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Summary/Zusammenfassung

Summary

Over the past decade, metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have undeniably emerged as a leading class of advanced reticular
materials, demonstrating considerable potential in environmental science, energy,
chemical engineering, biomedical engineering, and other areas. However, the insoluble
nature and processing challenges associated with COF and MOF powders significantly
impede their practical applications. My work aims to develop methods for processing
reticular MOFs and COFs into self-standing, two-dimensional (2D) and three-
dimensional (3D) membranes and open-cell sponges. These self-standing materials
with hierarchical porous structures, mechanical stability, and functional properties,
thereby expected to unlock new possibilities for their applications. Moreover,
recovering frameworks after use as self-standing membranes and sponges, rather than
as powder, should be more efficient enhancing the recycling efficiency and cost-
effectiveness, making it a more sustainable option for use. Therefore, the use of the self-
standing MOF and COF objects in water purification and catalysis is also shown with
recyclability possibility in a collaborative work.

Initially, my efforts were focused on devising a template-assisted process for creating
porous, self-standing COF membranes. The method utilizes an electrospun polymer
membrane as a sacrificial template skeleton on which in the first step COFs are grown.
In the second step the template electrospun polymer is removed by solvent extraction
to leave large dimension porous self-standing membranes entirely made-up of only
COF. These COF membranes have high crystallinity, large surface area (1153 m2 g!),
and notable mechanical stability and flexibility, demonstrated by their ability to
withstand bending over 10,000 times. Building on this groundwork, the method was
adapted to fabricate functional (acidic and basic) self-standing MOF membranes. The

effectiveness of functional MOF membranes as catalysts for one-pot cascade reactions
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over multiple cycles has been demonstrated in collaboration with my laboratory
colleague, Ms. Yingying Du.

The innovative aspect of this template-assisted framework synthesis involves
immobilizing one of the MOF/COF components on the template electrospun polymer
membranes by mixing it into the electrospinning solution. Upon exposure of the
electrospun membrane to the second MOF/COF component under appropriate
conditions, the in-situ framework growth on the template commences. Combining both
framework components from the start with the template electrospinning polymer
solution, followed by electrospinning and subsequent solid-state polymerization on the
electrospun template, resulted in a non-crystalline porous organic polymer framework.
This framework was utilized by Prof. Senker’s group for CO2 uptake and gas separation
analysis (CO2/N; and CO2/CH4). The CO> uptake was recorded at 3.0 mmol g (0 °C,
1 bar), with CO2/CHjy selectivity approximately 20 (0 °C, 1 bar).

3D open-cell sponges, with their hierarchical porous structure, offer higher porosity and
pore volume compared to 2D membranes, enhancing mass transfer. Despite challenges
in achieving a mechanically stable pure framework (MOF/COF) sponge, this work
successfully developed a composite sponge. This was accomplished by the in-situ
growth of frameworks (MOF/COF) on a lightweight, open-cell skeleton sponge made
from polyimide (PI) electrospun short fibers using poly acrylonitrile as binder. This
work also demonstrates the utility and recyclability of these sponges as adsorbents and
filters, exemplified by the removal of organic dyes from water.

The results are published in five peer-reviewed journals as follows: Advanced
Functional Materials, 2021, 31(49), 2106507; ChemCatChem, 2022, 14(22),
€202201040; Microporous and Mesoporous Materials, 2022, 329, 111519; Advanced
Functional Materials, 2023, 2309938; Advanced Energy and Sustainability Research,
2023, 2300218.

10



Summary/Zusammenfassung

Zusammenfassung

Uber das letzte Jahrzehnt hinweg haben sich metallorganische Geriistverbindungen
(MOFs) und kovalente organische Geriistverbindungen (COFs) zweifellos als fithrende
Klasse fortschrittlicher netzartiger Materialien etabliert und dabei betrachtliches
Potenzial in Umweltwissenschaften, Energie, chemischer Verfahrenstechnik,
Biomedizintechnik und anderen Bereichen gezeigt. Allerdings behindern die unlésliche
Natur und die Verarbeitungsherausforderungen von COF- und MOF-Pulvern erheblich
ihre praktische Anwendung. Meine Arbeit zielt darauf ab, Methoden zur Verarbeitung
von netzartigen MOFs und COFs zu selbsttragenden zweidimensionalen (2D) und
dreidimensionalen (3D) Membranen und offenzelligen Schwdmmen zu entwickeln.
Diese selbsttragenden Materialien mit hierarchisch pordsen Strukturen, mechanischer
Stabilitdt und funktionalen Eigenschaften sollen somit neue Mdoglichkeiten fiir ihre
Anwendungen erschlieBen. Dariiber hinaus sollte die Riickgewinnung der
Gertiistverbindungen nach ihrer Verwendung als selbsttragende Membranen und
Schwiamme, anstatt als Pulver, effizienter sein und die Recyclingeffizienz und
Kosteneffektivitit verbessern, was sie zu einer nachhaltigeren Option fiir den Einsatz
macht. Daher wird in einer kooperativen Arbeit auch die Verwendung der
selbsttragenden MOF- und COF-Objekte in der Wasseraufbereitung und Katalyse mit
der Moglichkeit der Wiederverwertbarkeit gezeigt.

Zundchst lag der Fokus meiner Bemiihungen auf der Entwicklung eines
templateunterstiitzten Prozesses zur Herstellung poroser, selbsttragender COF-
Membranen. Die Methode nutzt eine elektrogesponnene Polymermembran als
opferhaften Vorlagengeriistrahmen, auf dem in einem ersten Schritt COFs wachsen. In
einem zweiten Schritt wird das Vorlagen elektrogesponnene Polymer durch
Losungsmittelextraktion entfernt, um grofle dimensionale pordse selbsttragende
Membranen vollstindig aus COF zu hinterlassen. Diese COF-Membranen weisen eine
hohe Kristallinitit, eine groBe Oberfliche (1153 m? g!) und eine bemerkenswerte
mechanische Stabilitit und Flexibilitdt auf, die sich in ihrer Fahigkeit zeigen, liber

10.000-mal gebogen zu werden. Aufbauend auf dieser Grundlage wurde die Methode

11
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angepasst, um funktionale (saure und basische) selbsttragende MOF-Membranen
herzustellen. Die Wirksamkeit von funktionalen MOF-Membranen als Katalysatoren
fir FEin-Topf-Kaskadenreaktionen iiber mehrere Zyklen hinweg wurde in
Zusammenarbeit mit meiner Laborkollegin Frau Yingying Du demonstriert.

Das innovative Merkmal dieser templateunterstiitzten Rahmen-Synthese besteht darin,
eines der MOF/COF-Komponenten auf den elektrogesponnenen Polymermembranen
zu immobilisieren, indem es in die Elektrospinnlésung gemischt wird. Bei Einwirkung
der elektrogesponnenen Membran auf die zweite MOF/COF-Komponente unter
geeigneten Bedingungen beginnt das in-situ Rahmenwachstum auf der Vorlage. Durch
die Kombination beider Rahmenkomponenten von Anfang an mit der Elektrospinn-
Polymerlosung, gefolgt von der Elektrospinnung und anschlieBender
Feststoffpolymerisation auf der elektrogesponnenen Vorlage, entstand ein nicht-
kristallines pordses organisches Polymergeriist. Dieses Gerlist wurde von der Gruppe
von Prof. Senker fiir CO>-Aufnahme und Gasabscheidungsanalyse (CO2/N> und
CO»/CH4) genutzt. Die CO>-Aufnahme wurde mit 3,0 mmol g™ (0 °C, 1 bar) gemessen,
mit einer CO»/CHy-Selektivitit von etwa 20 (0 °C, 1 bar).

3D oftenzellige Schwidmme bieten aufgrund ihrer hierarchisch pordsen Struktur eine
hohere Porositit und Porenvolumen im Vergleich zu 2D-Membranen und verbessern so
den Stofftransport. Trotz der Herausforderungen, einen mechanisch stabilen reinen
Rahmen (MOF/COF)-Schwamm zu erreichen, wurde in dieser Arbeit erfolgreich ein
Verbundschwamm entwickelt. Dies wurde durch das in-situ-Wachstum von Geriisten
(MOF/COF) auf einem leichten, offenzelligen  Geriistschwamm  aus
elektrogesponnenen kurzen Polyimidfasern unter Verwendung von Polyacrylnitril als
Bindemittel erreicht. Diese Arbeit zeigt auch die Niitzlichkeit und Recyclingfdhigkeit
dieser Schwdmme als Adsorbentien und Filter, wie am Beispiel der Entfernung
organischer Farbstoffe aus Wasser.

Die Ergebnisse sind in fiinf peer-reviewed Zeitschriften wie folgt verdffentlicht:
Advanced Functional Materials, 2021, 31(49), 2106507; ChemCatChem, 2022, 14(22),
€202201040; Microporous and Mesoporous Materials, 2022, 329, 111519; Advanced
Functional Materials, 2023, 2309938; Advanced Energy and Sustainability Research,

12
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2023, 2300218.
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1. Introduction

1. Introduction

1.1 Motivation

In recent decades, the rapid and sustained development of the world economy has
intensified social concerns about energy shortages and global environmental issues,
causing many scientists in academia and industry to turn their attention to the materials

(151 Among these, crystalline porous reticular

world, especially porous materials
framework materials constructed through reticular chemistry, metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs) have gained prominence.
Their swift advancement has broadened the scope of porous materials in numerous

applications, such as gas separation and storage [**), sensors 1%, optoelectronics 1112,

14-15

catalysis [*l, environmental remediation !*!] biomedical engineering ¢! and

energy 13191,

MOFs are composed of organic linkers and metal ions/clusters through strong
coordination bonds, while COF are formed by organic linkers through strong covalent
bonds. Compared with traditional porous materials, MOFs and COFs exhibit large
surface areas, high porosity, designable and modifiable framework structures. Despite
several favourable properties, MOFs and COFs are usually one-dimensional (1D)
micro/nano powders synthesized through solvothermal synthesis, which are insoluble
in the common organic solvents and difficult-to-process, and greatly limits their
practical applications. Therefore, in order to promote the application of porous
materials in real life, it is necessary to develop new methods of constructing
mechanically stable, self-standing monolithic MOF and COF architectures (two-
dimensional (2D) films/membranes and three-dimensional (3D)

(20-24] This is the aim of my research also. The various

aerogels/sponges/foams).
dimensionality COFs and MOFs would be highly promising for various applications

(Figure 1-1).

15
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Figure. 1-1. 1D, 2D and 3D MOF and COF materials and their applications are

demonstrated.

The versatile method of electrospinning is used in my research work to construct 2D
MOF and COF porous membranes and 3D MOF and COF sponges.

In the following section, I review the available knowledge regarding the synthesis and
applications of MOFs, COFs and other organic porous polymers, as well as the
challenges faced in practical applications. At the same time, the electrospinning process
and its characteristics and advantages in preparing 2D nanofiber membranes and 3D

nanofiber monolithic materials are also introduced.

1.2 Reticular chemistry: MOFs and COFs

Reticular chemistry, derived from the Latin term “reticulum”, meaning “small net” or
“net-like”, and involves using strong bonds to join individual building blocks (such as
molecules and clusters) in a designed way to form broad and coherent structures with
highly ordered arrangements. [°-2%) Taking MOFs and COFs as examples, through the
design of reticular chemistry and using different individual building blocks, the crystal

framework structure and chemical composition can be accurately predicted, and give

16
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them properties such as high surface area and porosity, well-defined pore size and good
stability. 272! These unique properties make MOFs and COFs widely used in fields
such as catalysis, environmental remediation, sensors, gas adsorption and separation,
energy and biomedicine engineering.

MOFs are the first type of porous crystalline materials synthesized through reticular
chemistry, composed of organic linkers and metal ions/clusters through strong
coordination bonds, Figure 1-2. Yaghi and Li et al. 3% synthesized rectangular crystal
MOFs in 1995 through solvothermal process using aromatic ligands and copper ions as
raw materials, as show in Figure 1-3. The way in which the organic and inorganic units
are connected through strong directional bonds allows the surface area of MOFs to far
exceed that of all porous materials known so far. And the infinite combination of
organic and inorganic chemistry has resulted in MOFs becoming the most diverse class

of crystals (more than 20,000). 3!

Metal center

+ —

Linker MOF

Figure 1-2. Schematic structure of the MOF.

»—

b o
=g =<3 )
TN

(a) Cubic Diamond (b) Cu(4,4"-bpy), - PF, (¢) Cu(4,4"-bpy), s - NO3;(H,0); 5

Figure 1-3. Schematic illustration presenting the structural analogy recognized
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between diamond and two new Cu(4,4'-bipyridine) solids. The length of the rod-like
4,4'-bipyridine ligand (shown as dark lines) allows the formation of open frameworks
b and c that are based on tetrahedral coordination of Cu(I). The Cu(I) centers in parts b

and c are distinguished as open and dark spheres for clarity.

COFs are the second type of reticular framework materials, which are composed
entirely of molecular organic structural units connected by covalent bonds, Figure 1-4.
Synthesis conditions need to be carefully designed to make the formation of covalent
bonds microscopically reversible, thereby achieving crystallization. Moreover, COFs
are porous crystals composed entirely of light elements (H, B, C, N, O, and S), showing
low density and good chemical stability. Since Yaghi and colleagues first synthesized
COFs (Figure 1-5) in 2005,°?1 a variety of connections have been found for the

synthesis of COFs, including boroxine-linked 3% imine-linked 1*3-3%], azine-linked

[37-38 [39-40] [41-42 [43-44]

1. hydrazone-linked , B-ketoenamine-linked 1 phenazine-linked ,

triazine-linked [*>#¢), and SP?-carbon-linked “7-*}1. However, compared to MOFs, the

number of known COFs is relatively small (greater than 570).14°!

Linker 1

= )

Linker 2 COF

Figure 1-4. Schematic structure of the COF.
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Figure 1-5. (a to d) Condensation reactions of boronic acids used to produce discrete

molecules and extended COFs.
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The solvothermal method is one of the common methods of preparing frameworks. It
refers to a synthesis method in which the reaction is carried out in an autoclave in an
organic solvent and the reactants are reacted at a certain temperature and the autogenous
pressure of the solution. **3!1 It is the earliest method used to synthesize MOFs and
COFs. However, in order to comply with the principles of safety and green chemistry
in daily production, scientists have developed a variety of green solvents for the
synthesis of MOFs and COFs. UiO-66 is one of the most common MOFs, and DMF is
usually used as the reaction solvent, as show in Figure 1-6. Vaccaro et al. 52! chose 40
green solvents with low cost, low toxicity and complete biodegradability to synthesize
Ui0-66. Gao's research group 3] used choline chloride (ChCl)-hexafluoroisopropanol
(HFIP) linked deep eutectic solvents (DESs) as the reaction solvent to synthesize highly
crystalline COF particles without the need for additional catalysts. And by simply
changing the molar ratio of ChCl and HFIP in DES, various imine-linked COFs with
high crystallinity can be synthesized. Therefore, environmentally friendly solvothermal
synthesis of MOFs and COFs is an important direction for future development.
Although solvothermal method is the most commonly used method, the maintenance
of high temperature, high pressure and long reaction time make it unsuitable for the
large-scale production of MOFs and COFs.

Zr+

DMF ! ’
+ = *l
CooH 120 °C . - i

«

-

@0
9 C
* Zr cluster
COOH

1,4-dicarboxybenzene Ui0-66

Figure 1-6. Schematic structure of UiO-66.

Microwave-assisted synthesis has been widely used in the preparation of nanoporous
materials. °*>°] Based on the ability of the material to absorb microwave and convert it

into heat, the material is heated rapidly by two mechanisms: ion conduction (for ions)
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and dipole polarization (for dipoles), which shows the characteristics of fast heating
speed, high thermal energy utilization rate, sensitive response and high product quality.
As aresult, the resulting particles exhibit uniform morphology and narrow particle size
distribution. As many theories and experiments have shown, the nucleation and growth
of MOFs and COFs crystals are thermodynamically controlled. Microwave-assisted
synthesis can accelerate the nucleation and growth of crystals and shorten the entire
synthesis time. Back in 2005, Chang et al. ® synthesized chromium trimesate
(designated as MIL-100) with microwave assistance for the first time. In addition, the
yield of the product synthesized by this method in 4 hours is equivalent to that of the
traditional electric heating in 4 days, and the synthesis speed is 20 times faster.

s 7 obtained COF-5 by microwave heating in 20

Subsequently, Cooper and co-worker
minutes with a good yield (68-95%) and a high surface area (Sper =2099 m? g'!), which
is 200 times faster than conventional solvothermal synthesis. In conclusion,
microwave-assisted synthesis could be a simple option for enhancing the production
efficiency of MOFs and COFs.

Another step in the direction of green synthesis of frameworks is by using
mechanochemistry, which is the generation of sufficient energy through mechanical
action (grinding, extrusion, shearing) to induce changes in the structure and physical
and chemical properties of substances, and induce chemical reactions. *3-°! Different
from ordinary thermochemical reactions, mechanochemistry can quickly synthesize
products without solvent or with a small amount of solvent, which is in line with the
concept of low energy consumption and solvent-free green chemistry. In recent years,
it has been widely used to synthesize porous organic polymers such as MOFs and COFs.
In 2006, James and colleagues [®"] were the first to produce MOF (Cu(INA),) in 10 min
by mechanochemistry using a dry grinding reaction between copper (II) acetate
monohydrate and isonicotinic acid (INA). The formed byproducts (water and acetic
acid) can be captured by the micropores and can be expelled by heating. Another study
showed that a rapid (90 mins) synthesis of Zr-based MOFs (Ui0-66 and UiO-66-NH>)
grams was possible at room temperature using liquid-assisted grinding. [®!] Banerjee's

group 2 first synthesized three B-ketoenamine-linked COFs by room temperature
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solvent-free mechanochemical grinding in 2013. The color change of the product can
be clearly detected during the grinding process. In the mechanochemical synthesis
process, the graphene-like layer of COF can be obtained, which is different from the
solvothermal synthesis of COF. Therefore, compared with traditional solvothermal
synthesis, mechanochemical synthesis is an environmentally friendly, fast and
convenient method for large-scale synthesis of MOFs and COFs, which has great
potential in industrial scale production.

