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Abstract

Water scarcity is an urgent global problem, with increasing pressure every day from
many factors such as climate change or increasing demand. The air we breathe usually
contains high quantities of water vapour, which could be a potential alternative
source of water, especially in isolated regions or regions affected by droughts. My
research aimed to synthesise metal-organic framework (MOF)-based thermoresponsive
hydrogels for atmospheric water harvesting. The purpose is to combine the high
water adsorption levels of the MOF MIL-101(Cr) with the temperature-responsive
properties of a polymer hydrogel, PNIPAM.

MIL-101(Cr) is synthesised from a chromium precursor and terephthalic acid under
hydrothermal conditions, where the chemicals are heated in an aqueous solution. The
resulting MOF is then integrated into a temperature-responsive polymer network
with in situ radical polymerisation, a process where the reactive molecules (the
radicals) initiate the linking of smaller molecules into a polymer mesh, to form the
MOF-hydrogel. Scanning electron microscopy (SEM) analyses the morphology of
the MOF, hydrogel, and composite, while differential scanning calorimetry (DSC)
analyses the thermal response of the material.

SEM findings showed the characteristic porous MOF structure alongside the poly-
mer network, providing evidence of a successful formation of the MOF-hydrogel.
DSC indicated a thermal transition around 32.2 °C, which is consistent with the
temperature-responsive behaviour required for water release. These findings demon-
strate the potential of combining MIL-101(Cr) with a responsive hydrogel to create
a material for atmospheric water harvesting. Future work could analyse the compos-
ite’s water uptake and release performance in real-life conditions and determine its
potential for energy-efficient water harvesting.
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1 Introduction

1.1 Background and motivation

Clean and reliable freshwater is necessary for human health, agriculture, economic
development, and more, however water resources are under increasing pressure
from factors such as climate change and population growth. Water scarcity is
especially concerning in arid and remote regions, where freshwater sources and
infrastructure may be limited. This has pushed the development of technologies
producing freshwater independently of traditional sources like rivers or groundwater.
One of the potential approaches is atmospheric water harvesting (AWH), where
water vapour naturally present in the atmosphere is extracted and converted into
liquid water. [1,2]

The atmosphere contains large quantities of water in the form of vapour. Unlike many
“conventional” freshwater sources, atmospheric moisture is widely distributed and
could be accessed in areas with limited groundwater resources. In adsorption-based
AWH, a porous or hygroscopic material captures water molecules from humid air
through adsorption. The material is subsequently regenerated, usually through
heating, causing the adsorbed water to be desorbed, and this process can then be
repeated in cycles. The possibility of using relatively low heat for regeneration makes
adsorption-based AWH well-suited for decentralised water production. [2,3]

However, efficiently harvesting water from air has some challenges. The amount
of water that can be captured depends strongly on environmental conditions such
as relative humidity (RH) and temperature. Additionally, an ideal AWH material
must not only adsorb a substantial quantity of water, but also desorb it efficiently
during regeneration. Therefore, fast adsorption and desorption kinetics, structural
and chemical stability, and a low energy requirement for regeneration are important
when designing AWH materials. [3,4]

1.2 Research progress in AWH

Research in AWH has therefore focused on developing materials with higher water
uptake, faster adsorption, and more efficient regeneration. Traditional adsorbents
such as silica gel and zeolites have been researched, while hygroscopic salts have also
been investigated because of their high affinity for water. However, limitations such
as water uptake under low RH, regeneration requirements, and material stability have
motivated research into new materials. [4,5] More recently, metal-organic frameworks
(MOFs) have attracted significant attention because their structures and chemical
properties can be tailored to modify their interaction with water. The development
of MOF-based AWH was notably demonstrated by a 2017 study using MOF-801,
which harvested atmospheric water at RHs as low as 20% using low-grade heat from
natural sunlight for regeneration. [6]

Research has also explored combining water-adsorbing materials with polymer-based
structures such as hydrogels, aiming to combine different desirable properties within
a single material. [7] MOFs are porous crystalline materials constructed from metal-
containing units connected by organic molecules. Their structures contain networks
of pores and internal surfaces, providing sites that can interact with molecules in
their surroundings. Their chemical composition and structural properties can also



be changed, making it possible to modify their adsorption behaviour for specific
applications. [4]

1.3 Research objective

In this project, MIL-101(Cr) was used as the type of MOF in a hydrogel composite,
designed for AWH. MIL-101(Cr) is a promising material because of its high surface
area, porosity and water adsorption capacity. The MOF was combined with a
thermoresponsive polymer hydrogel to desorb water accumulated during regeneration
with less energy. The hydrogel is specifically designed to undergo a temperature-
dependent transition that can promote water release using relatively mild temperature
changes.

