ball-milled samples when compared
to the analogues obtained by the precipitation method.

In the ZIF-93 system, the reduction of water and ethanol
uptake is up to 15% in the ball-milled samples when compared
to the samples obtained by precipitation method. The water
and ethanol adsorption isotherms exhibit S-shapes. For water
sorption, the inflection point associated with sudden pore
filling is at higher relative pressures for all samples (i.e., above
0.4). At lower relative pressures, a small quantity of water is also
adsorbed. This is most probably due to surface hydrophilic
defects. For ethanol sorption in the ZIF-93 system, the quantity
of ethanol adsorbed before the inflection points (ranging from
0.05 to 0.1) is significant, indicating that there is possibly
chemisorption also on the carbonyl functional group of ZIF-93.

To simulate adsorption/desorption under application-
relevant conditions and to evaluate the long-term stability of
the series of materials during use, static isotherms and a series
of single-point cycling experiments at 35 °C were performed for
the selected precipitation method and ball-milled samples
(Fig. 9, 10 and Fig. S7-S9, ESIT). Increasing the acquisition
temperature from 25 °C to 35 °C for the water and ethanol

Mater. Adv., 2025, 6, 5576-5587 | 5583
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isotherms showed only a maximum of 3% difference in the
uptakes (see Fig. 9 and Fig. S7, S8, ESIT). After a preliminary in situ
high temperature activation (150 °C), the partial pressure of the
working fluid was cycled between a fluid loading (heat generation)
and a fluid unloading (heat storage) step. The loading point was
selected as 0.5 P/P, for both water and ethanol, as this point is
situated in the isotherm plateau after pore filling is complete,
guaranteeing the full use of the material’s potential. The unloading
point was selected as a mild vacuum (~1-5 Pa). The selected
pressures were maintained until the sample mass reached equili-
brium. There was no temperature activation between the cycles to
best simulate a sequential vacuum-assisted heat pump cycle. Cycles
were repeated for at least 5 times for all selected materials (Z.e., due
to the longer equilibration times for ethanol, 5 cycles were collected,
whereas 20 cycles were done for water). The equilibrium uptake at
loading for each cycle is shown in Fig. 10 and Fig. S9 (ESIt).

All initial uptakes are fully consistent with the loading obtained
in previously measured isotherms.' Interestingly, both ZIF-93

ZIF-71 Ethanol Adsorption at 35°C
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w
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samples show the same trend when water is used as a working
fluid (Fig. 11(a)) with regards to the uptake and rate of adsorption.
A subtle decrease in the maximum loading (<3% of initial
capacity) is observed in the first 10 cycles, which may be explained
as a partial degradation of the MOF framework. The capacity then
stabilizes and remains essentially constant over the remainder of
the cycles. When ethanol is the working fluid, the behaviour of the
two frameworks is slightly different. Both ZIF-93 samples show a
stable capacity over 5 cycles and 20 cycles, respectively. Conversely,
the ZIF-71 samples show a subtle decrease in capacity with cycling-
evident in 5 cycles and continuing up to 20 cycles. Nevertheless,
the capacity loss appears to stabilise and remains below 5% of the
initial capacity. The rate of adsorption for ethanol is generally
slower than that for water. Furthermore, for both ZIF-71 and ZIF-
93 systems, the adsorption desorption cycle is quicker for the ball-
milled samples when compared to the precipitation ones, from a
few percent for ZIF-71 to up to 25% for ZIF-93. This could be due to
the mesoporosity detected in both samples.

ZIF-93 Adsorption at 35°C
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Fig. 9 Bar charts showing (a) ethanol uptake of ZIF-71, and (b) ethanol and water uptake of ZIF-93 obtained at 35 °C, with data for 0.4 P/Pg and 0.8 P/Pg.
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Overall, both types of materials prepared by ball milling
and precipitation maintain their initial capacity over the eval-
uated cycling program, suggesting their promising long-term
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Fig. 12 PXRD of 3-ZIF93-P-ACT and the sample after water cycling at
35 °C.

performance, which is superior to the majority of MOF
systems.’®>> The sample stability was further confirmed by
PXRD analysis of the used samples, revealing that the crystal-
linity was mostly preserved (Fig. 12).

Conclusions

In this study, ZIF-71 and ZIF-93 were synthesized using sol-
vothermal, precipitation and mechanochemical methods. For
the solvothermal synthesis, the methods from the literature
were modified by changing different reaction parameters, such
as the type of zinc precursor or solvent, reaction time and
concentration of the reagents.

The precipitation method approach demonstrated the suc-
cessful preparation of ZIF-93 samples at room temperature
using water as a solvent, in 4 to 5 hours. Similar ethanol and
water sorption capacities, higher porosity and higher specific
surface area were achieved for these ZIF-93 samples in compar-
ison to other samples synthesized solvothermally at 85 °C.

(b) 25
4 [ ] ° ° . o
24
e 3-ZIF93-P
3 21 6-ZIF93-BM
< e 3-ZIF71-P
S 4 © 5ZF71-BM
g
=}
é 21 ° ° P o °
©
_E
w204
° ® ® Y P
19
18 T T T T T
0 1 2 3 4 5

Number of cycles

Fig. 11 The (a) % water and (b) % ethanol uptake for ZIF samples during cycling tests.
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However, by changing the solvent used in the synthesis from
methanol to ethanol and increasing the concentration of the
reagents in the synthesis, the sorption performance of the ZIF-
93 materials was reduced. For the ZIF-71 samples prepared by
precipitation method, the adsorption capacities for ethanol,
porosity and BET surface area are all decreased in comparison
to the values for the solvothermal analogues. Water adsorption
was negligible in all ZIF-71 samples.

The mechanochemical synthesis approach resulted in ZIF-93
and ZIF-71 products with reduced specific surface area and total
pore volume, compared to the solvothermal samples. However,
the water and ethanol uptake of the mechanochemical ZIF-93
sample was comparable to the uptake of the solvothermal
samples. We can speculate that this could be due to the presence
of SIM-1/ZIF-94 impurities that have higher reported water
sorption capacity compared to ZIF-93, but its presence could
not be confirmed. In the ZIF-71 system, the reduced ethanol
capacity of ZIF-71 synthesized via liquid-assisted ball mill
method might be due to a partial degradation of the structure
during the adsorption studies. For that reason, further optimisa-
tions of the mechanochemical synthesis process is required for
the ZIF-71 system.

The key result of this study is the proof of the relevant
cycling stability of ZIF-93 and ZIF-71 prepared via both synthe-
sis procedures (ball-milling and precipitation methods), and
with the use of both adsorbates (water and ethanol). The study
also revealed that water adsorption in the selected ZIFs is much
faster than ethanol, which is a crucial parameter for sorption-
based applications, like TCES and ACH.
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