The shape and size of MOF and COF particles can be effectively controlled by adding
the modulating agents. In the process of solvothermal synthesis of MOFs, the addition
of modulating agent can lead to the deprotonation of organic ligands and thus accelerate
the nucleation rate of crystals. Secondly, the modulating agent can also compete with
the organic ligand for the coordination sites of the metal clusters, resulting in a slowing
down of the reaction kinetics, resulting in the formation of nanoparticles of different
shapes and sizes. (0364 Lu et al. [ reported an acid/base (acetic acid/triethylamine) co-
modulation method for the synthesis of monodisperse Zr-based MOF (UiO-66). Acetic
acid is used to regulate the shape of the crystal, and triethylamine is used as a
coregulator to control the nucleation of the crystal, so as to accurately control the shape,
size and defects of UiO-66. Yaghi's research group [°’! used aniline as a nucleation
inhibitor and a competitive regulator of amino organic linking units to slow down the
nucleation and growth of crystals. At the same time, the reversibility of imide bond
formation and error correction process was enhanced, and several imide 3D COFs
(COF-300, COF-303, LZU-79, and LZU-111) single crystals with particle sizes of tens
of microns were obtained.

Surfactants are another class of modulators added during the synthesis of MOFs and
COFs. In solution, a certain concentration of surfactant forms micelles and a stable
layer of nano-sized droplets is formed at the interface of two immiscible phases. [67-68
Zhu and co-workers (%) synthesized the hierarchical mesoscopic structure Cr-based
MOF (MIL-101) with various morphisms (microcrystals, nanospheres, and
nanoflowers) using cationic surfactant cetyltrimethylammonium bromide (CTAB) as a

structure-directing agent. Compared with bulk MIL-101, hierarchical mesoscopic MIL-
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(701 ysed

101 showed a faster adsorption rate for dyes. Zhao et al.
dodecyltrimethylammonium bromide (DTAB) as a modulating agent to prepare hollow
COFs microspheres through emulsion interfacial polymerization. The COF
microsphere serves as an effective host for laccase immobilization and exhibits
excellent adsorption performance and rapid degradation rate for tetracycline.

In addition to the above modulating agents, inorganic salts and ionic liquids can also be
used as modulators for the synthesis of MOFs and COFs, and the size of the crystals
can be changed by controlling the growth rate of the crystals. "1

The highlighted extensive work shows that researchers have developed many methods
for synthesizing MOF and COF particles. Their composition and functionalization are
diverse, with different physical and chemical properties. To deepen the understanding
of their properties, characterization of morphology, shape, size, porosity, and surface
charge is required. Several methods are reported in the literature which are used in

combination for a precise characterization of MOFs and COFs (Figure 1-7).[7°]

o Porosity
<= - - -
Electron microscopy Light scattering Electrophoretic Gas
SEM/TEM DLS/SLS/FCS light scattering sorption
X-ray diffraction j [ )[ ] [ DSC Thermo- j
NTA TRPS :
XRD / SAXS Porosimet
MOF NP [ i
Sample
AFM SEC

Figure 1-7. Characterization methods of reticular nanoparticles. The full names of NTA,

Size

Diametre

TRPS, DSC, AFM and SEC are nanoparticle tracking analysis, tunable resistive pulse
sensing, differential scanning calorimetry, atomic force microscopy and size exclusion
chromatography respectively. Reprinted with permission from ref. [73]. Copyright
(2020) Wiley-VCH.
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1.2.1 2D MOF and COF films/membranes

In recent years, the size and shape of MOF and COF particles have been controlled
through different methods, but powdered MOF and COF materials cannot meet the

requirements of many practical applications. [*74]

The physical properties of
micro/nanoparticles make it easy for MOFs and COFs to block reactors and pipelines
during separation, catalysis and other industrial applications. At the same time, its poor
processing performance leads to the problem of difficulty in recycling, and serious
material loss inevitably occurs when flushed with fluid (gas or liquid). This has greatly
hindered the development and application in the industrial field. Moreover, with the
rapid development of economy and society, more and more membrane materials are
developed, both in industrial development and in daily life. [7>7¢! Especially with the
rapid development of low energy consumption, scalable and easy-to-operate membrane
separation processes, various polymer membranes emerge like polyacrylonitrile (PAN)
771 polyethersulfone (PES) 78] polysulfone (PSF) "), and poly(vinylidene fluoride)
(PVDF) 8% However, compared with MOFs and COFs, these polymers lack ordered
nanopores and high porosity, which is not conducive to material transport. Therefore,
processing MOFs and COFs into membranes can not only improve their processability,
but also have help stimulate more research interest and applications in MOF and COF
materials. Described below are some literature examples for the preparation of
MOF/COF membranes.

a). In-situ solvothermal method

In situ solvothermal method of making framework membranes is also called direct
growth method. In this process COF/MOF is grown as a thin film on a substrate. The
substrate is put in the reaction solution (vertically or horizontally) during the
solvothermal synthesis of frameworks. [#182! Lai et al. ®¥ successfully synthesized the
first continuous and well-intergrown ZnsO(BDC); (MOF-5) membranes on a porous
substrate (a-Al>O3) through a solvothermal method. And the thickness of the membrane
can be adjusted by controlling the reaction time. In 2011, Dichtel and co-workers ¥4

reported the growth of oriented 2D COF (COF-5) films on single-layer graphene via
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in-situ solvothermal method. Moreover, compared with traditional solvothermal
synthesized COF powders, COF films exhibit higher crystallinity.

In-situ solvothermal method is the most direct and convenient method for MOF and
COF membranes preparation. However, it is usually difficult for organic linkers to form
bonds with the surface of the substrate, resulting in poor heterogeneous nucleation of
MOFs and COFs, and not easy to nucleate and grow directly on the surface of the
substrate. Many studies have shown that functional modification of the substrate
surface is an effective way to prepare dense MOF and COF membranes. ") Huang

and colleagues [86-%7]

successfully modified porous alumina substrates using 3-
aminopropyltriethoxysilane (APTES), and subsequently prepared ZIF-22 and ZIF-90
membranes with high separation performance. In this study, the ethoxy group in APTES
interacts with the -OH on the surface of alumina, while the -NH; at the other end reacts
with the aldehyde group in the organic ligand and acts as a bridge between porous
alumina and MOFs, allowing the MOFs to nucleate and grow at a fixed site and form a
complete membrane.

In another study, ¥ APTES was also used to modify an alumina substrate with amino
functional groups, and imine-linked COF-LZUI1 layer and azine-linked ACOF-1 layer
were sequentially grown on the substrate through an in-situ solvothermal method. The
formed COF-COF double-layer composite membrane has a staggered pore network and
has excellent gas separation performance.

In addition, COF-MOF composite membranes can be obtained through similar methods.
Qiu et al. ™1 sequentially grew COF (COF-300) membrane and MOF (ZIF-8)
membrane on the surface of polyaniline-modified SiO> discs to form COF-MOF
composite membranes. The COF-MOF composite membranes have higher H»/CO, gas
mixture separation selectivity than individual single phase (COF or MOF) membranes.
Therefore, the in-situ solvothermal method is one of the most effective methods for
preparing MOF membranes, COF membranes, and their composite membranes.

b). Interface synthesis

Interfacial synthesis means that two highly reactive monomers are dissolved in two

mutually incompatible solvents, polymerization occurs at the interface of the two liquid
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0911 1t is characterized by low reaction temperature and

phases, and a film is formed.
relatively simple process equipment, and is often used in the preparation of polymer
films. In recent years, it has also been used in the preparation of MOF and COF films.
Zhu's research group P?! used benzenehexathiol (HBT) as an organic ligand and
prepared 2D m-d conjugated MOF (Cu-HBT) film through liquid/liquid
(dichloromethane/water) interface reaction. The Cu-HBT film is composed of highly
oriented nanosheets and has a room temperature conductivity of up to 1.580 S cm™,
which was the highest value reported for coordination polymers at the time. Banerjee
and colleagues ¥ synthesized four different free-standing Schiff base COF films at
room temperature via liquid/liquid interfacial polymerization.

And they can be easily transferred to various substrates and exhibit high solvent
permeability for selective molecular separation in a variety of solvents.

MOF and COF films can also form at the gas/liquid interface. Hu et al. ¥ developed a
polymer-assisted space-confined strategy and successfully formed large-area free-
standing MOF (Cu-CAT) based film at the air-liquid interface. Lai et al. [*> used the
gas/liquid interface to synthesize large-area COF membranes for high-throughput
organic solvent nanofiltration.

In summary, interfacial synthesis can synthesize large-area MOF and COF films at
room temperature, but the lower reaction temperature also makes the time taken for the
preparation of the films too long.

c). Layer-by-layer stacking

Layer-by-layer stacking was first used to prepare large-area graphene or graphene oxide
films. In short, bulk materials are first transformed into nanosheets through methods
such as ultrasound, mechanical grinding, and liquid intercalation. The nanosheets are
then stacked layer by layer on the porous substrate via vacuum-assisted filtration or
high-temperature evaporation to form a continuous large-area film. 7] This method
is also suitable for preparing continuous MOF and COF films. Yang's research team %!
used methanol to destroy the interlayer interaction of the block to obtain MOF
nanosheets, and adsorbed n-propanol on the surface of the resulting nanosheets to

prevent their aggregation. The nanosheet dispersion did not precipitate for at least two

26



1. Introduction

weeks. Finally, the nanosheet dispersion is coated on the porous alumina surface to
form a sub-10 nm thick MOF film in a high temperature environment. And the MOF
film exhibits excellent Ho/CO, separation performance. Jiang and colleagues [’
deposited 2D COF nanosheets and 1D cellulose nanofibers on the surface of a
polyacrylonitrile membrane through vacuum-assisted filtration to form mixed-
dimensional assembled COF composite membranes. The multiple interactions between
COF nanosheets and cellulose nanofibers improve the stability of the COF membranes.
Moreover, the COF membranes exhibit excellent performance in molecular separation.
d). Mixed Matrix Membranes

Mixed matrix membranes (MMMs) are made of mixture of fillers and matrix materials,
consisting of the interaction of dispersed particulate phase (filler) and continuous
polymer phase (matrix material). The filler and matrix are usually inorganic and
polymer respectively, which makes MMMs have the advantages of organic and
inorganic membrane materials at the same time, and the comprehensive performance is
better. It is usually used to prepare reverse osmosis, forward osmosis and nanofiltration
membranes. %1% Using powder MOF and COF materials as fillers not only improves
their processability, but also integrates their own characteristics into the MMMs,

102-103

improving the performance of the MMMs. | I'The dispersion of fillers in the matrix

is one of the main challenges in preparing high-performance MMMs. Based on the

1041 selected appropriate polymers to form a 5-10

theory of similar miscibility, Li et al. [
nm thick polymer layer on the surface of MOF particles, thereby achieving statistically
random dispersion of MOF particles in the MMMs. Most COFs are purely organic
structures and are easily prepared as 2D nanosheets with good compatibility in MMMs.
Since the first report of COFs-based MMMs for efficient CO; separation in 2016, [1%°]
COFs with various structures and functions have been used as fillers for MMMs and
have achieved surprising results in separation. [106-107]

e). Electrospinning process

Electrospinning is a top-down, simple and effective method for preparing various
nanofiber architectures. It has been also widely used to prepare composite fiber (organic,

[108-109

inorganic, and organic/inorganic materials) membranes. 1 Generally speaking, the
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preparation of MOF composite fiber membranes through electrospinning is mainly
divided into two methods: 1) direct electrospinning of MOF particles and polymer
mixed solutions; 2) in-situ growth of MOF particles on electrospun fibers. %111 Wang
et al. 12! dispersed four kinds of MOF (ZIF-8, Mg-MOF-74, MOF-199, and UiO-66-
NHb») particles in PAN solution or PS solution respectively, and directly prepared a
series of high-loading MOF composite fiber membranes through electrospinning,
which showed excellent performance in air filtration as filter membranes. Zhang et al.
[113] first dissolved Cobalt (II) acetate tetrahydrate (Co(AC)z) in PAN solution, obtained
Co(AC)2/PAN fibers through electrospinning, and then immersed them in an ethanol
solution containing 2-methylimidazole (2-Melm) ligand to prepare ZIF-67/PAN fiber
membranes. Compared with embedding MOF particles in polymer fibers, MOF
particles grow in situ on the surface of polymer fibers, which can expose more active
sites and exhibit better mechanical properties.

Yan et al. ' dispersed COF-SCU1 particles in PAN solution and obtained
PAN@COF-SCUI nanofibers through electrospinning. Thomas and colleagues 115
prepared a series of PAN@COF nanofiber membranes by in situ growing vertically
aligned COF nanoplates on amino-functionalized electrospun PAN fiber substrate. |
show in the present research methods of making self-standing pure COF membranes as
described in the later section. The method is extended to the preparation of MOF

membranes in collaboration with my Laboratory colleague Yingying Du.

1.2.2 3D MOF and COF monolithic materials

In today's society, with the rapid development of industrialization, the damage of heavy
metals and organic pollutants to aquatic ecosystems has become an environmental issue
of increasing concern. Among many water environment remediation methods,
adsorption method is one of the most important and effective methods to remove
pollutants from wastewater. [''®!1") Many porous materials have been used as efficient

adsorbents for pollutants, such as porous carbon materials, '8 porous organic polymers,

[119 [120

land zeolite ['?"), Compared with other traditional porous materials, MOFs and COFs
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have the characteristics of large surface area, high porosity and customizable
framework structure. They are perfect materials as adsorbents, and substantial progress

14121-12] However, MOFs and COFs are usually difficult-to-process

has been made. !
powders that are difficult to separate and easy to lose during the water environment
remediation process. Processing them into 3D monolithic materials (aerogel, sponge,
and foam) is an effective way to solve this problem. Among them, 3D monolithic
materials have the characteristics of well-defined hierarchical structure, high porosity
and good mechanical stability, which are conducive to mass transfer, and the recovery
and reuse of adsorbents. Therefore, processing MOFs and COFs into 3D monolithic
materials can not only improve their processability, but also combine their advantages
with the characteristics of the monolithic materials to develop adsorbents with better
performance.

a). Pure MOF and COF monolithic materials

MOFs and COFs crystals nucleate and symbiosis occur in the solution, then excess
solvent is removed through supercritical drying or freeze-drying to form pure MOF and
COF monolithic materials. Kaskel et al. ['>*] dissolved trimesic acid and iron nitrate in
ethanol, obtained iron-based MOF (MIL-100-Fe) gel through vigorous stirring, and
obtained MOF aerogel through supercritical CO> drying. The combination of
micropores and macropores in the MOF aerogel is beneficial to mass transfer, providing
a possibility for designing new MOFs-based catalysts or catalytic carriers. Zamora and
colleagues !'?* synthesized three 2D imine-based COF aerogels with hierarchical
porous structures, low density, and high porosity through three steps of sol-gel
transition, solvent exchange, and supercritical CO; drying. Further, they compressed
the COF aerogels into centimeter-scale COF-membranes, and showed excellent
separation performance for CO2/CH4 or CO2/N> mixed gases. !?! This also provides a
new path for preparing self-standing COF membranes.

b). MOF-based and COF-based composite monolithic materials

Pure MOF and COF monolithic materials inherit the brittleness of crystals, resulting in
poor mechanical stability. By combining MOFs and COFs with other carriers (wood,

graphene, and commercial sponge), mechanically stable MOF-based and COF-based
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composite monolithic materials can be obtained. ['?13!1] And there are usually two
methods to achieve this: 1) MOF and COF powders are encapsulated inside the carrier;
2) MOF and COF powders are grown in-situ on the surface of the carrier.

Yamauchi and colleagues ['*? dispersed MOF powders in aqueous solution of agarose
(AG) and obtained MOF/AG aerogels by freeze-drying. MOF/AG aerogels exhibit
excellent mechanical stability and flexibility, and can remove dyes from wastewater
multiple times. Dong et al. '3 ysed a similar method to prepare COF@chitosan
aerogels. At the same time, Pd was loaded into COF powders to form
Pd@COF@chitosan composite aerogel, which can be used to construct high-efficiency
continuous flow microreactor for chlorobenzene (CB) dechlorination in water at room
temperature.

Encapsulating MOF and COF powders in carriers makes it easy to prepare MOF-based
and COF-based composite monolithic materials, but it may cause some of the pores of
MOFs and COFs to be blocked. This problem can be avoided by growing MOF and
COF powders in-situ on the surface of the carrier.

Wang's research group !'3#! used strong wood aerogel as a carrier and loaded a large
amount of Zr-MOF (UiO-66-NHz) on its surface through two in-situ growths, thus
achieve MOF-based aerogels with high MOF loading. And because the wood aerogel
itself has directional and penetrating tubular microchannels, which is conducive to the
rapid transmission of UO,%*, the MOF-based composite aerogels can efficiently extract
uranium from natural seawater. The surface of layered graphene oxide (GO) is rich in
oxygen-containing functional groups, which is conducive to the growth of COFs on its
surface. Thomas et al. [*! dispersed graphene oxide (GO) nanosheets in the precursor
solution of COFs. During the hydrothermal synthesis process, GO was reduced to
reduced graphene oxide (rGO), and a large number of COFs grew on the surface.
COF/trGO aerogels were further obtained by freeze-drying.