The objective of this research project was to synthesise and characterise a MIL-
101(Cr)-based thermoresponsive hydrogel and to investigate its morphology, thermal
behaviour and water uptake relevant to atmospheric water harvesting.

2 Chemical basis of MIL-101(Cr) formation

MIL-101(Cr) is a chromium(III) terephthalate metal-organic framework composed of
trinuclear chromium oxo clusters connected by terephthalate linkers. The trinuclear
chromium oxo cluster acts as a secondary building unit (SBU), while terephthalic

acid, or 1,4-benzenedicarboxylic acid (BDC), acts as the organic linker connecting
neighbouring SBUs. [§]

a)

Figure 1: a) single trinuclear chromium oxo cluster [9], b) BDC

When chromium nitrate nonahydrate is dissolved in water, it dissociates, producing
hydrated Cr3* ions. These chromium ions initially coordinate with water molecules,
giving them an approximately octahedral coordination environment. Some of the
coordinated water molecules can then undergo hydrolysis, producing chromium
species that can subsequently condense during the hydrothermal reaction. This
process is shown at the start of Figure 3.

BDC has two carboxylic acid groups but is only sparingly soluble in water. The small
fraction that dissolves can undergo deprotonation, producing carboxylate groups
capable of coordinating to chromium ions. These groups begin to replace coordinated
water molecules around the hydrated chromium ions, providing precursors for the
developing framework. Sonicating helps produce a more homogeneous mixture by
breaking down BDC particles.



During hydrothermal heating, the increased temperature and pressure help both
the hydrolysis of chromium species and the dissolution of BDC. The hydrolysed
chromium species condense to form trinuclear chromium oxo clusters. Each cluster
consists of three octahedrally coordinated Cr3* ions connected through a central
ps-oxo (O*7) atom. Extra oxygen atoms from carboxylate groups, together with
terminal water or hydroxide ligands, complete the coordination environment of the
chromium centres. [10]

Simultaneously, BDC undergoes further deprotonation to form the terephthalate
dianion, BDC?:
H,BDC == HBDC~ + H"

HBDC™ — BDC? +H"

The resulting BDC?™ ions bridge neighbouring chromium clusters through their two
carboxylate groups. Each linker connects two SBUs, while each trinuclear chromium
cluster is connected to multiple neighbouring SBUs. Repetition of these metal-ligand
connections produces the extended three-dimensional MIL-101(Cr) framework. As
the autoclave cools, crystal growth slows and the formed MIL-101(Cr) structure
becomes stable. [8]

3 Research Design and Methodology

The experimental work was divided into two main phases: the synthesis and purifi-
cation of the MOF MIL-101(Cr), and its later integration into a thermoresponsive
polymer hydrogel, called PNIPAM. This composite uses both the water-adsorbing
properties of the MOF and the temperature-responsive behaviour of the PNIPAM.
After creating the MOF-hydrogel, it was cleaned, frozen, and freeze-dried before
being characterised using scanning electron microscopy (SEM), differential scanning
calorimetry (DSC), and water-uptake measurements. With this, we could analyse
the structure of the composite and its suitability for AWH.

3.1 Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesised by coordination with the two main components under
hydrothermal conditions, meaning at high temperatures in an aqueous solution. The
first main component, chromium(III) nitrate nonahydrate, Cr(NOs3)s - 9H20, was
used as the chromium source, while the second main component, BDC, as the organic
linker. The steps followed to synthesise MIL-101(Cr) were:

1. Add 0.4 g of chromium(III) nitrate nonahydrate and 0.166 g of BDC to 6 mL
of deionised water in a PTFE liner and stir at around 1000 rpm for 5 minutes

2. Sonicate the mixture for around 20 minutes and insert an ice bag in the water
tank so that the temperature will not rise excessively and potentially alter the
chemical properties of the mixture

3. Subsequently, add 0.06 g of acetic acid and stir for around 10 minutes

4. Now, transfer the PTFE liner in a steel autoclave and seal the lid of the
autoclave with a rod



5. Once sealed, heat at 220 °C for 12 hours. Under these hydrothermal conditions,
the chromium-containing species and organic linker react to form the crystalline
nanoporous structure of MIL-101(Cr). After this reaction, let the autoclave
cool overnight

6. Once cooled, distribute the aqueous solution equally in centrifuge tubes. Create
pairs of tubes and number them, and weigh each pair with a balance to
ensure they have approximately the same mass. If not, add deionised water
with a pipette to equalise. Centrifuge for 10 minutes at 7830 rpm (following
centrifuging steps will have the same rpm), and once done, dispose of the liquid,
leaving only a solid sediment in the tube

7. Now, purification. Add 1.5 mL DMF and disperse the solid in the tube by
crushing it with a spatula or using a vortex mixer. Transfer the solutions in
each tube into new ones, ensuring each new tube keeps the old numbering, and
ensure each pair has again the same mass, and if not, add DMF to equalise.
Sonicate for around 10 minutes and once done, centrifuge with the same
settings. Without transferring the solutions into new tubes (but dispersing
again if necessary), repeat this process twice more. Once having centrifuged
for the third time and having disposed of the DMF, add 1.5mL ethanol in the
tubes. Use the same steps as for DMF to disperse and transfer the solution
into new tubes, and repeat the same steps for purification as for DMF but
using ethanol instead, and once having centrifuged with it three times, using
deionised water instead for two centrifuge steps. After the second centrifuge
and having added deionised water and dispersed, measure the mass of the
new empty tubes and record it, then transfer the solutions into the new tubes,
similarly ensuring the mass is the same for each pair. Centrifuge for the final
time, dispose of the liquid and measure the mass of the tube with the MOF
inside



Figure 2: Final MOF-water solution being weighed

3.2 Fabrication of the MOF-based hydrogel

The purified MIL-101(Cr) was then incorporated into the thermoresponsive polymer
hydrogel. The hydrogel is based on N-isopropylacrylamide (NIPAM), a polymer-
forming monomer with temperature-responsive behaviour. To integrate the MOF
with the hydrogel, the instructions followed were:

1. Being able to know the mass of the purified MIL-101(Cr) in the tube, we can
add a specific amount of deionised water based on what we need the density
to be. For this experiment, around 1 mL of deionised water can be added,
ensuring to disperse the solid in the solution

2. Add 5 mL deionised water in a beaker and stir at around 1000 rpm. Then, add
approximately 0.12 g (or 0.3 mL) of MOF

3. Separately, stir the crosslinker MBA solution at around 1000 rpm and prepare
the vacuum desiccator by adding a small quantity of water in the bowl, later
transferring the beaker with the MOF-deionised-water solution inside the
desiccator, with the water level in the bowl only reaching barely above the
base of the beaker to not risk it tipping over while stirring



4. Add to the beaker 0.567 g of NIPAM, 0.173 mL NDEAM, 38 mg MBA (or 1.9
mL, as we dissolved the MBA in deionised water with a concentration of 20
g/L), and 23 mg of APS (or 0.46 mL, as we dissolved the APS in deionised
water with a concentration of 50 g/L), which initiates the in situ free radical
polymerisation process

5. Now that the polymer precursor mixture is ready, add 4-5 ice cubes next to the
beaker in the desiccator bowl so that the temperatures do not rise excessively
and seal the bowl with the dome. Vacuum for 1 hour

6. Once the vacuum is finished and the dome is removed from the bowl, add
40 pL of TEMED, which accelerates the in situ process, and after around 10
seconds, transfer the resulting mixture in petri dishes acting as moulds, where
the polymer network can form around the dispersed MOF particles. Store
these moulds in a refrigerator at 5 °C for around 12 hours
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Figure 3: MOF-hydrogel synthesis diagram

As detailed in Figure 3, this in situ free radical polymerisation allows for the MOF
to be integrated directly into the developing polymer network rather than having to
add it into a pre-formed hydrogel.