Electrospinning is employed as the primary tool in my research; therefore, the

fundamentals of electrospinning are elucidated in the following section.
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1.3 Electrospinning

Fiber has always been present in nature. Spiders rely on webs constructed of spider silk
to capture food. Silkworms use cocoons of silk to protect them from harm. Humans
make natural fibers into fabrics, clothes and paper, driving the development of society.
[135-136] With the advent of the industrialization era, humans have developed many kinds
of polymers and processed them into chemical fibers (polymer fibers). Chemical fibers
have wide sources of raw materials, high yields and simple preparation methods. They
have gradually replaced natural fibers and expanded the application of fibers in human
life and production. [1*7]

With the rapid development of nanotechnology, nanofibers have received widespread
attention due to their small diameter, high surface area, low density and excellent
mechanical properties, and have been applied in many fields, including energy,
environment, biomedicine, sensor and catalysis. ['*31**] However, the diameter of fibers
prepared by traditional methods (wet, dry, melt and gel spinning) is usually in the range
of 10~100 um and cannot form nanofibers. Therefore, scientists have developed many
nanofiber fabrication techniques, including bicomponent fiber splitting, physical
stretching, template synthesis, thermally induced phase separation, self-assembly, and

140-141] Taking into account the controllability of the preparation

electrospinning. [
process, the complexity of the equipment, and the cost, electrospinning is currently the
simplest, most effective, and the only method that can prepare continuous nanofibers
on a large scale. Moreover, electrospinning can be used to obtain fabrics of different
shapes (curled fibers, beaded fibers, aligned fibers, patterned fibers, and

aerogels/sponges) and materials (metals, ceramics, organic, organic/inorganic hybrid),

which have huge application potential in various fields. !4?]

1.3.1 History of electrospinning

Electrospinning can be traced back to 1887, when Charles V. Boys !*! first reported

the application of an external electric field to a viscous fluid to draw out fibers. This is
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the prototype of the electrospinning process. In 1902, John Francis Cooley and William
Morton 1441451 applied for two electrospinning patents respectively and introduced the

146] further supplemented electrospinning.

electrospinning device. Subsequently, Zeleny !
It was not until 1934 that Antonin Formhals '47] published a patent for electrospinning
equipment for producing cellulose acetate using acetone as a solvent. In the following
years, he applied for a series of patents and disclosed electrospinning equipment, which
promoted the development of electrospinning. ['*¥] In 1936, Norton ['*1 applied for a
patent for current- and air-flow-assisted melt electrospinning. In 1938 and 1939,
Rozenblum and Sokolov used electrospinning to prepare cellulose acetate nanofibers
for use as air filters and mass-produced them. ") Since then, as scientists have
gradually deepened their understanding of the principles of electrospinning. Between
1964 and 1969, Geoffrey Taylor proposed the “Taylor cone” mathematical model
through systematic research on the shape change of fluid from spherical to conical
during the electrospinning process. [°!133] In the following 20 years, scientists
published many articles on the application of electrospinning, but they did not receive

[154-155] With the development of science and technology, scientists can

much attention.
intuitively observe nanoscale materials through scientific instruments, and
electrospinning has been further developed. In 1996, Darrell Reneker et al. 1°®! obtained
more than 20 types of polymer nanofibers through electrospinning and studied the
changes in fiber diameter. Since then, electrospinning has entered a stage of rapid
development. Scientists have conducted extensive research on the process parameters
and equipment types during the electrospinning process, as well as the synthesis and

[157-159] Nowadays, electrospinning has become one of

characterization of nanofibers.
the most commonly used methods for preparing nanofibers, and has achieved surprising
results in many fields. !%1¢2] And the number of publications on electrospinning is also
increasing year by year, as shown in Figure 1-8. Table 1-1 lists the development history

of electrospinning.
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Figure 1-8. Number of publications on electrospinning. All data used are from Web of

Science. The function we use is to analyze the results and create a citation report.
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Table 1-1. A comprehensive account on the advancements in electrospinning process

Year Nature of Advancements Ref.

Under an external electric field, Charles V. Boys pulled [143]

1887 fibers out of the viscous fluid for the first time
1902 Cooley and Morton published patent on the [144-145]
electrospinning process
1914 John Zeleny discovers jets at the tip of metal capillaries [146]
Formhals publishes patent on electrospinning equipment
1934 for manufacturing cellulose acetate using acetone as [247]
solvent
1936 Norton Company publish_es patent for melt-formed air [148]
fibers
1938-1940 Rozenblum and Sokolov use el_ectrosplnnlng to mass- [149]
produce air filters
1964-1969 Geoffrey Taylor estatz‘llshed a matrlematlcal model of the (155
Taylor cone
1971 Baumgarten invents device to electrospinning acrylic [151-153]
microfibers
1978 Annis prepared polyurethane pads for use as vascular [154-155]
prostheses by electrospinning
1996 Darrell Reneker et al. obtained more than 20 polymer [156]

nanofibers through electrospinning

Research on process parameters and equipment types

1997-2005  during electrospinning, synthesis and characterization of ~ [157-15€
nanofibers
2006-Now Electrospinning is used in many fields [160-162]

1.3.2 Principle of electrospinning

The basic principle of electrospinning is that polymer liquid is ejected under the action
of high-voltage electric field and forms continuous polymer nanofibers. An

electrospinning device usually consists of three main parts: a sampling device
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(including a syringe pump, a syringe and a spinneret), a high-voltage power supply and
a collector, as shown in Figure 1-9a. In the process of electrospinning, the polymer
liquid is extruded from the spinneret by the injection pump, and spherical droplets are
formed under the action of surface tension. When a high voltage electric field is applied,
a large amount of electric charge will accumulate on the surface of the droplet. When
the charge repulsion on the droplet surface is greater than its surface tension, the
spherical droplet changes shape, transforms into a “Taylor cone”, and then ejected a
polymer jet. The polymer jet experienced short distance steady stretching and whipping
instability. In this process, the diameter of polymer jet decreases sharply, the solvent
evaporates rapidly, forms solid fibers and accumulates on the collector, as shown in

Figure 1-9b. [!%]
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a) | b) :
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Figure 1-9. (a) The basic device for electrospinning. (b) Diagram showing the path of
an electrospinning jet. Reprinted with permission from ref. [109]. Copyright (2019)

American Chemical Society.

1.3.3 Parameters affecting electrospinning

One of the major advantages of preparing nanofibers by electrospinning is that the

morphology of the fibers can be precisely controlled by adjusting various parameters
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during the electrospinning process to meet different needs. It can be mainly divided into
three influencing parameters, namely solution parameters, environmental parameters
and process parameters, [163-164]

a). Solution parameters

Solution parameters include concentration/viscosity, molecular weight, conductivity,

165-1661 The molecular weight of the polymer directly

surface tension, and solvent type. [
affects the viscosity, surface tension and conductivity of the solution, and is an
important parameter in the electrospinning process. During the electrospinning process,
the molecular chains in the solution become entangled, increasing the viscosity of the
solution and solidifying into continuous nanofibers, which requires the polymer to have
sufficient molecular weight. When the molecular weight of the polymer is fixed, the
concentration and viscosity of the polymer solution are increased, and the entanglement
concentration of the molecular chains is also increased and the surface tension is
reduced, which is conducive to the formation of larger diameter and smooth continuous

1. 167 found that continuous and

nanofibers, as shown in Figure 1-10. Greiner et a
smooth nanofibers could be obtained when the concentration of Poly-L-lactide (PLA)
electrospinning solution was 5%. As the concentration of the solution decreases, the
diameter of the nanofibers also decreases. Moreover, when the solution concentration
is less than 3%, the fiber diameter further decreases, and there are a large number of
spherical beads or spindle-shaped beads on the nanofibers.

During the electrospinning process, the polymer jet is stretched under the action of a
high-voltage electric field to form nanofibers. Increasing the conductivity of the
polymer solution allows the jet to be more fully stretched and form nanofibers with
smaller diameters. Some inorganic salts are usually added to improve the conductivity
of the polymer solution, such as NaCl1 %81 MgCl, %1 A1CI; 179 CuCl, 17!, CaCl, 172,
KH>PO4 and NaH,PO4 1731, Reneker's research group ['7# added NaCl to increase the
conductivity of the polyethylene oxide (PEO) aqueous solution. The diameter of the
prepared nanofibers was reduced, and the bead-like structure was also greatly reduced.

The properties of the solvent, such as surface tension, conductivity, volatility, and

interaction with the polymer, will affect electrospinning, resulting in nanofibers of
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different shapes. Generally speaking, the main function of the solvent is to dissolve the
polymer into a polymer solution, and the selected solvent must meet the dissolution
needs of the polymer. Secondly, the conductivity of the solvent itself will also affect the
conductivity of the electrospinning solution. The better the conductivity, the more fully
it can stretch the jet and form nanofibers with smaller diameters. Finally, the volatility
of the solvent should be moderate. During the electrospinning process, excessive
volatility will cause the solution to solidify rapidly at the outlet of the spinneret,
blocking the outlet, making continuous spinning impossible. Too low volatility will
cause the jet to be incompletely solidified when it reaches the receiver, causing adhesion
between fibers. 71761 In addition, when the polymer is dissolved in a multi-component
solvent, the volatilization rates of different solvents are different, which will cause
phase separation of the polymer jet during the curing process, forming a porous
structure on the fiber surface, and obtaining porous fibers. Wang et al. [!"71 dissolved
poly(l-lactide) (PLLA) in a mixed solvent of CH2Clo/DMF to form an electrospinning
solution. When the nanofibers are solidified, CH2Cl; is easy to volatilize, forming a
porous PLLA fiber membrane. And the porous PLLA fiber membrane has high

adsorption capacity for dyes and excellent oil/water separation capabilities.

Increased viscosity

A J

Figure 1-10. Effect of increasing polymer solution viscosity on electrospun fibers

morphology.

b). Processing parameters

The process parameters that affect electrospinning mainly include the working voltage,
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the flow rate of the solution, the distance from the spinneret to the collector, and the
type of spinneret (needle). The polymer solution forms droplets at the spinneret, and is
affected by the high-voltage electric field to accumulate charges on the surface and form
electrostatic repulsion. At the same time, it overcomes its own surface tension and
transforms into “Taylor cone”, which further forms tiny jets and solidifies into
nanofibers on the collector. Therefore, the operating voltage that just makes the droplet
transform into a “Taylor cone” is called the critical voltage.

When the working voltage is lower than the critical voltage, the electrostatic repulsive
force cannot overcome the surface tension of the droplets, the jet cannot be ejected, and
nanofibers cannot be formed. When the working voltage is greater than the critical
voltage and is within a reasonable range, a jet is ejected on the surface of the droplet to
form nanofibers. Moreover, the diameter of nanofibers decreases with the increase of
operating voltage. When the working voltage is too large, a large amount of charge
accumulates on the surface of the droplet, and the electrostatic repulsion is too large,
which leads to the instability of the jet, and has a certain influence on the forming of
nanofibers. [178]

The flow rate of electrospinning solution is usually affected by the working voltage.
When the working voltage is fixed and the flow rate of the solution is too low, the
outflowing polymer droplets will not be enough to form a continuous jet, resulting in
interruptions in the electrospinning. When the flow rate of the solution is too high, the
operating voltage is insufficient to completely convert the large number of droplets
flowing out simultaneously into “Taylor cone” and jets, resulting in the formation of
beaded fibers and even dripping. When the solution flow rate is appropriate, the
diameter of the nanofibers increases with the increase of the flow rate. [!79-180]

The distance between the spinneret and the collector is usually called the
electrospinning distance. When other parameters are appropriate, if the electrospinning
distance is too short, the solvent will not be fully volatilized, forming beaded fibers,
and adhesion will occur between nanofibers. When the electrospinning distance is too
long, the whipping instability of the jet will be aggravated, causing the collector to be

unable to collect enough nanofibers. Therefore, a reasonable electrospinning distance
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is an important parameter in the electrospinning process, which is beneficial to fiber
collection. 8!

A single needle is generally used for electrospinning, and the diameter of the needle
directly affects the diameter of the nanofiber. The smaller the diameter of the needle,
the less polymer is delivered per unit time, forming a finer jet under the same working
voltage, and thus the smaller the diameter of the nanofibers formed. In order to form
multi-component or different morphology nanofibers, scientists have also developed
coaxial needles to prepare nanofibers with core-shell structure and side-by-side
structure. Moreover, hollow fibers are formed by selectively removing the core part of
the core-shell structure fiber. Jiang's research group ['¥¥ added PVP and titanium
isopropoxide ethanol solution and paraffin oil into the outer and inner needles
respectively to form core-shell nanofibers in independent compartmented chambers,
and removed the paraffin oil by calcination to form multichannel microtubes. Moreover,
through the design of the coaxial needle, multichannel microtubes with channel
numbers of 2 to 5 can be obtained. In order to increase the yield of electrospinning,
multi-needle electrospinning devices have been developed. In one study, researchers
designed a 64 (8 x 8 array) needles simultaneous melt electrospinning device with a
production rate of 18 m*h™!, which greatly improved production efficiency.!'3]

In addition, by changing the type of collector, different products can be obtained, such
as non-woven fabrics, aligned fibers, honeycomb structured fibers, and yarns.

c¢). Ambient parameters

Ambient parameters are mainly temperature and humidity. The increase in temperature
will reduce the viscosity and surface tension of the polymer solution, accelerate the
movement of molecules, and make the jet easier to stretch, resulting in a smaller fiber
diameter. In addition, the increase in temperature is conducive to the volatilization of
the solvent and further reduces the diameter of the fiber. Clerck et al. '3%! found that an
increase in temperature would lead to a decrease in the average diameter of the
nanofibers during the electrospinning process of cellulose acetate (CA) and polyvinyl

pyrrolidone (PVP) nanofibers.

Humidity, as another ambient parameter, has an equally complex impact on

39



1. Introduction

electrospinning. Simply put, an increase in humidity will slow down the solidification
speed of the jet, causing the fiber diameter to decrease. However, when the humidity is
too high, the diameter of the formed nanofibers is unevenly distributed and the surface
is rougher, and even beaded fibers may be produced.

18] studied the effect of humidity on the diameter of electrospun

Kocbek and colleagues'
polyvinyl alcohol (PVA), polyethylene oxide (PEO), polyvinyl alcohol/hyaluronic acid
(PVA/HA), and polyethylene oxide/chitosan (PEO/CS) nanofibers. When the ambient
humidity increased from 4% to 60%, the diameter of PVA nanofibers decreased from
667 nm to 161 nm, and the diameter of PEO nanofibers decreased from 252 nm to 75
nm. When the ambient humidity increased from 4% to 50%, the diameter of the

PVA/HA composite nanofibers decreased from 231 nm to 46 nm, while the diameter of

the PEO/CS composite nanofibers also decreased from 179 nm to 41 nm.

1.3.4 Materials of electrospinning

In early research, people basically mastered the principles of electrospinning and its
influencing parameters by studying the electrospinning process of polymers. And
further developed melt electrospinning and sol-gel electrospinning. As people gradually
realize the importance of composite materials, electrospinning has become one of the
simplest and most effective methods to prepare organic/inorganic composite nanofibers
and is widely used in various fields. 13!

a). Organic nanofibers

In the early stages of the development of electrospinning, polymer nanofibers were
mainly prepared by dissolving polymers in solvents through solution electrospinning.
To date, more than 100 polymers have been prepared into nanofibers through
electrospinning, including some natural polymers (gelatin, cellulose, chitin, chitosan)
and synthetic polymers (polystyrene, polyacrylonitrile, polyimide and polyvinyl
alcohol), as show in Table 1-2. Some small organic molecules can also be used for
electrospinning. The key is that there needs to be sufficient interaction between the

small molecules. Long et al. "% obtained phospholipid nonwoven electrospun
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membranes through electrospinning for the first time. When the concentration of
phospholipids is large enough, their micellar morphology evolves from spherical to
cylindrical, and stacks and winds in a polymer-like manner, so that electrospun fibers
with a diameter of 1 to 5 um can be obtained.

In addition, multi-component polymer composite nanofibers can be prepared by
electrospinning, and the properties of different polymers can be combined with each
other. The preparation methods mainly include the following four methods: 1) blended
electrospinning, in which a variety of polymers are dissolved in the same solvent in a
certain proportion to obtain composite nanofibers; 2) multi-layer electrospinning,
different polymers are deposited on the collector successively through electrospinning
to form multi-layer composite nanofibers; 3) electrospinning with multiple spinnerets,
different polymers are placed in different syringes, and different fibers are stacked
together through electrospinning to form polymer composite nanofibers; 4) coaxial
electrostatic spinning, the use of coaxial needles for electrostatic spinning, so as to

obtain core-shell structure of polymer composite nanofibers.
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Table 1-2. Common polymer nanofibers.

Polymer Solvent Ref.
Cellulose LiCI/DMAc [188]
Chitin lonic liquid [189]
CS CH-Cl, [190]
Gelatin Acetic acid (191]
SF H,O [192]
SA H,0 [193]
CA Acetone and DMAC [194]
PVA H,O [195]
PAM H>0 and DMF [196]
PVP Ethanol [197]
PLLA CHCl3 and DMF [198]
PS DMF [199]
PAN DMF [200]
PC CHCI3 [201]

Pl DMAc [202]
PU DMF [203]
PVDF DMAC [204]
PA Formic acid and Acetic acid [209]

42



1. Introduction

b). Organic/inorganic composite nanofibers

Inorganic nanomaterials are dispersed in polymer nanofibers to form organic/material
composite nanofibers. The main methods are divided into hybrid electrospinning and
sol-gel electrospinning.

Hybrid electrospinning refers to directly electrospinning inorganic nanomaterials
(including ceramics, metals, metal oxides, metal sulfides and carbon materials)
dispersed in a polymer solution to prepare composite nanofibers. Hou et al. 2%
dispersed rGO in polyimide nanofibers, and the PI/rGO nanofibers prepared showed
excellent mechanical properties, with the tensile strength and Young's modulus of a
single composite nanofiber up to 4.2GPa and 121GPa, respectively.

Sol-gel electrospinning is to disperse the precursor (sol-gel) in a polymer solution and
prepare organic/inorganic composite nanofibers through electrospinning. Among them,
during the electrospinning process, the precursor is rapidly hydrolyzed in the air and

(207 dissolved titanium

converted into inorganic nanomaterials. Xia and Li
tetraisopropoxide and PVP in ethanol to obtain as-spun composite nanofibers by
electrospinning. The as-spun composite nanofibers were then exposed to air for 5 h to
ensure that titanium tetraisopropoxide was completely hydrolyzed to TiOz, resulting in

the formation of TiO/PVP composite nanofibers. Table 1-3 lists common

organic/inorganic composite nanofibers.

43



1. Introduction

Table 1-3. Common organic/inorganic composite nanofibers.

Inorganic Polymer Ref.
SiO2 Cellulose Acetate [208]
BN PVP [209]
TiO2 PVAc (210]
Zn0O PVA [211]
Al203 PVDF [212]
Cuo PVDF [213]
Cds PVP [214]
ZnS PVA [215]
Ag PAN [216]
Au PVP [217]
Cu PAN [218]
Ni PU [219]
CNT PAN [220]
rGO P| [206]

¢). Inorganic nanofibers

In recent decades, inorganic nanomaterials have been widely used in many fields due
to their excellent physical and chemical properties such as mechanical, catalytic, optical,
thermal, electrical and magnetic properties. Among the many current methods,
electrospinning is one of the important methods for preparing 1D inorganic nanofibers.

And inorganic nanofibers can be divided into four categories: oxide nanofibers, metal
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nanofibers, carbon nanofibers and inorganic hybrid nanofibers.

Lukas et al. 22! obtained ZrOCl,/PVP nanofibers by electrospinning, and then calcined
them in air or argon at a temperature of 600 °C to 1000 °C for 2 h to form ZrO;
nanofibers. Further, the metal oxide nanofibers can be reduced to metal nanofibers.
Bognitzki et al. [2*?! obtained Cu-based composite nanofibers through electrospinning
and converted them into CuO nanofibers under high-temperature combustion. Finally,
the CuO nanofibers are treated in a hydrogen atmosphere at 300 °C to form Cu
nanofibers.

Carbon nanofibers are usually formed from polyacrylonitrile nanofibers through
carbonization. To avoid the shrinkage of carbon nanofibers during heat treatment, the
entire process is usually divided into a stabilization step and a carbonization step. 122’

In addition, inorganic nanofibers can also be composed of multiple components, such

as Si02/Ti0, 224, ZnO/Cu/C ??%], and C/Fe;04 2?61 composite nanofibers.

1.3.5 3D electrospun fiber sponges

3D porous materials find extensive applications in various fields, including catalysis,
energy, environmental remediation, thermal insulation, biomedicine, and sensors,
owing to their attributes such as low density, high porosity, large surface area, and
robust mechanical stability. 2272281 Typically, traditional electrospun fibers are
assembled into 2D fiber membranes, and their restricted porosity poses a limitation in
certain fields, such as tissue engineering. Hence, the conversion of 2D fiber membranes
into 3D fiber materials proves to be an effective strategy for expanding the application
fields of electrospinning.

Currently, the preparation of 3D fiber materials through electrospinning is primarily
categorized into two methods: direct electrospinning and the 2D fiber membrane
reconstruction method. 2223 The direct electrospinning method involves depositing
fibers on a collector and directly forming 3D fiber materials by adjusting
electrospinning parameters. The 2D fiber membrane reconstruction method

encompasses embedding in hydrogels, 3D printing, gas-foaming, and freeze-drying.
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Notably, the freeze-drying method has gained significant attention due to its simplicity,
controllable shape, and microstructure. In the freeze-drying method, a 2D fiber
membrane is cut in a solvent to create a fiber slurry, and subsequently, a 3D electrospun
fiber sponge is formed through freeze-drying. Throughout the freeze-drying process,
the solvent transitions from the liquid phase to the solid phase at low temperatures.
Subsequently, it directly sublimates to the gas phase under low ambient pressure,
resulting in the formation of a porous structure. The fibers are stacked to create a porous
structural framework, ensuring the mechanical stability of the 3D electrospun fiber
sponge. Furthermore, the manipulation of the internal structure and external shape of
the 3D electrospun fiber sponge is easily achievable by adjusting freeze-drying

(2511 This approach demonstrates remarkable

procedures and modifying molds.
performance in diverse fields, including environmental applications (e.g., water
purification and desalination), energy applications (e.g., supercapacitors), biomedical
engineering (e.g., drug delivery), electronics (e.g., pressure sensors), and chemical
engineering (e.g., catalyst supports, thermal insulation), yielding promising results.[>*!
The unique characteristics of 3D electrospun fiber sponges provide a solution to the
challenges of processing difficulty, recycling issues, and agglomeration tendency
encountered with MOFs and COFs. Consequently, in the present research, I illustrate
the fabrication of hierarchically porous COF sponges utilizing 3D electrospun fiber

sponges as carriers. Collaborating with my laboratory colleague, Yingying Du, we

successfully extended this approach to the preparation of MOF sponges.
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2. Aim and Overview of the Thesis

Aim

MOFs and COFs have the characteristics of high porosity, large surface area, designable
framework structure and easy functionalization, and have been widely used in fields
such as energy, environmental remediation, sensors, biomedical engineering and
catalysis. However, their insolubility in solvents and non-melting character due to the
network structure makes their processing to the desired object difficult. This has
hindered the sustainable application of frameworks in several fields. Generally, they are
used in the form of powder. The recovery of framework powders after use for recycling
is inefficient and cost intensive process. If available in the form of self-standing
architectures like membranes and sponges, the sustainable use of frameworks in
catalysis, water purification and energy sector would be possible highlighting the
possibility of their use for several cycles. Therefore, the purpose of this research is to
provide versatile preparation methods to process polymer frameworks, such as MOFs
and COFs into monolithic materials, including 2D membranes, and 3D sponges. The
main processing tool used in this work is electrospinning. The utility of the successfully
prepared self-standing framework architectures is then shown in catalysis for cascade
reactions in one pot, water purification and gas separation in collaboration with Ms.
Yingying Du (Agarwal group) and Ms. Marion Breunig (Senker group). The results are
presented in the form of cumulative thesis with five published articles in peer-reviewed
journals (Advanced Functional Materials, ChemCatChem, Microporous and
Mesoporous Materials, Advanced Functional Materials and Advanced Energy and
Sustainability Research) (section 2.1 to section2.5). The work is summarized

graphically in Figure 2-1.
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Figure 2-1. Context of this thesis showing preparation methods and applications of (1)
2D covalent organic framework (COF) membranes, (ii) 2D metal-organic framework
(MOF) membranes, (iii) 2D porous organic polymer (POP) membranes, (iv) 3D COF
sponges, (v) 3D MOF sponges.

Overview

In the first section (section 2.1), I proposed a template-assisted process to prepare
porous self-standing COF membranes. The method uses an electrospun polymer
membrane as a sacrificial large dimension template skeleton on which in the first step
COFs were grown. In the second step the template electrospun polymer was removed

by solvent extraction to obtain large dimension porous self-standing COF membranes
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with high crystallinity, large surface area, mechanical stability and flexibility. The
applicability of the established template-assisted framework preparation method was
studied for the preparation of acid and base functional MOF membranes (section 2.2).
This work was carried out in collaboration with my laboratory colleague Ms. Yingying
Du. The functional MOF membranes were highly effective in acid and based catalyzed
cascade reactions in one-pot and reusable for several cycles. In the template assisted
framework preparation method one of the components of COF/MOF was immobilized
on the template electrospun polymer membranes by mixing them in the electrospinning
solution. When such polymer membrane with one of the framework components comes
in contact with the second component of COF/MOF and suitable reaction conditions,
the in-situ growth on the template started.

Mixing both the components of a framework with the template electrospinning polymer
solution and exposing such membrane to suitable framework formation reaction
conditions led to non-crystalline porous organic polymer framework which was used
by Prof. Senker’s group for CO> uptake and for gas (CO2/N; and CO,/CHgs) separation
(section 2.3).

Compared to 2D fiber membranes, 3D fiber sponges have hierarchical porous structure
and exhibit higher porosity, which is beneficial to mass transfer. Sections 2.4 and 2.5
describe preparation procedures for making 3D COF and MOF sponges and their
applications in waste water purification. Polyimide (PI) electrospun short fibers with
high thermal/chemical stability are used as the network skeleton of the 3D fiber sponge,
on which COFs and MOFs are grown in situ, to construct COF and MOF 3D sponges,
and use them for wastewater treatment. Based on the hierarchical structure and
excellent mechanical stability of 3D COF fiber sponges and 3D MOF fiber sponges,
they can be repeatedly used to remove organic dyes from water quickly and efficiently.

In the following section, the aforementioned work is elaborated in detail.
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2.1 Flexible, Mechanically Stable, Porous Self-Standing
Microfiber Network Membranes of Covalent Organic

Frameworks: Preparation Method and Characterization

Chenhui Ding, Marion Breunig, Jana Timm, Roland Marschall, Jiirgen Senker, Seema
Agarwal. Flexible, Mechanically Stable, Porous Self-Standing Microfiber Network
Membranes of Covalent Organic Frameworks: Preparation Method and
Characterization. Advanced Functional Materials, 2021, 31(49), 2106507.

Specific contributions by authors:

In this publication, I was the lead author. I carried out all experiments for membrane
preparation and, most of the characterization, and writing of the manuscript. Dr. Marion
Breunig performed and analyzed the XRD and solid-state NMR measurements in
guidance of Prof. Jiirgen Senker. Dr. Jana Timm and Professor Roland Marschall were
responsible for BET measurements and analysis. Professor Seema Agarwal designed,
guided and supervised the project. All authors contributed to discussions and finalizing

the manuscript.

In this work a highly versatile preparation procedure for making a self-standing, flexible
and crystalline COF membrane is established. As an example, the COF membrane
based on p-phenylenediamine (Pa) and 1,3,5-triformylphloroglucino (Tp) was prepared,
as shown in Figure 2-2a. The method is named as template-assisted framework (TAF)

preparation process as the framework is grown on a polymer electrospun template
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membrane made of randomly laid polymer fibers. The TAF preparation procedure is
divided into three steps. The first step is the immobilization of one of the reactants of
the framework, i.e. diamine (Pa) on the template polymer (polyacrylonitrile (PAN))
electrospun membrane. This is done by electrospinning PAN solution mixed with the
diamine. In the second step, the electrospun PAN/Pa fiber membrane is dipped into
dichloromethane (CH2Cl2) solution of the second reactant of the COF, a trialdehyde (Tp)
containing acetic acid as catalyst. In this step the growth of COF on the template PAN
fiber is started at 120 °C. In the last step, the template polymer (PAN) was removed by
solvent extraction giving porous self-standing COF membrane (~ 100 micron thick).
The complete TAF process is shown in Figure 2-2b. Several experiments were carried
out by changing temperature, reactant amounts, electrospinning conditions, template
removal method to establish the optimum parameters for obtaining mechanically stable,

self-standing flexible and crystalline COF membranes.

(a)

NH, O
HO OH
+ —
_0O
NH2 o oM
Pa Tp - TpPa COF
(b)
| PAN removal
|
) / \J T
‘ PAN/Pa fiber ® TpPa COF PAN/COF fiber Porous COF fiber

= PR—

;  —
L1 -

In situ growth

% \ [ —— |

=

PAN/Pa membrane Soak in CH,Cl, solution PAN/COF membrane Porous COF membrane

Figure 2-2. General schematic of TpPa COF (a). Preparation of porous self-standing
COF fiber membranes by template-assisted framework (TAF) process (b). PAN =

polyacrylonitrile, Pa = p-phenylenediamine, Tp = 1,3,5-triformylphloroglucinol.
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Scanning electron microscope (SEM) was used to study the morphology of COF and
the fiber membranes (Figure 2-3). It is obvious from the SEM pictures that COF
nanoparticles grow both on the surface and in the bulk of the template PAN fibers. After
removing PAN, the porous COF fiber formed has a core-shell structure. The inner core
exhibits a hierarchical porous structure and is composed of loosely packed COF
nanoparticles; the outer shell is composed of COF nanoparticles closely packed to form
a dense wall. The structural characterization of the COF membranes was carried out
using a combination of different analytical methods including '*C and SN NMR
techniques (collaboration with Prof. Senker group). The analysis by NMR, FT-IR
spectra and XRD patterns showed complete removal of the template polymer (PAN)
and formation of highly crystalline COF membranes (Figure 2-4a-d). N> physisorption
isotherms were conducted to examine the surface areas, the pore size distributions, and
the cumulative pore volumes of TpPa COF powders and material from different steps
of the TAF process (Figure 2-4e-f). The pore size distribution of the COF fiber
membranes exhibits maxima between 1.7-1.8 nm, matching the pore sizes of the TpTa
COF powder and the ones determined from the XRD data. The surface area of COF
membrane is as high as 1153 m? g’!, exceeding even that obtained for the TpPa COF
powder. The removal of the template polymer by solvent extraction creates a
hierarchically porous material with a microporosity, that renders all COF nanoparticles

accessible (including in the bulk).
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i

Figure 2-3. SEM images of PAN/Pa fiber (a) and (b), PAN/COF fiber (b) and (e), and
COF fiber (c) and (f). Photographs of PAN/Pa fiber membrane (g), PAN/COF fiber

membrane (h), and c) porous self-standing COF fiber membrane (1).
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Figure 2-4. °C (a), ’N (b) CP MAS NMR, FT-IR (c) spectrum and XRD (d) patterns
of Pa, PAN, PAN/Pa fiber membranes, COF membrane and COF powder. N>
adsorption—desorption isotherms of PAN/COF membrane, COF membrane, and COF
powder (a), their pore size distribution, and cumulative pore volume obtained using the

quenched solid density functional theory method (b).
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The highest tensile strength of COF membrane in this work is 0.64 MPa (Figure 2-5a).
Although the value seems low but sufficient to handle membranes for different
applications as shown in the later part of the work. A 10 000-cycle bending test with a
compression of 50% was carried out to study the flexibility of the COF membranes.
Excellent bending stability, and flexibility was proved as the mechanical properties
remain unchanged after 10 000 bending tests (Figure 2-5a, d). The sample that

underwent a bending cycle did not show any cracks as seen by SEM images (Figure 2-

Sb-c).
(@)
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Figure 2-5. Typical stress—strain curves of COF membrane, and COF membrane after
10 000 cycles of bending (a). SEM images of COF membrane (b), and COF membrane-
10000 cycle (c). Bending and recovery processes for the COF, and the test at different
bending states (d).

In summary, I could successfully establish a method (template-assisted framework
process) for preparing a large-sized porous self-standing crystalline COF membranes
with high surface area, good mechanical stability and flexibility. This was a big
challenge in the field of COFs. The field of preparation and characterization of COFs
is developing very fast and the existence of COFs in the form of 2D membranes is
expected to open several new application areas, such as catalysis, water purification

and energy storage.
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The next question is if same method can also be extended to the preparation of other
types of frameworks like MOFs. Consequently, efforts were dedicated to studying the

preparation and properties of self-standing MOF membranes using the TAF process, as

described in the following section.
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2.2 Template-assisted Preparation of Self-standing 2D-MOF

Membranes for Application in Cascade Reactions

Yingying Du, Chenhui Ding, Jana Timm, Roland Marschall, Seema Agarwal.

Template-assisted Preparation of Self-standing 2D-MOF Membranes for Application

in Cascade Reactions. ChemCatChem, 2022, 14(22), €202201040.

Specific contributions by authors:

In this work the experiments for making MOF powder and membranes were carried out
by me and Yingying Du. In addition, characterization of samples by SEM and X-ray
was done by me. Yingying Du is the lead author and carried out FTIR and experiments
for use of MOF membranes as catalysts in cascade reactions. Dr. Jana Timm and
Professor Roland Marschall were responsible for BET measurements and analysis. Prof.
Seema Agarwal designed, guided and supervised the project. The manuscript was
written by Yingying Du and all authors contributed to discussions and finalizing the

manuscript.

In this work, two different functional self-standing MOF (UiO-66-SOsH and UiO-66-
NH2) membranes with acid and base functional groups were prepared using TAF
process. The UiO-66-SO3H and UiO-66-NH> MOF powders are in general prepared by

reaction of ZrCls; with 2-aminobenzenedicarboxylic acid (BDC-NHz) and 2-
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sulfobenzenedicarboxylic acid monosodium salt (BDC-SOsNa), respectively (Figure
2-6a). For the preparation of the self-standing membranes, the template polymer (PAN)
is electrospun with ZrCls. The resulting electrospun membrane is then dipped in
aqueous solutions of BDC-NH> or BDC-SO3Na containing acetic acid as catalyst, and
reacted at 120 °C to obtain the PAN/MOF membranes. Finally, through solvent
extraction, PAN is removed to obtain the self-standing MOF UiO-66-SOzH and UiO-

66-NH> membranes (thickness 240 + 12 um and 265 + 10 um, respectively) (Figure 2-
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Figure 2-6. General schematic of UiO-66-SOsH and UiO-66-NH; (a). Strategy to
fabricate the self-standing UiO-66-SO3H and UiO-66-NH> membranes (b).