The resulting composite was designed around the advantages of its two components,
as shown in Figure 4. MIL-101(Cr) provides a highly porous structure with a high
affinity for water which can adsorb the water molecules in the air, however it requires
temperatures too high (and therefore too much energy) to desorb the water. The
thermoresponsive PNIPAM polymer network can undergo a temperature-dependent
change in its interaction with water, helping the composite desorb the water with only
mild temperature changes. As Figure 4 illustrates, above its Lower Critical Solution
Temperature (LCST), the hydrogel can transition from a hydrophilic, swollen state
to a hydrophobic, shrunken one when heated above its LCST and it is precisely this
hydrophilic-to-hydrophobic change that helps desorb the water in the composite. [11]
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Figure 4: Adsorption by MOF and thermoresponsive desorption by PNIPAM

3.3 Cleaning and drying

Following the refrigeration of the polymerised composite, it was then further cleaned
and processed. This was done with the following steps:

1. Add 4.32 g CaCly - 2H50 (calcium chloride) to 25 mL deionised water in a
beaker and stir at around 1000 rpm until the calcium chloride dissolves in it.
Once fully dissolved, transfer it to the freezer for about 5 minutes to cool, as
this is an exothermic reaction

2. In the meanwhile, prepare a water heat bath and extract the MOF-hydrogels
from the moulds in the fridge, placing them in the bath until the temperature
reaches around 50 °C

3. Take the beaker out the freezer, place the MOF-hydrogels in it and place the
beaker with the composites in it in the freezer for about 15 minutes, then
transfer it in the fridge to stay overnight

4. Once this is done, transfer the MOF-hydrogels from the beaker into petri dishes
and place them in the -80 °C freezer, leaving them in for approximately 24
hours

5. When this is finished, transfer the petri dishes with the MOF-hydrogels from
the low-temperature freezer into the freeze dryer, where the water can be
removed to create the dry composite used for characterisation



Figure 5: Final MOF-hydrogel composite result after freeze-drying

3.4 Characterisation

To determine the properties of the synthesised MOF and hydrogel, one can use SEM,
which analyses the morphology of the material. For the MOF, the SEM allowed the
crystal shape and texture and approximate particle size to be measured. For the
hydrogel, it provided information on the structure of the polymer network and the
distribution of the MOF particles on it.

DSC was instead used to determine the thermal behaviour of the MOF-hydrogel, par-
ticularly its LCST. This temperature threshold is vital because the thermoresponsive
behaviour of the polymer is critical to the water-desorption functions.

Finally, the water-uptake behaviour of the composite was evaluated at a RH of 70%,
with the resulting measurements demonstrating how much atmospheric moisture was
adsorbed per gram of the composite materials and the rate of this adsorption.
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4 Analysis and Findings

4.1 Morphology of the MIL-101(Cr)
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Figure 6: SEM of MOF particles

As Figure 6 shows, SEM revealed the MOF particles displayed a mostly octahedral
crystal morphology, with relatively smooth surfaces. This matches the usual formation

of MIL-101(Cr), meaning my hydrothermal synthesis successfully produced well-
defined, characteristic MIL-101(Cr) particles. [8]
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Figure 7: Count vs size graph

Figure 7 illustrates that the measured particle size distribution has an average size
of approximately 229.9 + 38.1 nm, corresponding to a particle size of about 230 nm.
The formation of nanoscale MOF particles is beneficial when integrating them with
the hydrogel because the MOF needs to be evenly dispersed throughout the polymer
matrix. The relatively small particle size can help achieve an even distribution of the
MOF within the 3D hydrogel structure, which in turn can enhance the hydrogel’s
water-adsorption performance due to the MOF’s high porosity and surface area,
allowing it to act as a hygroscopic material.
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Figure 8: SEM of MOF particles, with octahedral morphology more visible

4.2 Morphology of the MOF-based hydrogel

100 uym

Figure 9: SEM of hydrogel

Figure 9 reveals the structure of the resulting MOF-based hydrogel. The hydrogel
revealed a porous and interconnected network, providing the 3D framework for the

13



MOF particles to anchor to.
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—
Figure 10: SEM of MOF-hydrogel, with a few MOF particle groups circled in red

Figure 10 also indicated the MOF nanoparticles uniformly distributed throughout
and anchored to the polymer mesh.

Figure 11: SEM of MOF particles on hydrogel
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This structure is important because the 2 components have complementary functions.
The MIL-101(Cr) provides the pores and affinity to water to adsorb the moisture in
the air, while the PNIPAM polymer hydrogel forms the macroscopic framework of
the composite and uses its thermoresponsive properties to help desorb the adsorbed
water molecules. The polymer’s interconnected pores may also increase the surface
area available for water adsorption.

The SEM images therefore show that the synthesis was performed successfully to
create a composite where the MOF was incorporated in the hydrogel rather than
remaining as a separate material.

Nevertheless, SEM provides structural information only at the observed locations,
and does not by itself represent values for the entire sample.

4.3 Thermal behaviour
The thermal response of the MOF-based hydrogel was analysed using DSC.

MOF/PNIPAM hydrogel
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20 ' 30 40 | 50
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Figure 12: DSC graph showing LCST at 32.2 °C

Figure 12 shows an LCST of around 32.2 °C. This is crucial for AWH because
a transition around 32 °C means that the relevant change in polymer behaviour
happens at a relatively mild temperature increase rather than at high temperatures.
This supports the concept of using modest temperature changes, including potentially
low-grade or solar heat, to desorb water.

The measured LCST also likely indicates that incorporation of MIL-101(Cr) did
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not significantly change the LCST of the PNIPAM-based hydrogel. This is relevant
because it means that the thermoresponsive behaviour of the polymer was retained
after addition of the MOF. The result therefore supports the combination of the
MOF’s water-adsorption function with the polymer’s temperature-responsive function

4.4 Water-uptake behaviour

The water-uptake behaviour of the MOF-based hydrogel was evaluated at a RH of
70%.
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Figure 13: water uptake graph of MOF-hydrogel at 70% RH

From Figure 13, it can be seen that the resulting curve shows a rapid increase in
water uptake during the initial stage of adsorption, then soon after stabilising for a
relatively long period at around 0.4 grams of water per gram of MOF-hydrogel. The
curve then approaches a relatively stable value, indicating that the material’s rate
of water uptake decreases as it adsorbs, reaching equilibrium. The material showed
significant water uptake and rapid adsorption under these conditions, meaning it
has potential for AWH. The initial steep increase is important to AWH as rapid
adsorption can reduce the time needed for a harvesting cycle. The curve becoming
stable could be because fewer adsorption sites are available.

However, the measurement was performed at a single RH, so it does not answer how
the material would perform across the larger range of humidity and temperature
conditions in real environments. Additional measurements under different RHs,
temperatures, and repeated adsorption-desorption cycles would therefore be useful
to better determine its practical performance.
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4.5 Overall interpretation of findings

These results support the combination of the water-adsorbing properties of MIL-
101(Cr) with the thermoresponsive behaviour of the polymer hydrogel. Simulta-
neously, the experiments represent an initial material-level assessment rather than
a demonstration of a complete AWH technology, and need further work to better
investigate their properties and applications.

5 Conclusion and Outlook

This project investigated the synthesis and characterisation of a MIL-101(Cr)-based
thermoresponsive hydrogel for AWH. MIL-101(Cr) was first synthesised under hy-
drothermal conditions and subsequently purified then incorporated into a polymer
hydrogel through in situ free radical polymerisation. The resulting composite was
cleaned, dried, and characterised to evaluate its morphology, thermal response and
water-uptake behaviour.

The characterisation results demonstrated the successful formation of the intended
material. SEM analysis showed the synthesised MIL-101(Cr) formed approximately
230 nm octahedral particles, while the hydrogel had a porous, interconnected struc-
ture with MOF particles uniformly distributed throughout the polymer mesh. DSC
revealed an LCST of around 32.2 °C, meaning the composite kept the thermore-
sponsive behaviour of PNIPAM after integration with the MOF. Water-uptake
measurements at 70% RH further showed rapid adsorption and substantial water
uptake, demonstrating the material’s ability to capture atmospheric moisture under
the tested conditions.

These findings support the concept of combining the water-adsorbing properties of
MIL-101(Cr) with the thermoresponsive behaviour of PNIPAM. However, further
work is needed to determine the material’s performance under realistic conditions as
an operational AWH system, including its long-term stability and behaviour over
repeated adsorption and regeneration cycles. Future studies could investigate the
material’s water uptake and release under a wider range of realistic humidity and
temperature conditions, as well as its scalability for practical applications.