SEM was used to characterize the morphology of the self-standing MOF membranes
before and after removal of PAN. A large amount of MOF can be found growing on the
surface of the PAN fiber and completely wrapping it. After removing the PAN, the MOF
membranes with randomly laid hollow MOF fibers were formed (Figure 2-7). The COF
fibers as described in the previous section showed slightly different morphology with
COF growing in the bulk of the template PAN fibers also. Whereas, MOF grew only on
the surface of the template fibers leading to hollow MOF fibers after removal of the

template. The difference is ascribed to the size of the framework particles.
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Figure 2-7. SEM images of PAN/UiO-66-SOzH (a), PAN/U10-66-NH: (b), UiO-66-
SOsH (c), UiO-66-NH> (d). Cross-sectional SEM images of UiO-66-SO3H (e), UiO-
66-NH: (f).

The combination of analytical methods like XRD and FTIR confirmed the successful
preparation of crystalline UiO-66-SO3H/-NH> membranes (Figure 2-8a-b).

The N2 physisorption isotherms indicated the presence of micropores and mesopores
(Figure 2-8c-d). The specific surface areas of the membranes, as calculated using the
BET (Brunauer Emmet Teller) model with the Roquerol correction for microporous
materials are 330 and 84 m? g! for UiO-66-NH, and UiO-66-SOsH respectively. The
values are lower than the specific surface areas of powder samples (UiO-66-NH»: 1051
m? g, Ui0-66-SOsH: 539 m? g™!). This decrease in the surface area could be explained
by the partial change in the crystal structure of the crystals of the UiO-66 materials,

which was already observed due to the broadening of the reflections in the XRD pattern.
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Figure 2-8. XRD patterns of UiO-66 simulated, UiO-66-SO3H powder, UiO-66-SO3;H
membrane, UiO-66-NH> powder and UiO-66-NH> membrane (a). FT-IR spectra of
Ui0-66-SOsH powder, UiO-66-SO3H membrane, UiO-66-NH> powder and UiO-66-
NH> membrane (b). N> physisorption isotherms of UiO-66-SOs3H powder, UiO-66-
SOs;H membrane, UiO-66-NH, powder and UiO-66-NH> membrane (c). Pore size
distribution and cumulative pore volume of UiO-66-SOsH powder, UiO-66-SOsH
membrane, UiO-66-NH; powder and UiO-66-NH, membrane (d).

Still, the fiber morphology in membranes, acid-base functionalities and capability of
using the individual membranes in a modular way led to their use in two-step cascade
reactions within a one-pot. The use of acid-base catalysts in one pot is not trivial due to
the Wolf-Lamb-type character deactivating each other. Also, the membrane nature of
the catalysts is expected to provide easy recovery and reuse. The membranes prepared
by me were given to Ms. Yingying Du for studying their utility in a one-pot cascade
reaction as a part of her Ph.D. work. The two step cascade reactions were: the acid
catalyzed conversion of benzaldehyde dimethyl acetal to benzaldehyde and base

catalyzed subsequent reaction of benzaldehyde with different active methylene
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compounds, such as malononitrile, ethyl cyanoacetate, and diethyl malonate. The
system worked very well for cascade reactions involving malononitrile, ethyl
cyanoacetate in the second step with the yield of the product was as high as 99.9%. The

catalytic membranes were reusable without any significant loss in activity (Figure 2-
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Figure 2-9. One-pot acid-base cascade reactions were studied in the present work (a).

Research on catalyst recycling of self-supporting MOF membranes (b).

In conclusion, the TAF procedure has demonstrated versatility by its extension to the
preparation of self-standing, functional MOF membranes. The utility of these
membranes as sustainable catalysts for cascade reactions in a one-pot setup has been
effectively shown. This work signifies an important advancement towards the
preparation and utilization of macroscopically sized MOF membranes as sustainable
catalysts.

My subsequent research question explored the possibility of immobilizing both
framework-forming components on a template electrospun fiber and then initiating

framework formation simply by establishing the appropriate reaction conditions.
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2.3 Electrospun, non-woven fiber membranes of porous

polyimides with high carbon dioxide uptakes and selectivities
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Marion Breunig, Jian Zhu, Chenhui Ding, Renée Siegel, Seema Agarwal, Jiirgen
Senker. Electrospun, non-woven fiber membranes of porous polyimides with high
carbon dioxide uptakes and selectivities. Microporous and Mesoporous Materials, 2022,
329, 111519.

Specific contributions by authors:

In this work, Marion Breunig was the lead author responsible for the, data processing,
making experiments regarding bulk films and gas uptake studies. She was also
responsible for writing, reviewing, and editing the manuscript. Jian Zhu and 1 were
responsible for the experiments establishing electrospinning of the framework
components with template polymers, their solid-state polymerizations and mechanical
stability tests. SEM characterization of samples was done by me. I also contributed to
writing the manuscript. Renée Siegel completed writing the first draft. Professors

Seema Agarwal and Jiirgen Senker directed and supervised the project.

The concept of the work is to prepare the self-standing framework membranes by
immobilizing the starting components on the electrospun polymer template membrane
followed by the solid-state polymerization with the simultaneous removal of the
template polymer by thermal degradation. For this, polyimide (PI) framework
formation by reaction between tetrakis (4-aminophenyl) methane (TAPM) and

naphthalene-1,4,5,8-tetracarboxylic acid (NTCA) was considered. Poly(vinyl
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pyrrolidone) (PVP) was used as the template polymer.

The entire preparation process can be divided into three steps, as shown in Figure 2-
10. First, a DMF solution of linkers (TAPM and NTCA in 1:2 molar ratio) and template
polymer (PVP) was electrospun into precursor fiber membranes (PIM pre). In the
second and third step, the precursor fiber membranes are heated with a stepwise heating
profile to first start polymerization of TAPM and NTCA to initiate polyimide
framework formation and later on to complete imidization and hence the framework
formation with the simultaneous removal of the template polymer by thermal

degradation to obtain the porous polyimide fiber membranes (PIM_420).

NH.
O HOOC Q COOH
O O HOOC Q COOH

o NTCA
250 °C \ 420°C

E—

® \

&o
O
L/PVP\)

PIM _pre PIM_420

——
===

Figure 2-10. Preparation of framework membranes by template-assisted process.
TAPM = tetrakis (4-aminophenyl) methane, NTCA = naphthalene-1,4,5,8-

tetracarboxylic acid, PVP = polymer polyvinylpyrrolidone.

The process was optimized by varying the amount of PVP, and heating temperatures
(350 °C and 420 °C). The *C and '’N CP MAS as well as FTIR were used to prove the
incorporation of the two educts (TAPM and NTCA) in the electrospun PVP fibers and
the formation of PI framework and the removal of the template polymer after
programmed heating (Figure 2-11a-c). Unlike COF and MOF in the previous sections,
the PI framework is amorphous based on XRD measurements. An apparent BET surface
area of 222 m? g'! was measured and membrane exhibits a remarkable microporosity
with a high amount of ultramicropores (Figure 2-11d-f). The framework membranes

are flexible and showed a carbon dioxide uptake of 13.1 wt% (0 °C, 1 bar) and very
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low affinity for nitrogen and methane, thereby promising high CO2/N» selectivities for
separation applications (Table 2-1). The gas permeation experiments were carried out

by Ms. Marion Breunig (Senker group).
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Figure 2-11. *C (a) and "N (b) CP MAS NMR, FT-IR (c) spectra of PIM pre,
PIM_350 and PIM_420. Argon isotherms measured at 87 K with the surface area
calculated based on the BET equation, and SEM images of PIM_pre (d), PIM_350 (e),
and PIM_420 (f).

Table 2-1. Uptakes taken from individual Isotherms. The values were determined at p

=1 bar.
CO2/ mmol g* N2/ mmol g CH4/ mmol gt
Polymer
0T 25T 40T 0T 25C 40T 0T 25T 40<
PIM_420 3.0 24 1.9 01 - - 0.6 0.3 0.3
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Figure 2-12. The PIM_420 fiber membranes exposed to different bending states. They
include folding, twisting and curling and indicate good flexibility and mechanical

stability of the membranes.

In summary, the feasibility of transforming microporous organic polyimide frameworks
into self-standing, flexible membranes via a template-assisted process has been
established. These porous polyimide fiber membranes exhibit notable flexibility and
mechanical stability, allowing for bending, curling, and twisting actions as
demonstrated in Figure 2-12. The membranes are thermally stable and promising for
use in gas separation. The membrane fabrication method introduced in this study holds
potential for broader application across various porous polymer framework systems,
offering a novel approach to the processing and shaping of challenging porous polymers.
After establishing preparation procedures for 2D framework membranes and showing
applications in catalysis and gas separation, the next question is if the TAF process can
also be extended to the preparation of 3D sponges. The following section will elaborate

on research related to 3D framework sponges.
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2.4 Open-Cell Robust COF-Nanowire Network Sponges as

Sustainable Adsorbent and Filter

Flow direction

O MB OH,0 © SOy

Chenhui Ding, Yingying Du, Seema Agarwal. Open-Cell Robust COF-Nanowire

Network Sponges as Sustainable Adsorbent and Filter. Advanced Functional Materials,
2023, 2309938.

Specific contributions by authors:

Concepts and resources were generated by Professor Seema Agarwal. 1 designed
experiments in consultation with Professor Seema Agarwal. I performed all
experiments, and analyzed data. Yingying Du performed filtration experiments with me.

The manuscript was written with the help of all coauthors.

In this work, a simple scalable procedure is shown for making a robust, highly
compressible 3D crystalline COF nanowire interconnected porous open-cell sponge.

Utilizing the TAF process requires a template in the form of a sponge. Extensive
research by the research groups of Greiner and Agarwal has focused on the preparation
and properties of polymer sponges made from electrospun short fibers. Typically,
electrospun fibers are continuously long, but mechanical cutting can produce short
fibers ranging from 20-100 microns in length. These short fibers can be dispersed in a
water/organic solvent mixture and freeze-dried to form an open-cell porous structure
(sponge). The sponge's density is determined by the concentration of short fibers in the

dispersion and the cooling step during the freeze-drying process. Such sponges are
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promising candidates for use as templates in the TAF process. Given that PAN was
utilized as the template polymer in previous sections, I opted to use an electrospun PAN
sponge prepared by the aforementioned method as the template sponge. However,
growing a COF framework on the PAN sponge and then removing the PAN resulted in
the collapse of the structure, failing to yield a mechanically stable pure COF sponge.
Consequently, a composite sponge was prepared, in which COF frameworks grow on a
high-temperature stable and mechanically strong template sponge without removing the
template. The preparation process comprises two steps. First, polyimide (PI) short
fibers and 2,5-diaminobenzenesulfonic acid (Pa-SOsH) are dispersed in a dimethyl
sulfoxide (DMSO) solution containing polyacrylonitrile (PAN), and a PI/Pa-SO;H
composite sponge is obtained through freeze-drying. Here, PI short fibers form the
network skeleton of the composite sponge, ensuring mechanical stability; PAN acts as
a binder to enhance the sponge's strength; Pa-SOs;H serves as one of the organic
connectors in the sulfonic acid-functionalized COF (COF-SO3H), as shown in Figure
2-13a. In the second step, the PI/Pa-SO3H composite sponge is soaked in a solution of
1,3,5-triformylphloroglucinol (Tp, another organic linker for COF-SOsH) in 1,4-
dioxane and acetic acid. COF-SO3;H nanowires grow on the PI short fibers at 120 °C,

resulting in a PI/COF-SOsH composite sponge, as shown in Figure 2-13b.

89



2. Aim and Overview of the Thesis
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Figure 2-13. General schematic of COF-SO3H (a). Schematic illustration of the
preparation of PI/COF-SOsH composite sponges (b). PI = polyimide, PAN =
polyacrylonitrile, Pa-SOsH = 2,5-diaminobenzenesulfonic acid, Tp = 1,3,5-
triformylphloroglucinol, DMSO = dimethylsulfoxide, CH;COOH = acetic acid.

Through SEM, it can be found that PI short fibers build highly interconnected open-
cell structures, which is conducive to mass transfer. And a large number of COF
nanowires are densely grown on its surface (Figure 2-14). Compared with COF-SOzH
powder, PI/COF-SOs;H composite sponge exposes more active sites, which is

conducive to dye adsorption.

90



2. Aim and Overview of the Thesis

Lem Podoes ~~30 e | e » 7 A m
Figure 2-14. Photographs and SEM images of PI/Pa-SO3H (a-d), and PI/COF-SOs;H

(e-h).

Next, we explored the mechanical stability of the PI/COF-SO3H composite sponges
and its dye removal performance in wastewater. Before the PI/Pa-SOsH composite
sponges is freeze-dried, different contents of Pa-SOsH are added to finally obtain a
series of PI/COF-SOs;H composite sponges with different COF-SOsH loading contents.
The PI/COF-SO3H composites sponge have good mechanical stability, and their height
does not change significantly after 50 compression-release cycles (50% strain).
Secondly, as the COF-SO3H loading increases, the compressive strength and
deformation recovery performance of the PI/COF-SOsH composite sponges also
increase (Figure 2-15). This is because COF-SO3H nanowires serve as a protective
layer to enhance the mechanical stability of the composite sponges.
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Figure 2-15. Compression-release stress-strain (a-d), compressive stress-strain curves
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(e), and the corresponding compressive Young's modulus (f) of PI/COF-SOs;H

composite sponges.

Since COF-SOsH contains sulfonic acid functional groups, it can be used to adsorb the
cationic dye methylene blue (MB). It can be found that the adsorption capacity and
removal efficiency of PI/COF-SOs;H composite sponges for MB increases with the

increase of COF-SO3H content in the sponges (Figure 2-16).
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Figure 2-16. Adsorption capacity (a), and removal efficiency (b) of MB by PI/COF-

SOsH composite sponges.

Because PI/COF-SOsH composite sponges have a highly porous structure, good
mechanical stability, and excellent dye adsorption capacity, they can also be used as
wastewater filters. Take the PI/COF-SO3H-2.0 composite sponge as an example, put it
into a syringe and build a simple filtration device (Figure 2-17a). At the same time,
four simple filtration units are combined into one system for the continuous filtration
of wastewater for a long time (Figure 2-17b). The system can work continuously for
24 h and exhibits excellent filtration performance for MB solutions (basically complete
removal of MB within 12 h) (Figure 2-17¢). Additionally, it exhibits a high water flux
(2355 Lh!' m™).
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Figure 2-17. Photograph of PI/COF-SO3H sponges and syringe assembled facile filter
for removal of MB, one syringe (a), and four syringes (b). Filtration removal efficiency

of MB by PI/COF-SO3;H-2.0 within 24 h.

In summary, this work establishes a simple method to construct strong, compressible
3D COF sponges with highly interconnected open-cell structures. The COF sponges
can be used as an adsorbent and filter respectively, showing high removal efficiency
and long service life for dye wastewater. Combining the functional diversity of COFs
with the network framework structure of sponges not only improves the processability
of COFs, but also expands the application fields of COFs. Moreover, COF sponges are
prepared based on electrospinning and freeze-drying, and are expected to be prepared
on a large scale.

My subsequent research question explores the possibility of applying a similar
methodology to develop 3D MOF sponges. Detailed operational procedures and

methodologies will be elaborated in the following section.
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2.5 Sustainable Hierarchically Porous Reusable Metal-Organic
Framework Sponge as a Heterogeneous Catalyst and Catalytic

Filter for Degradation of Organic Dyes

Clean water

Yingying Du, Chenhui Ding, Seema Agarwal. Sustainable Hierarchically Porous
Reusable Metal-Organic Framework Sponge as a Heterogeneous Catalyst and Catalytic
Filter for Degradation of Organic Dyes. Advanced Energy and Sustainability Research,
2023, 2300218.

Specific contributions by authors:

Concepts and resources presented by Prof. Seema Agarwal. Yingying Du and I designed
the experiments in consultation with prof. Agarwal. The sponges were prepared by both.
I completed the measurement and analysis of SEM and XRD. Yingying Du performed
all other experiments and analyzed data. The manuscript was written with the help of

all co-authors.

In this work, we successfully prepared 3D MOF sponges using a similar method to the
previous work. Using ZIF-67 (Figure 2-18a) as a functional MOF. Specifically, PI
(polyimide) short fibers (length L=77+33 um), PAN (polyacrylonitrile) and
Co(NO3)2:6H>0 are dispersed in dimethyl sulfoxide (DMSO), and freeze-dried to form

PI/PAN/Co** sponge with honeycomb structure. Then PI/PAN/Co?" sponge is put into
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the precursor solution of ZIF-67 (an aqueous solution of Co(NO3),-6H>O and 2-
methylimidazole (2-Melm)), and ZIF-67 grows in situ on the surface of the PI short

fiber to obtain the PI/PAN@ZIF-67 sponge. As shown in Figure 2-18b.
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b
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r W Freeze-drying 2-Melm
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Figure 2-18. General schematic of ZIF-67 (a). Preparation of the PI/PAN@ZIF-67

In-situ growth

PI/PAN@Co** sponge ' . PI/PAN@ZIF-67 sponge

sponge (b). Co?" comes from Co(NO3)2-6H>0; 2-Melm is 2-methylimidazole.

Through SEM analysis of the internal morphology of the PI/PAN@ZIF-67 sponge, it
can be found that it has hierarchical porous structure, and a large number of ZIF-67
particles grow on the surface of PI short fibers (Figure 2-19a-c). The hierarchical
porous structure is conducive to the absorption and release of stress. The compressive
strength of the PI/PAN@ZIF-67 sponge is 23.5 kPa (50% strain), and after 300
compression cycles, the height only dropped by 9.9% (Figure 2-19d). It shows that the

PI/PAN@ZIF-67 sponge has good compressive resistance and mechanical stability.
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Figure 2-19. The photo of PI/PAN@ZIF-67 sponge (a). SEM image of PI/PAN@ZIF-
67 sponge (b and c). Cyclic compressive stress-strain curves at 50% strain for

PI/PAN@ZIF-67 sponge (d).