6 Bibliography

[1] United Nations. The United Nations World Water Development Report 2024:
Water for Prosperity and Peace. UNESCO, 2024, https://unesdoc.unesco.
org/ark:/48223/p£0000388948.

[2] Li, Renyuan, and Peng Wang. “Sorbents, Processes and Applications beyond Wa-
ter Production in Sorption-Based Atmospheric Water Harvesting.” Nature Water,
vol. 1, 2023, pp. 573-586, https://doi.org/10.1038/s44221-023-00099-0.

[3] Zhong, Yang, et al. “Bridging Materials Innovations to Sorption-Based Atmo-
spheric Water Harvesting Devices.” Nature Reviews Materials, vol. 9, no. 10,
2024, pp. 681-698, https://doi.org/10.1038/s41578-024-00665-2.

17


https://unesdoc.unesco.org/ark:/48223/pf0000388948
https://unesdoc.unesco.org/ark:/48223/pf0000388948
https://doi.org/10.1038/s44221-023-00099-0
https://doi.org/10.1038/s41578-024-00665-2

[4]

[10]

[11]

7

El-Sharkawy, Ibrahim I., et al. “Material Characteristics and Selection Criteria for
Adsorption-Based Atmospheric Water Harvesting: An Overview.” Solar Energy,
vol. 283, 2024, article 112996, https://doi.org/10.1016/j.solener.2024.
112996.

Shan, He, et al. “Hygroscopic Salt-Embedded Composite Materials for Sorption-
Based Atmospheric Water Harvesting.” Nature Reviews Materials, vol. 9, no. 10,
2024, pp. 699-721, https://doi.org/10.1038/s41578-024-00721-x.

Kim, Hyunho, et al. “Water Harvesting from Air with Metal-Organic Frameworks
Powered by Natural Sunlight.” Science, vol. 356, no. 6336, 2017, pp. 430-434,
https://doi.org/10.1126/science.aam8743.

Lyu, Tong, et al. “Hydrogels and Hydrogel Derivatives for Atmospheric Water
Harvesting.” Materials Today Sustainability, vol. 25, 2024, article 100693, https:
//doi.org/10.1016/] .mtsust.2024.100693.

Bhattacharjee, Samiran, et al. “Chromium Terephthalate Metal-Organic Frame-
work MIL-101: Synthesis, Functionalization, and Applications for Adsorption
and Catalysis.” RSC Advances, vol. 4, 2014, pp. 52500-52525, https://doi.
org/10.1039/C4RA11259H.

Wee, Mei Gui Vanessa, et al. “Elucidating Improvements to MIL-101(Cr)’s
Porosity and Particle Size Distributions Based on Innovations and Fine-Tuning
in Synthesis Procedures.” Advanced Materials Interfaces, vol. 10, no. 18, 2023,
article 2300065, https://doi.org/10.1002/admi .202300065.

Cantu, David C., et al. “Formation Mechanism of the Secondary Building Unit in
a Chromium Terephthalate Metal-Organic Framework.” Chemistry of Materials,
vol. 26, no. 22, 2014, pp. 6401-6409, https://doi.org/10.1021/cm5027859.

Neumann, Myriam, et al. “Stimuli-Responsive Hydrogels: The Dynamic Smart
Biomaterials of Tomorrow.” Macromolecules, vol. 56, no. 21, 2023, pp. 8377-8392,
https://doi.org/10.1021/acs.macromol.3c00967.

Acknowledgements

I would like to thank my supervisor, Dr Ben Chu, for his help and guidance to
me throughout the research internship. His valuable advice and experience helped
me learn standard lab practices, the fundamentals of the complex theory behind
the chemistry I studied this summer, how to properly create scientific posters and
reports, and more. I am especially grateful for his willingness to teach me whenever
I made mistakes and his encouragement to ask questions, which he always answered
thoughtfully and thoroughly.