Taking Rh B as a typical example, we explored the potential of PI/PAN@ZIF-67 sponge
as a catalyst to activate peroxomonosulfate (PMS) to degrade organic dyes. Figure 2-
20a shows the degradation of Rh B under different catalytic systems. The
PI/PAN@ZIF-67 sponge can quickly degrade Rh B, with a degradation rate of up to
97.4% within 5 minutes and almost complete degradation within 30 minutes.
Furthermore, the PI/PAN@ZIF-67 sponge can be easily separated and washed, and
reused to degrade dyes. After 5 cycles of use, the degradation efficiency of Rh B by the
sponge remained basically unchanged (Figure 2-20b). In addition, we constructed
PI/PAN@ZIF-67 sponge as a simple filtration device to evaluate its performance in the
continuous treatment of dye wastewater (Figure 2-20c). Based on the hierarchical
porous structure of PI/PAN@ZIF-67 sponge, Rh B solution can quickly pass through
PI/PAN@ZIF-67 sponge under the action of self-gravity, and after catalytic degradation,
the clarified solution is obtained. After continuous treatment of Rh B solution for 6 h,

the removal rate of Rh B is still as high as 95% (Figure 2-20d).
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Figure 2-20. Plots of C¢/Co versus time for studying the degradation of Rh B under
different conditions (a). Reusability test of PI/PAN@ZIF-67 sponge (b). Photograph of
the assembly showing the degradation of Rh B through the filtration process. The
PI/PAN@ZIF-67 sponge was installed in the syringe as a catalytic filter to degrade Rh
B (c¢). Continuous degradation experiment of Rh B using PI/PAN@ZIF-67 sponge as
filter (d).

In summary, we successfully prepared a 3D MOF sponge (PI/PAN@ZIF-67) through
in-situ solvothermal growth of ZIF-67. The PI/PAN@ZIF-67 sponge has good
compression resistance and mechanical stability. And as a catalyst for PMS activated
degradation of dyes, it shows excellent degradation performance and can be reused
many times. Secondly, the PI/PAN@ZIF-67sponge is used as a catalytic filter for
flowing degraded dyes, showing excellent degradation performance and long service
life. This research provides a new method for 3D MOF monolithic materials and

expands the application fields of MOFs.
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3. Outlook

In the past two decades, metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have become an emerging and booming class of crystalline porous
materials. They have large surface area, high porosity, tailor-made structures, adjustable
pore size and good thermal/chemical stability, and have been used in many fields,
including energy, environment, biomedical engineering, chemical engineering, and
optoelectronics. Despite unprecedented progress, MOFs and COFs are typically
processed into powders that are difficult to dissolve, melt, and process. This leads to
unavoidable losses during use and difficulty in reuse, which greatly hinders their further
development.  Therefore, in this work, based on the electrospinning process,
combined with the template-assisted process and freeze-drying method, we obtained
mechanically stable 2D MOF and COF fiber membranes, and 3D MOF and COF
sponges, respectively, and their practical applications are studied. Further, we expanded
to other porous materials and prepared 2D Microporous organic polyimide (MOPI)
fiber membranes. In order to further deepen the combination of electrospinning
technology with MOFs and COFs, and prepare macro-objects (MOFs-based and COFs-
based) with diverse structures and functionalities, research needs to be conducted from
multiple aspects. How does microstructure influence the properties of macroscopic
objects is an important question? By manipulating specific structural units or applying
post-synthesis modifications, it is possible to precisely control the microstructural
characteristics of MOFs and COFs-such as chemical composition, pore size, and
porosity-to investigate their effects on the macroscopic properties of these materials.

The targeted use of MOF/COF macro-objects for specific applications, like energy

storage devices and fuel cells would also be interesting.
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4.1 Flexible, Mechanically Stable, Porous Self-Standing
Microfiber Network Membranes of Covalent Organic

Frameworks: Preparation Method and Characterization

Chenhui Ding, Marion Breunig, Jana Timm, Roland Marschall, Jiirgen Senker, Seema
Agarwal. Flexible, Mechanically Stable, Porous Self-Standing Microfiber Network
Membranes of Covalent Organic Frameworks: Preparation Method and

Characterization. Advanced Functional Materials, 2021, 31(49), 2106507.
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Flexible, Mechanically Stable, Porous Self-Standing
Microfiber Network Membranes of Covalent Organic
Frameworks: Preparation Method and Characterization

Chenhui Ding, Marion Breunig, Jana Timm,

and Seema Agarwal*

Covalent organic frameworks (COFs) show advantageous characteristics,
such as an ordered pore structure and a large surface area for gas storage
and separation, energy storage, catalysis, and molecular separation. How-
ever, COFs usually exist as difficult-to-process powders, and preparing
continuous, robust, flexible, foldable, and rollable COF membranes is still a
challenge. Herein, such COF membranes with fiber morphology for the first
time prepared via a newly introduced template-assisted framework process
are reported. This method uses electrospun porous polymer membranes as
a sacrificial large dimension template for making self-standing COF mem-
branes. The porous COF fiber membranes, besides having high crystallinity,
also show a large surface area (1153 m? g7'), good mechanical stability,
excellent thermal stability, and flexibility. This study opens up the possibility
of preparation of large dimension COF membranes and their derivatives in a
simple way and hence shows promise in technical applications in separation,

catalysis, and energy in the future.

1. Introduction

Covalent organic frameworks (COFs) are crystalline porous
macromolecular networks linked through strong covalent
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bonds in the form of a 2D or 3D struc-
ture.!! Their controllable crystalline struc-
ture, high chemical and thermal stability,
and permanent porosity with high spe-
cific surface areas have made them prom-
ising for a wide range of applications in
fields, including gas storage,! separa-
tion,l catalysis ! water purification,!
molecular separaﬁons,[(‘] energy storage,m
and light-emitting diodes.®l Despite sev-
eral advantages and suitability for various
application areas, the actual use is limited
due to their nonprocessability originating
from the cross-linked insoluble and infu-
sible structure.”l To solve this problem,
researchers have adopted various methods
to obtain COFs with different morpholo-
gies, including hollow tubes ! core-shell
structures,"! membranes,'? and foams.!3!

Recently, some research efforts were
invested in preparing COF membranes
which can be categorized into four types. The first is to grow
the COF composite membranes directly on the supporting car-
rier in situ, but this requires a supporting carrier, and there
is a problem of adhesion. The second method is to obtain
COF nanosheets by mechanical grinding or chemical treat-
ment, but the weak interaction force between COF nanosheets
usually leads to poor mechanical properties of the assembled
COF films."”l The third method is to prepare COF membranes
through liquid-liquid interface polymerization, but the COF
membranes have poor mechanical properties and low crystal-
linity.""l The fourth method is to obtain the COF membranes
by baking the organic linking agent with the corresponding
aldehydes, but the thickness of the COF membranes is several
hundred microns.”’ Therefore, there is an urgent need for new
preparation methods for self-standing COF membranes with
large dimensions, excellent crystallinity, and mechanical prop-
erties. Without large dimension processable self-standing flex-
ible COF membranes, their applications are limited.

We set this as our goal and report the preparation of porous,
crystalline COF membranes of large dimensions and mechan-
ical stability in a new three-step easy to perform synthesis,
which we refer to in the following as template-assisted frame-
work (TAF) process. The method utilizes electrospun porous
polymer membranes as a sacrificial large dimension template.
Electrospinning is the simplest and most effective method to
prepare continuous polymer nanofibers and the corresponding
porous membranes of large dimensions, large specific

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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surface areas, large porosity, and high flexibility."”) The polymer
membranes, electrospun with the help of a template polymer,
support the in situ growth of the COF. The subsequent removal
of the template polymer leaves behind self-standing crystalline
COF membranes with high surface area (1153 m? g™'), good
mechanical stability (tensile strength of 0.64 MPa and excellent
bending stability), and flexibility (the mechanical properties
remain unchanged after 10 000 bending tests).

2. Results and Discussions

The TAF process used for the preparation of self-standing
porous COF membranes is shown in Figure 1.

In the first step of the TAF process, one of the COF reac-
tants, the diamine (p-phenylenediamine (Pa)), was immobilized
on an electrospun polyacrylonitrile (PAN) fibrous membrane in
different amounts by electrospinning of a solution of PAN and
Pa. The resulting PAN/Pa fiber membranes with different load-
ings of Pa (100% and 200% to the amount of PAN) are called
PAN/Pa-100 and PAN/Pa-200, respectively. To explore the in
situ growth of the COF within the fibers and the resulting mor-
phology, we performed scanning electron microscope (SEM)
characterization (Figure 2). Figure 2a—c shows the SEM images
of PAN, PAN/Pa-100, and PAN/Pa-200 fibrous membranes. The
pure PAN fibers have a smooth surface, while the PAN/Pa-100
and PAN/Pa-200 show a rough surface and are covered with a
layer of Pa. Pa is expected to mix with PAN in the bulk of the
fibers and to deposit on the surface.

Moreover, as the content of Pa in PAN/Pa fibers increases,
the fiber diameter increases significantly. The average diam-
eter of the PAN fibers, PAN/Pa-100 fibers, and PAN/Pa-200
fibers are 348 + 84, 1312 + 103, and 1699 * 147 nm, respectively.
This shows that Pa was successfully doped into PAN fibers.
In the second step, the COF was grown in situ on PAN fiber
membranes by reaction of immobilized Pa with the 1,3,5-tri-
formylphloroglucinol (Tp) (catalyst: acetic acid, temperature:
120 °C, time: 1 day). The corresponding COFs generated on
PAN/Pa-100 and PAN/Pa-200 are called PAN/COF-100 and

D Pa
9 Tp
® TpPa COF

PAN/Pa fiber membrane

Soak in CH,Cl, solution

Figure1. The three-step preparation process of porous COF membranes. PAN
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PAN/COF-200, respectively. For comparison, the conventional
synthesis of COF by mixing Tp and Pa led to spherical particles
(Figure 2d). Figure 2e,e’ f,f* shows the surface and cross-section
morphologies of PAN/COF-100 and PAN/COF-200 fibers. It
can be found that with the reaction of Pa and Tp, TpPa COF
nanoparticles grow uniformly on the surface of the PAN fibers.
Moreover, the cross-section morphology of PAN/COF fibers
shows that TpPa COF nanoparticles also grow in the bulk of
the fibers. This shows that during the reaction process, Tp not
only reacts with Pa on the fiber surface but also penetrates into
the bulk of the fiber and reacts with Pa to generate TpPa COF
nanoparticles.

In the third step, the removal of the template polymer PAN
from the membranes by solvent extraction provided the self-
standing porous TpPa COF membranes, COF-100 and COF-
200, respectively. Figure 2g,g’,h,h’ shows the surface and cross-
section morphology of COF-100 and COF-200 fibers. Compared
with PAN/COF fibers, the surface of the porous COF fibers is
basically unchanged, and the fiber morphology remains intact.
By observing the cross-sectional morphology, it can be found
that the porous COF fibers possess porous core-shell-type
structures with varied densities of COF particles in the shell
and core. This is because, during the in situ growth of TpPa
COFs, the surface of the PAN fiber provides enough Pa and
enough growth space to form a dense shell composed of TpPa
COF nanoparticles. In the bulk of PAN fiber, TpPa COF nano-
particles are wrapped by PAN during the growth process, which
leads to a lack of sufficient growth space. Therefore, after the
PAN is removed, leaving a porous core is formed by the accu-
mulation of TpPa COF nanoparticles. In addition, the core—
shell structure of porous COF fibers ensures that it has good
mechanical stability and high specific surface area, as described
in the later section. The optical photographs of membranes are
shown in Figure 2 (bottom).

The Fourier-transform infrared (FT-IR) spectra of the sam-
ples are shown in Figures S1 and S2 in the Supporting Infor-
mation. The characteristic stretching bands at 3100-3300,
2242, 1574, and 1236 cm™ are attributed to the N—H group of
Pa, the C=N group of the PAN, C=C, and C—N of the TpPa

PAN removal

PAN/COF fiber

Porous COF fiber

PAN/COF fiber membrane Porous COF fiber membrane

= polyacrylonitrile, Pa= p-phenylenediamine, Tp=1,3,5-triformylphloroglucinol.
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Figure 2. Top: SEM images of a) PAN, b) PAN/Pa-100, c) PAN/Pa-200, d) TpPa COF powder, e) PAN/COF-100, f) PAN/COF-200, g) COF-100, and
h) COF-200 with e',f',g’,h’) their cross-section, respectively. Bottom: Photographs of a) PAN/Pa-100, b) PAN/COF-100, and c) COF-100.

COF, respectively." In fact, after 1 day of synthesis at 120 °C,
the color of PAN/Pa fiber membranes changed from lavender
to red. This means that TpPa COF has grown on PAN fibers.
It can be found from Figure S1 in the Supporting Informa-
tion that the characteristic stretching band at 3100-3300 cm™
(N—H) has disappeared, and the characteristic stretching band
at 1574 cm™ (C=C) and 1236 cm™' (C—N) is displayed on COF
formation. In addition, through the N,N-dimethylformamide
(DMF) post-treatment for the removal of PAN, the FT-IR
spectra of the porous COF fiber membranes and the TpPa
COF powders are basically the same. This shows that PAN was
effectively removed without changing the chemical structure of
TpPa COF, and the porous COF fiber membranes were success-
fully obtained. The FT-IR spectrum of COF-200 series and Tp
are shown in Figure S2 in the Supporting Information.

The C (Figure 3a and Figure S3, Supporting Information),
as well as ®N (Figure 3b) cross polarized magic angle spin-
ning (CP MAS) NMR spectra, demonstrate for the PAN/Pa-100

Adv. Funct. Mater. 2021, 31, 2106507 2106507 (3 of 7)

fiber mat to be composed of a mixture of PAN and Pa. This
is particularly obvious by the characteristic ’N NMR peaks
at =127 ppm for the nitrile unit of PAN and at —328 ppm for
the amino groups of Pa, as well as by the ®C NMR shifts at
around 30 ppm for the aliphatic PAN backbone and at 139 ppm
for the aromatic CH groups of Pa. After the reaction of PAN/
Pa-100 with Tp, the characteristic peaks for Pa disappear, and
resonances typical for COF-100 were observed. Pronounced are
shifts at —241 ppm (®N) and 106, 146, and 184 ppm ("*C) for the
keto-enamine groups arise. The absence of peaks characteristic
for amino functions confirms very high cross-linking degrees
(>95 %) and thus the success of the polycondensation of the
two monomers to COF-100. The remaining PAN peaks dem-
onstrate that PAN/COF-100 represents a composite membrane
of PAN and COF-100. PAN could subsequently be removed
by Soxhlet extraction, as evident by the disappearance of PAN
peaks at —126 ppm ("*N) and at 30 and 121 ppm ("*C). For the
second synthesis series (higher Pa content) similar behavior
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Figure 3. a) *C and b) >N CP MAS NMR spectra of the COF-100 series. The asterisks mark spinning sidebands. PXRD patterns of ToPa COF powder
(magenta), COF-100 (violet), PAN/COF-100 (blue), and PAN (red). c) The simulated PXRD patterns of TpPa COF (wine) and PAN (pink) are also shown.

d) The structure and space-filled model of TpPa COF.

was observed. The data of the COF-200 series are shown in
Figure S3 in the Supporting Information.

The X-ray diffraction (XRD) patterns of TpPa COF powder,
PAN, PAN/COF, and porous COF fiber membranes are shown
in Figure 3c and Figure S4 in the Supporting Information.
They show the typical reflexes for the hexagonal metric of TpTa
COF™ at 26 = 4.8° (100), 8.5° (210), and 26.9° (001), while the
reflex at 26 = 172° is attributed to PAN. According to Bragg’s
Law, the d spacings of the (100) and (001) reflexes are 1.8 and
0.33 nm, respectively. This is basically consistent with the
pore size and eclipse stacking between the layers of TpPa COF
reported in the literature.” The XRD data also confirmed that
the PAN/COF and porous COF fiber membranes were success-
fully obtained in this work with a crystallinity comparable to the
one of the TpTa COF bulk material.