I would also like to deeply thank my lab head, Dr Zhengmao Lu, for hosting me in
his lab and for his prompt responses to my questions. I am really thankful to him
for this opportunity and for his kind introduction to the other lab members. I am

18


https://doi.org/10.1016/j.solener.2024.112996
https://doi.org/10.1016/j.solener.2024.112996
https://doi.org/10.1038/s41578-024-00721-x
https://doi.org/10.1126/science.aam8743
https://doi.org/10.1016/j.mtsust.2024.100693
https://doi.org/10.1016/j.mtsust.2024.100693
https://doi.org/10.1039/C4RA11259H
https://doi.org/10.1039/C4RA11259H
https://doi.org/10.1002/admi.202300065
https://doi.org/10.1021/cm5027859
https://doi.org/10.1021/acs.macromol.3c00967

really grateful to them as well for creating such a warm lab environment, filled with
conversations often focused outside lab work.

Lastly, I am really grateful to the Laidlaw Programme and Dan-Thi Nguyen for this
amazing opportunity, her constant availability and kind, useful answers to my many
(many) questions, and for organising and overseeing such an incredible programme
dedicated to helping young university students gain experience in the wonderful field
of research.

19



8 Appendix

8.1 Research poster

=PFL Could You Drink Air? A\ rapLaw

Bioinspired Thermoresponsive MOF-Based Hydrogels for Atmospheric Water Harvesting

Daniele Orlando Pentangelo, Ben Chu, Zhengmao Lu
Energy Transport Advances Laboratory, EPFL, daniele.pentangelo@epfl.ch

Introduction

CLEANWATER e @ PO Desorpton Water is scarce. Humid air is not.
AND SANITATION Yo e R W QO Freshwater resources are under rising pressure from
8 0 l bt - l i factors such as climate change and population growth.
- Release & regeneration O A metal-organic framework (MOF) with high porosity
& - can harvest the moisture in the air, even in arid

regions.

) 0 The hygroscopic MOF has a strong affinity for water,
3 r's and large amounts of energy are required for water

Clean water

desorption and regeneration.

U MOF/PNIPAM
° °
T>LCST & )
S L\}éy
3 = v
> LN
P T<LCST ¢ (7 &
® ®
1N
Swollen state Shrunken state

MOF-based hydrogel

Inspired by the sea cucumber, we combine thermoresponsive PNIPAM, which shows lower critical solution

Sea cucumber 4"
3 ' temperature (LCST), with the MOF to promote captured water being released with mild temperature changes.

Soft

Material Synthesis
//' //’ 4
' . }_Q{ < NIPAM (monomer) . MBA (crosslinker) ¢ APS (iniiator)
[ y :
cr* BDC Hydroth_ermal
reaction A
In situ free radical polymerization to Sl;r'or 1hin ioe:_a_th
prepare MOF-based hydrogels ;""" ton
< TEMED (accelerator)
Keep for 12h at room
v temperature Transfer
.. ¢ " ¢ ")
H,0 Chromium trimer MIL-101(Cr)l"] Petri dish (mould)
Vo] MOFPNIPAM hydrogel
- QO The morphology of the MOF was an octahedron crystal
£ with a smooth surface and a particle size of about 230 nm.
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H
* Q The hydrogel shows a porous, interconnected network.
MOF nanoparticles are evenly anchored on the framework of
o T pr the polymer matrix.
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Q The LCST of the MOF/PNIPAM hydrogel is 32.2 °C, indicating
that MOF incorporation doesn’t change the LCST of the
PNIPAM hydrogel.

Wateruptake (9G)
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The MOF/PNIPAM hydrogel shows high water uptake and
rapid adsorption at a relative humidity (RH) of 70%.
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Conclusion and Outlook

= We developed a bio-inspired thermoresponsive MOF/PNIPAM hydrogel for atmospheric water harvesting. The hydrophilic-to-hydrophobic transition
of the hydrogel above the LCST facilitates direct liquid water release with minimal energy input.
= Future work will focus on improving the performance of the MOF/PNIPAM hydrogel under realistic conditions and its integration into scalable water

harvesting devices.

[1] Wee, M. G. V. etal. Advanced Materials Interfaces 2023, 10, 2300065. DO: 10.1002/admi.202300065. CC BY 4.0. Adapted.

Figure 14: Research poster. Note in the MOF-hydrogel diagram in “Material
Synthesis”, the final step differs slightly, but it is simply a different way of creating
the composite
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