N, and Ar physisorption isotherms were conducted to
examine the surface areas, the pore size distributions, and the
cumulative pore volumes of TpPa COF powders and material

Adv. Funct. Mater. 2021, 31, 2106507 2106507 (4 of 7)

from different steps of the TAF process (PAN/COF and porous
COF fiber membranes). As 2D COFs are sensitive to swelling
when exposed in particular to Nyl the pore size distribution
and specific surface area of TpPa COF powder were determined
using an Ar physisorption isotherm at 87 K (Figure S5, Sup-
porting Information). The isotherm is typical for a microporous
material.?!l The surface area amounts to 463 m? g, the pore
size distribution exhibits a maximum at 1.6 nm, and the max-
imum cumulative pore volume results in 0.2 cm® g™, which is
in good agreement with the observation from the PXRD pat-
terns and values reported for the traditional solvent synthesis
method.?"l Further gas physisorption measurements of the
series PAN/COF and COF fiber membranes were conducted
with N, at 77 K. Interestingly, only the PAN/COF samples
show a slight swelling behavior (adsorption branch and des-
orption branch not closing at low p/p,), which derives from
the high amount of nonrigid, polymeric material. The absence
of swelling for COF-100 and COF-200 indicates that the COF
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fiber membranes production creates improved stability against
swelling and an additional stiffness compared to the TpPa COF
powders. The nitrogen physisorption isotherm of COF-100 is
again typical for a microporous material, while the isotherm of
COF-200 shows an additional increase at high relative pressures
(p/po), resulting from voids between the single fibers of COF-
200, which might be explained with the larger fiber diameter
of COF-200 compared to COF-100.2" The pore size distribution
of the PAN/COF and COF fiber membranes exhibit maxima
between 1.7 and 1.8 nm (Figure 4b), matching the pore sizes of
the TpTa COF and the ones determined from the XRD data. An
additional micropore diameter of 1.4 nm could be observed for
the COF-200 sample. The cumulative pore volumes of COF-100
and COF-200 are more than doubled compared to TpPa COF
powder and almost quadrupled compared to PAN/COF. This
is because PAN wraps the TpPa COF nanoparticles in the bulk
of the PAN fiber, and only the nanoparticles on the fiber's sur-
face are exposed. After PAN removal, the pores are accessible,
resulting in a strongly increased pore volume and surface area.
The specific surface areas of PAN/COF-100 and PAN/COF-200
are comparable to each other with 229 and 224 m? g%, respec-
tively, and are much lower than TpPa COF powders. However,

(a)

—e— PAN/COF-100
—a— PAN/COF-200
—e— COF-100
500 4 —e— COF-200

1
004 1153 m'g

400

300 1120 m'g”
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(b)

—&— PAN/COF-100
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Figure 4. a) N, adsorption-desorption isotherms of PAN/COF-100,
PAN/COF-200, COF-100, and COF-200, b) their pore size distribution,
and cumulative pore volume obtained using the quenched solid density
functional theory method.
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the surface areas of porous COF-100 and porous COF-200 fiber
self-standing membranes are much higher and exceed 1120 and
1153 m? g7!, respectively, even the one obtained for the TpPa
COF powders. The removal of PAN by solvent extraction creates
a hierarchically porous material with a macroporosity (Figure 2)
that renders all COF nanoparticles accessible (including in the
bulk). Additionally, the TpPa COF particles from the bulk syn-
theses are larger by one to two orders of magnitude (Figure 2),
which makes the latter particles prone to pore blocking. This,
in turn, reduces the accessible pore space leading to smaller
surface areas for TpTa COF powder compared to COF-100 and
COF-200. In particular, the hierarchical build-up of the COF
fibers obtained by the TAF process is advantageous for potential
applications.

Excellent thermal stability is conducive to expanding the
application of TpPa COF. Figure S6 in the Supporting Informa-
tion shows the thermogravimetric analysis curves of TpPa COF
powders, PAN, PAN/COF, and porous COF fiber membranes
in a nitrogen atmosphere. Tse; (the temperature at which 5%
mass loss takes place) and a residual mass at 800 °C were used
to evaluate the thermal stability of the samples, as shown in
Table S3 in the Supporting Information. It can be observed
that all the samples have good thermal stability, and there is
basically no loss before 300 °C. This indicates that PAN/COF
and porous COF fiber membranes have potential applications
in the high-temperature field. In addition, the residual masses
of PAN/COF and porous COF fiber membranes at 800 °C are
both greater than 45%, making their carbon derivatives broad
application prospects.

Tensile test and cycle test analyze the mechanical properties
and flexibility of materials. By changing the content of Pa in the
PAN fiber, the mechanical properties of PAN/COF and porous
COF fiber membranes were studied, as shown in Figure 5, and
the corresponding results are shown in Table S4 in the Sup-
porting Information. The PAN/COF fiber membranes show
good mechanical properties, but as the content of Pa increases,
the mechanical properties of PAN/COF fiber membranes
decrease. This may be due to the fact that more TpPa COF nan-
oparticles have grown inside the fiber, resulting in more struc-
tural defects. In addition, after DMF post-treatment, the PAN is
completely removed, and the fibers in COF membranes (COF-
100 and COF-200 had thickness around 53 and 59 um, respec-
tively (Table S4, Supporting Information)) are only composed of
TpPa COF nanoparticles. The porous COF-200 fibers may con-
tain more nanoparticles, which results in dense porous COF-
200 fiber membranes having better mechanical properties than
porous COF-100 fiber membranes. At the same time, the dense
TpPa COF nanoparticles shell on the surface of the porous COF
fibers ensures its mechanical stability. Few other literature ref-
erences show the mechanical characteristics of different COF
membranes. The membrane prepared in this work shows
better mechanical stability than the COF membrane prepared
by interfacial polymerization using 1,3,5-triformylbenzene and
2,5-diethoxyterephthalohydrazide as the starting materials (ten-
sile stress 0.26 MPa).??l Although mechanical stability of COF
membrane in the present work is sufficient for use in several
applications, like separation and catalysis, it can be tuned to dif-
ferent values by use of fillers, modified multifunctional poly-
mers as building blocks, etc. The highest tensile strength of
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Figure 5. a) Typical stress—strain curves of PAN/COF-100, PAN/COF-200 and b) COF-100, COF-200, and porous COF fiber membranes after 10 000
cycles of bending. c) Bending and recovery processes for the COF, and the test at different bending states.

91.2 + 6 MPa is reported for sulfonic acid-functionalized COF
membranes prepared by self-assembling COF nanosheets.*’!

To characterize the flexibility of the porous COF fiber mem-
branes, we performed a 10 000 cycle bending test with a com-
pression of 50% and showed the flexibility of the porous COF
fiber membranes under different bending states (folding and
curling), as shown in Figure 5c. Also, the tensile test showed
that the mechanical properties of the porous COF fiber mem-
branes remained basically unchanged, as shown in Figure 5b.
Additionally, the sample that underwent a bending cycle did not
show any cracks as seen by SEM images, confirming the excel-
lent flexibility and bending stability of porous COF fiber mem-
branes (Figure S7, Supporting Information).

3. Conclusions

The TAF preparation method is successfully established, exem-
plary for the synthesis of a flexible porous COF membranes
with a high specific surface area. The resulting COF mem-
branes were produced in large dimensions, good crystallinity,
and excellent hierarchical porosity. In addition, porous COF
fiber membranes also show good mechanical stability and out-
standing flexibility. After 10 000 cycle bending tests, its mechan-
ical properties are unchanged. The present procedure could be
used in the future for making COFs with other organic link-
ages. The only condition for transferring the current approach
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to other COFs is that one of the monomers (starting compo-
nent) needs to be preloaded on the template polymer fiber.
The versatility of the electrospinning procedure allows for pre-
loading during fiber formation by mixing different components
either in the form of molecular solution or dispersions in a
simple way, making the present procedure very promising.

At the same time, the porous COF fiber membranes also
has excellent thermal stability. Therefore, the porous COF
fiber membranes and their derivatives have great application
prospects in the fields of separation, catalysis, and energy. It
is worth mentioning that here prepared membranes are dif-
ferent from the conventional barrier membranes. Our mem-
branes show a hierarchical porosity providing very little resist-
ance for gas mixtures to pass through. Their use within pres-
sure swing or temperature swing adsorption will be beneficial.
The macropores allow for an easy gas flow and small pressure
drops, at the same time, the ultramicroporosity ensures a good
gas uptake and separation. Compared to the often used par-
ticle fillings with their problems of compacting, the here pre-
pared membranes can be rolled and thus easily packed into the
columns.

4. Experimental Section

Materials: PAN (Mw = 80 000, Carl Roth), Pa, and Tp were purchased
from Sigma-Aldrich. DMF (99.9%), dichloromethane (CH,Cl,, 99.9%),
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and acetic acid (AcOH, 99.7%) were purchased from Fisher Chemical.
All chemicals can be used directly without further purification.

Preparation of the Porous COF Fiber Membranes: The porous COF
fiber membranes were prepared in three steps. The preparation process
is shown in Figure 1. In the first step, PAN/Pa fiber membranes were
prepared by electrospinning. 1.5 g of PAN and a certain amount of Pa
(1.5 and 3.0 g, respectively) were dissolved in 8.5 g of DMF and stirred
for 3 h to form a uniformly dispersed PAN/Pa electrospinning solution.
The working voltage, the tip-to-collector distance, and the flow rate
were set at 15 kV, 25 cm, and 0.8 mL h™, respectively. The PAN/Pa fiber
membranes with different loading ratios of Pa (100% and 200%) were
prepared, which were called PAN/Pa-100 and PAN/Pa-200, respectively.
All the prepared PAN/Pa fiber membranes were vacuum dried at room
temperature for 12 h. In the second step, PAN/COF fiber membranes
were prepared by in situ growth. Take PAN/Pa-200 as an example. The
PAN/Pa-200 fiber membrane (100 mg) was added to a dichloromethane
(43.2 g) solution containing Tp (86.4 mg) and acetic acid (0.86 g) and
reacted at 120 °C for 1 day to obtain red PAN/COF fiber membranes.
Then it was washed three times with dichloromethane and acetone, and
dried under vacuum at 60 °C for 12 h. The prepared membranes were
named PAN/COF-100 and PAN/COF-200, respectively. In the third step,
the PAN/COF fiber membranes were washed at 160 °C for 1 day using a
Soxhlet extractor and DMF to completely remove PAN and obtain porous
COF fiber membranes and dried under vacuum at 60 °C for 12 h. The
prepared membranes were named COF-100 and COF-200, respectively.
And, the thickness of the porous COF fiber membranes can be easily
changed by using electrospun template polymer membranes of different
thicknesses, which in turn is controlled by the time of electrospinning
keeping all other spinning parameters the same. In addition, PAN fiber
membranes and TpPa COF powders were prepared through similar
steps for other characterization and testing.
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Characterization

The Fourier transform infrared spectra (FTIR, 650-4000 cm) were obtained using a
spectrometer (Digilab Excalibur FTS-3000). *C solid-state NMR spectra were acquired on a
Bruker Avance III or Bruker Avance III HD spectrometer operating at a By field of 9.4 T
(vo(*C) = 100.6 MHz and 100.7 MHz). The samples were spun at 12.5 kHz in a 4.0 mm MAS
double resonance or 3.2 mm MAS triple resonance probe, respectively. MAS spectra were
obtained with ramped cross-polarization (CP) experiments where the '*C nutation was set to
70 kHz (4.0 mm) or 50 kHz (3.2 mm), and the 'H nutation frequency vy was varied linearly
from 50-100% on average matching the Hartmann-Hahn conditions. The contact time was set
between 1 to 3 ms. Proton broadband decoupling with spinal-64 and vau: = 70 kHz was applied
during acquisition. The spectra were referenced with respect to TMS (tetramethylsilane) using
the secondary standard adamantine. *N solid-state NMR spectra were acquired on a Bruker
Avance TII spectrometer operating at a By field of 9.4 T (vo("*N) = 40.6 MHz). A ramp
(70-100 %) CP with a contact time of 5 ms where the "N nutation was set to 21 kHz was
employed. The samples were spun at 10.0 kHz in a 4 mm MAS double-resonance probe. Proton
broadband decoupling with spinal-64 and vt = 70 kHz was applied during acquisition. The
spectra are referenced with respect to CHiNO; using the secondary standard glycine. The X-
ray diffraction (XRD, Cu Ko, & = 1.540598 A) patterns were recorded on a Bragg-Brentanotype
diffractometer (XPERT-PRO, PANalytical B.V.), and each XRD pattern was scanned over a
range of 20 = 2° to 40° at a rate of 0.5° min''. The morphologies of the fiber membranes were
performed on scanning electron microscopy (SEM, Zeiss Leo 1530). N2 adsorption/desorption
isotherms were measured on Quantachrome 1Q, and kept at 77 K by a liquid nitrogen bath.
Argon sorption measurements were carried out on a Micro 100 Surface Area and Pore Size
Analyzer at 87 K. The data were analyzed using the ASIQ v 3.0 software package. For the
argon-based isotherms, the specific surface area was calculated with Brunauer-Emmet-Teller
(BET) as well as with quasistationary density functional theory (QSDFT) kernels. The valid
points for determining the BET surface area were calculated for microporous materials
according to the method by Rouquerol et al.'). The choice of the QSDFT adsorption branch
kernel for cylindrical pores in carbon-based materials depended on the calculated fitting error.
The samples were degassed under vacuum (107> kPa) at 120 °C for 24 h before starting the

adsorption experiments. Tensile testing machine (ZwickiLine Z0.5; BT1-FR0.5TN.D14; Zwick
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/ Roell, Germany) was used for the measurement of the tensile strength (sample length 30 mm,
width 30 mm, and initial effective tensile length 10 mm), and under the same measurement
conditions, a 10 000-cycle bending test with a compression of 50% was measured. The thermal
stability analysis of the PAN, TpPa COF powders, PAN/COF, and porous COF fiber

membranes was carried out using a thermogravimetric analyzer (TGA, TG 209 F1 Libra).
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Figure S1. FT-IR spectrum of Pa, PAN, PAN/Pa-100, PAN/COF-100, COF-100, and TpPa
COF powder.
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Figure S2. FT-IR spectrum of Tp, PAN/Pa-200, PAN/COF-200 and COF-200.
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Figure S3: '*C CP MAS NMR spectra of the COF-200 series. The asterisks mark spinning side
bands.

114



4. Publications

Table S1: Assignment of '*C NMR shifts (All values are given in ppm).

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
COF powder 184 107 146 136 114 120 136 - - - - - - - -
COF-100 184 106 146 135 115 121 135 - - - - - - - -
PAN/COF-100 184 107 146 136 115 121 136 30 30 121 - - - - -
PAN/Pa-100 - - - - - - - 30 30 121 117 139 - - -
PAN ..o C30030 121 - - - oo
Pa e O 2 - T
Tp S .o o192 104 1T
COF-200 184 106 147 135 115 121 135 - - - - -
PAN/COF-200 184 107 147 136 116 121 136 31 31 121 - - - - -
PAN/Pa-200 - - - - - - - 29 29 122 117 139 - - -
Table 82: Assignment of "N NMR shifts (All values are given in ppm).
Sample a b c
COF powder -244 - -
COF-100 -241 - -
PAN/COF-100 -239 -126 -
PAN/Pa-100 - -127 -328
PAN - -128 -
Pa - - -329
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Figure S4. PXRD patterns of PAN/COF-200 and COF-200.
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Figure S6. TGA curves of PAN, PAN/COF-100, PAN/COF-200, COF-100, COF-200 and
TpPa COF powder.

Table S3. Summary of thermal properties of PAN, PAN/COF-100, PAN/COF-200, COF-100,
COF-200 and TpPa COF powder.

Tso Residue at 800 °C
Samples oC] -

PAN 310 44
PAN/COF-100 308 46
PAN/COF-200 312 47

COF-100 368 50
COF-200 393 52
TpPa COF powder 407 52
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Table S4. Summary of mechanical properties of PAN/COF-100, PAN/COF-200, COF-100,
COF-200 and porous COF fiber membranes after 10 000-cycles of bending.

Samples thickness strength modulus strain start break
[nm] [MPa] [MPa] (%]

PAN/COF-100 53 10.2+0.5 61.5+3.8 47.9+1.2
PAN/COF-200 59 7.940.4 53.545.2 23.1+0.7
COF-100 54 0.33+0.07 8.1+£1.9 4.5+0.3
COF-200 57 0.64+0.11 4.3+0.3 7.5+0.2
COF-100-10000-cycle 53 0.29+0.05 7.842.1 4.4+0.3
COF-200-10000-cycle 56 0.50+0.10 3.840.2 7.3+0.2

Figure S7. Photographs of COF-100 a), COF-100-10000-cycle b). And SEM images of COF-
100 ¢), COF-100-10000-cycle d).

Reference
[1] J. Rouquerol, F. Rouquerol, P. Llewellyn, G. Maurin, K. S. Sing, Adsosption by powders

and porous solids: principles, methodology and agplications, Academic press, 2013.

119



4. Publications

4.2 Template-assisted Preparation of Self-standing 2D-MOF

Membranes for Application in Cascade Reactions

Yingying Du, Chenhui Ding, Jana Timm, Roland Marschall, Seema Agarwal.

Template-assisted Preparation of Self-standing 2D-MOF Membranes for Application

in Cascade Reactions. ChemCatChem, 2022, 14(22), €¢202201040.

120




4. Publications

M) Check for updates N
Chemistry
Europe

Europaan Chemica:
Societies Publishing

Research Article
ChemCatChem

doi.org/10.1002/cctc.202201040

www.chemcatchem.org

Template-assisted Preparation of Self-standing 2D-MOF
Membranes for Application in Cascade Reactions

Yingying Du,”’ Chenhui Ding,”” Jana Timm,” Roland Marschall” and Seema Agarwal*™

Self-standing metal-organic framework (MOF) membranes open
up several application areas where their use in the powder form
is either not possible or non-sustainable. Most MOF membranes
are prepared as a thin layer either on a supporting substrate or
used as a composite membrane with additional supporting
material. In this work, we present the preparation procedure for
making highly stable, easy-to-handle, reusable, efficient pure
MOF membranes (UiO-66-SO;H and UiO-66-NH, membranes;
thickness 240+12 um and 265410 um, respectively) with
hollow fiber morphology and their use in cascade reactions in

Introduction

Metal-organic frameworks (MOFs) with large surface area,
tunable pore size, porosities, and high thermal and chemical
stability emerged as important porous materials for several
applications, such as gas separation, oil-water separation, etc.”
MOFs are framework structures formed by the self-assembly of
metal clusters and organic ligands through coordination bonds
as an insoluble and post-synthesis non-processable powder.”
MOF was grown on a substrate using an in-situ growth method
to enable their use in several application areas where a film is
required. One of the methods utilizes immersion of an inorganic
substrate in a MOF reaction solution.” Further improvement is
made by modifying the inorganic surface that provides
nucleation sites for MOF's growth and improves the substrate
-MOF adhesion.”” Other methods using already prepared MOF
nanoparticles (e.g., ZIF-8) as seeds for the growth of thin MOF
film on an inorganic or polymer substrate are also studied.”
The use of MOF in heterogenous catalysis in one-pot
cascade reactions is recently getting more and more attention
as a sustainable alternative to multi-step reactions® The
intermediate processing steps, such as the removal and
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one-pot catalyzed by incompatible acid-base in tea-bag-type
concept. The catalytic performance of the catalyst membranes
was tested by reacting benzaldehyde dimethyl acetal with three
active methylene compounds. The membranes exhibited ex-
cellent catalytic activity in cascade reactions in one pot (the
yield of the product was as high as 99.9%) and can be reutilized
up to 15 times without any significant loss in activity. Stable
pure MOF membranes, as shown in this work, would be of
interest for several other applications beyond catalysis.

purification of products at each stage, are eliminated in one-pot
cascade reactions, simplifying the synthetic procedure, reducing
the solvents’ use, and minimizing waste generation.”’ Besides
MOF, several examples of cascade reactions using different
catalysts (homogenous, enzymes, and heterogenous) for an
individual sequence of reactions in a cascade are also known.™

One-pot cascade reactions with catalysts that deactivate
each other are more challenging as they require carefully
designed catalyst support architectures that keep the individual
catalysts isolated from each other in an active state! The
incompatible catalysts which deactivate each other on coming
into contact are called Wolf-Lamb-type catalysts. Moreover,
easy and complete recovery after the reaction is of utmost
importance for the sustainable use of catalysts. The recovered
catalysts can be reused in several other catalytic reactions
without losing activity. This makes the design of catalyst
support architecture furthermore challenging.

Several efforts are invested in providing solutions to this
challenge, and different catalytic supports keeping the two or
more incompatible active catalysts isolated from each other in
one pot are reported in the literature. For this, polymer resins
and magnetic nanoparticles,"® acidic- and basic-layered
silicates," zeolites,"” and metal-organic frameworks (MOFs)!'?
are highlighted.

MOFs as catalyst support has increased in the last years due
to high porosity, specific surface area, and possibilities of tuning
their structure™ In particular, acid-base bifunctional MOF
powder is an effective catalyst for cascade reactions in one
pot™ Complex catalyst supports, such as egg yolk-shell
structured covalent organic framework (COF)@ MOF (YS-
COF@MOF), were also used for the site-separation of acidic and
basic groups."® MOF is prepared and subsequently used mostly
in the form of nanoparticles, which can agglomerate during
reactions. Also, retrieving MOF nanoparticles requires an addi-
tional filtration or magnetic separation step."” Future efforts are

© 2022 The Authors. ChemCatChem published by Wiley-¥CH GmbH
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needed to design efficient incompatible catalyst supports that
are easily reusable.

Previously, we reported a teabag-type concept for reusable
heterogeneous catalysis in which catalysts can be removed
easily, like a teabag from tea, and reused. For example, gold
nanoparticles (AuNPs) were incorporated in high surface-to-
volume hollow polymer fibers, forming a porous nonwoven
membrane by randomly laying these fibers by electrospinning.
It catalyzed the hydrolytic oxidation of dimethyl phenyl silane
and the alcoholysis of dimethyl phenyl silane with n-butanol.
The catalytic non-woven was taken out for reuse in the same
way as a teabag after use."® Keeping our focus on the tea-bag-
type concept for catalysts’ reusability, we later prepared
catalytic supports for incompatible acid and base catalysts. We
electrospun and later cross-linked the fibers in nonwoven
prepared from -SO;H and -NH, functional polymers and used
them in one-pot cascade reactions: deacetylation-and subse-
quent reaction of an aldehyde with reactive methylene
compounds."? Efficient catalysis was observed, but the soft
polymer catalyst membranes were easily swollen by the
solvents used for reactions to form a gel, reducing the catalyst’s
service life.

In this work, we present a preparation procedure for making
highly stable, easy-to-handle, reusable, efficient self-standing
pure MOF membranes based on well-known MOF (Ui0-66)"
for use in acid-base catalyzed cascade reactions in one-pot in
tea-bag-type concept. After use, the catalyst membranes can be
simply removed, washed, and reused for the next cycles of
reactions. A procedure for making such self-standing MOF
membranes with functional groups —SO;H and —NH, is
described, followed by detailed studies regarding their catalytic
ability in cascade reactions in one pot. The catalyst membranes
exhibited excellent catalytic activity in the acid-base catalyzed
reactions (the yield was as high as 99.9%). Moreover, it reveals
the same activity on reusing at least 15 catalytic cycles. The
details of the material preparation and use in one-pot acid-base

é
> ! i
X ¢ Il
- )
PAN/ZrCl, membrane
SO3Na
120°C, 24 h
Zrcly + HOOC COOH
4 ~ >— H,0 + CH;COOH SO
Ui0-66-SO,H

In-situ growth

H,0 + CH,COOH

catalyzed reactions are described in detail in the results and
discussion section.

Results and discussion

The synthesis strategy of making MOF (UiO-66-SO;H) (acid-
functionalized) and MOF (UiO-66-NH,) (base-functionalized)
individual porous membranes is shown in Figure 1. First, a fiber
membrane of polyacrylonitrile (PAN) as a template polymer,
together with ZrCl, was obtained by electrospinning a mixed
solution of ZrCl, and PAN in DMF. The optical photographs of
the PAN/ZrCl, membrane are shown in Figure S1. The mem-
brane was obtained as a non-woven by random deposition of
fibers (average diameter 500 nm and thickness 7810 pm)
(Figure S1). Next, using the in-situ growth method, MOF (UiO-
66-SO;H and UiO-66-NH,) were grown on PAN membrane using
the acetic acid catalyst in the water together with either 2-
aminobenzenedicarboxylic acid (BDC-NH,) or 2-sulfobenzenedi-
carboxylic acid monosodium salt (BDC-SO;Na). In the next step,
the template polymer, PAN was removed by Soxhlet extraction
with DMF leaves behind UiO-66-SO;H and UiO-66-NH, mem-
branes of thickness 240 +12 um and 265 +10 um, respectively.

A scanning electron microscope (SEM) was used to charac-
terize the morphology of the synthesized UiO-66-SO;H/-NH,
membranes before and after PAN removal, as shown in
Figure 2. Figures 2a, and 2b are PAN/UiO-66-SO;H and PAN/
UiO-66-NH, membranes, respectively. Through the in-situ
growth, a large amount of MOF grows on the surface of PAN
fiber and completely wraps them. Figure 2c, and 2d are the
surface morphologies of the UiO-66-SO;H membrane and UiO-
66-NH, membrane observed under SEM after removing the
template polymer PAN by Soxhlet extraction. After removing
PAN, the membrane remained intact. Figure 2e, and 2f are the
cross-sectional images of Ui0-66-SO;H and UiO-66-NH, mem-
branes, respectively, after the removal of PAN, which shows

Soxhlet extraction

PAN/UiO-66-X membranes
(-X=-SO,H,-NH,)

Ui0-66-SO;H/-NH,
membranes

NH;
120°C, 24 h
ol A
zrCly + HOOC COOH 1,0+ CH,COOH it
2
Ui0-66-NH,

Figure 1. Strategy to fabricate the self-standing UiO-66-SO,H and UiO-66-NH, membranes (top) and the reaction scheme to prepare corresponding MOFs

(bottom).
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Figure 2. SEM morphology of a) PAN/UiO-66-50,H, b)PAN/UiO-66-NH,, c) UiO-66-SO;H, d) UiO-66-NH,, Cross-sectional SEM morphology of e) Ui0-66-SO,H, f)
UiO-66-NH, membranes.

hollow MOF fibers. The optical photographs of UiO-66-SO;H

and UiO-66-NH, membranes are shown in Figure S1.

The distinct peaks at 20=7.52°, 8.69° and the absence of a
peak at 20=17.07° originating from the template polymer
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characteristic peaks of MOF membranes are broader. But the
main characteristic peak still exists, indicating that Soxhlet

Figure 3. a) XRD patterns of UiO-66 simulated, UiO-66-SO;H powder, UiO-66-SO;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane. b) FT-IR

spectra of UiO-66-SO,H powder, UiO-66-SO;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane. ¢) N, physisorption isotherms of UiO-66-SO,H
powder, Ui0-66-S0,H membrane, UiO-66-NH, powder and UiO-66-NH, membrane. d) Pore size distribution and cumulative pore volume of UiO-66-SO,H
powder, UiO-66-SO;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane.
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extraction has caused a certain degree of disorder or inhomo-
geneity in crystallite size within the framework, but the overall
phase integrity is preserved.”?

In the infrared spectrum of the UiO-66-50;H membrane, the
characteristic stretching bands at 1074 cm™ and 1024 cm™ are
S—0, and at 1253 c¢m ' and 1167 cm ' from 0=S=0 could be
observed (Figure 3b).”* In the infrared spectrum of the Ui0-66-
NH, membrane, the appearance of an absorption band at
1572 cm™’ indicates the reaction of -COOH with Zr**. The
1502 cm ' band is from aromatic C=C.""* The main character-
istic peak of polyacrylonitrile C=N was seen at 2245 cm™". By
comparison, the self-standing UiO-66-SO;H and UiO-66-NH,
membranes did not show the characteristic peak of C=N at
2245 cm ' (Figure S2b). This confirms the successful preparation
of independent self-standing UiO-66-S0,/-NH, membranes.

N, physisorption isotherm provided pore size distribution
and specific surface area of the powders and membranes, as
shown in Figure 3. The Nitrogen physisorption isotherms of all
samples indicate micropores in the materials due to a sharp
increase at very low relative pressures (p/p,) (Figure 3c). Addi-
tionally, small mesopores were found in all materials (Fig-
ure 3d).”* At p/p,>05, the shape of the physisorption
isotherms of the powders and the membranes are different.
This change might be explained by the formation of the
nanostructured fiber morphology and cavitation effects (effects
not visible in the pore size distribution due to fitting the
adsorption of the physisorption isotherm).”® When comparing
the pore size distributions (PSD) of the powders and the
membranes, the similarity is very impressive and shows that
even characteristics of MOFs (high porosity and well-defined
pores) could be assigned to a membrane by the used synthetic
approach. The specific surface areas of the membranes, as
calculated using the BET (Brunauer Emmet Teller) model with
the Roquerol correction for microporous materials®® are
significantly lower (Ui0-66-NH,: 330 m*g ', UiO-66-SO;H:
84 m?g") than the specific surface areas of powder samples
(Ui0-66-NH,: 1051 m’g ' Ui0-66-SO;H: 539 m?g ). This de-

o~ 0

o~ Ui0-66-SO3H membrane

crease in the surface area could be explained by the partial
change in the crystal structure or surface tension of the crystals
of the UiO-66 materials, which was already observed due to the
broadening of the reflections in the XRD pattern (Figure 3a).

Further, the self-supporting MOFs were studied in one pot
as acid-base catalysts for a sequence of two steps, as shown in
Scheme 1 (for reaction mechanism, please refer to Scheme S1).
Three different one-pot reactions were studied. In each of the
three reactions, the UiO-66-SO;H membrane is intended to
catalyze the conversion of benzaldehyde dimethyl acetal to
benzaldehyde as the first step. At the same time, the UiO-66-
NH, membrane is designed to catalyze the subsequent reaction
of benzaldehyde with different active methylene compounds,
such as malononitrile and ethyl cyanoacetate, and diethyl
malonate. Benzaldehyde undergoes cyanation by malononitrile,
whereas ethyl cyanoacetate and diethyl malonate undergo
Knoevenagel condensation with benzaldehyde.

Before starting one-pot reactions, the acid and base-MOF
membranes were tested for the individual reaction steps in
different pots. The Ui0-66-SO;H membrane catalyzed the
deacetylation reaction, as shown in Scheme 1-step a to b and
Figure S3a. The molar ratio of benzaldehyde dimethyl acetal to
UiO-66-50,H catalyst was 1:0.0233. The reaction was fast.
About 85% of the theoretical amount of benzaldehyde was
already obtained in 15 minutes. The conversion rate as
determined from the initial portion of the % conversion vs. time
curve (Figure 53a) till about 15 minutes was 5.69%-min~'. After
this, although there was a slow down in the rate of reaction,
still very high conversion (>95% of benzaldehyde) was
obtained in about 60 minutes (rate =1.56%:-min™"). The UiO-66-
NH, membrane catalyzed the reaction of benzaldehyde and
malononitrile, as shown in Figure S3b. The molar ratio of
benzaldehyde to UiO-66-NH, catalyst was 1:0.0565. Approx-
imately after 30 minutes, 80% of benzaldehyde was converted
to 2-benzylidene malononitrile (rate=2.49%-min ). The ben-
zaldehyde was almost completely converted into 2-benzylidene
malononitrile when the reaction proceeded for 120 minutes.

UiO-66-NH,> membrane

W
CN
NG CN

¢ ds

@]
Ui0-66—NHé membrane . o~
CN
NC\)LO/\
G2 dz

Ui0-66-NH, membrane

mcoza
E10,C” " CO,Et COoE

cs ds

Scheme 1. Wolf-Lamb-type one-pot cascade reactions were studied in the present work.
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The one-pot, two-step catalysis experiment results are
shown in Figure 4a. For one-pot two steps reactions, both The
UiO-66-NH, and UiO-66-SO;H membranes were inserted in a
reaction vessel, and all reagents were added simultaneously.
Benzaldehyde dimethyl acetal (0.0025 mol), UiO-66-SO;H cata-
lyst (0.58x10™*mol) and UiO-66-NH, catalyst (1.4x10~" mol)
were used for the reaction. The reaction was monitored for the
formation of products by gas chromatography (GC). After
30 minutes, more than 80% of benzaldehyde dimethyl acetal
was consumed (rate=2.81%-min"). After a small induction
period, the final product 2-benzylidene malononitrile started
forming with a ~1.11% min ' conversion rate until about
60 minutes. After this, although the production rate of 2-
benzylidene malononitrile decreased (1.06%-min ), the reac-
tion was still completed until very high conversions (99.9% in
4 h).

Since the first step, the UiO-66-SO;H membrane catalyzed
reaction, is the same, we only studied the base UiO-66-NH,
catalyzed conversion of benzaldehyde in the next set of
reactions to ethyl-2-cyano-3-phenyl acrylate, as shown in Fig-
ure S3c. No inhibition time was found. 70% of the benzalde-
hyde was converted into the product ethyl-2-cyano-3-phenyl
acrylate after only 90 minutes (rate=0.78%-min "), and about
95% conversion to the product was achieved after 7 hours of
reaction. Afterward, acid UiO-66-SO;H and base UiO-66-NH,
membranes were used together to study the kinetics of acid-

(a)

base-catalyzed two-step reactions in one pot. The results of the
one-pot, two-step reaction of the production of benzaldehyde
from benzaldehyde dimethyl acetal and its further reaction with
ethyl cyanoacetate are shown in Figure 4b. The results were
very promising. After a slow start, the rate of reaction increased.
About 88% of the product was achieved in 7h (rate=
12.6%-h ') with almost quantitative conversion in 8 h.
Encouraged by the above results, we tested the reaction of
benzaldehyde dimethyl acetal with diethyl malonate. The base
UiO-66-NH, catalyzed the conversion of benzaldehyde to
diethyl 2-benzylidene malonate, as shown in Figure S3d.
Unfortunately, the reaction proceeded very slowly, with
only 37% of diethyl 2-benzylidene malonate produced (rate =
3.21%-h ). The results of the one-pot, two-step reaction of the
production of benzaldehyde from benzaldehyde dimethyl
acetal and its further reaction with diethyl malonate are shown
in Figure 4c. The dimethoxybenzyl acetal was only 74%
converted in this reaction, and at the end of the reaction, only
36.7% of the product was produced (rate=2.42%-h""). We
speculate that this may be because the pKa value of diethyl
malonate is too high. Malononitrile (pKa=11.1), ethyl cyanoace-
tate (pKa=13.2), diethyl malonate (pKa=16.3).*" Due to the
high pKa of diethyl malonate, deprotonation of methylene
groups is extremely difficult, resulting in low product yields in
one-pot reactions. There have been similar reports of this
phenomenon before.?® In addition, we investigated blank

0.5 Benzaldehyde dimethyl acetal ( ) 054 Benzaldehyde dimethy| acgtal
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e~ —_ & e(hyl-Z-cyano-S—phev@lacryla(e
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Figure 4. Acid (UiO-66-SO;H membrane) and base (UiO-66-NH, membrane) catalyzed reactions: a) from benzaldehyde dimethyl acetal to 2-benzylidene

malononitrile in one-pot; b) from benzaldehyde dimethyl acetal to ethyl-2-cyano-3-phenyl acrylate in one-pot; ¢) from benzaldehyde dimethyl acetal to diethyl
2-benzylidene malonate in one-pot. d) Catalyst recycling studies. Reaction conditions: (2.5 mmol) dimethoxybenzyl acetal, (3 mmol) malononitrile, 50 mg UiO-
66-SO;H membrane and 50 mg UiO-66-NH, membrane, solvent: DMF (5 mL), 80°C.
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experiments (without a catalyst) of the tandem reaction of
benzaldehyde dimethyl acetal with different active methylene
compounds (Table S4). Without the catalyst, the products 2-
benzylidene malononitrile, ethyl-2-cyano-3-phenyl acrylate, and
diethyl 2-benzylidene malonate were not detected in the one-
pot two-step reactions. It indicated that the addition of the
catalyst played an important role in the reaction process.

Next, we tested the recycling ability of the Ui0-66-SO,H/-
NH, membranes for the one-pot, two-step reaction of benzalde-
hyde dimethyl acetal with malononitrile. After the reaction is
completed, the catalyst membranes only need to be simply
taken out, washed with acetone and methanol, and dried in a
vacuum oven at 80°C. After this, it was directly used for the
next catalytical cycles under the same reaction conditions. The
results are shown in Figure 4d. When the catalyst membranes
are reused 15 times, 2-benzylidene malononitrile can still be
obtained as high as 93.1%. We carried out XRD characterization
on the used catalyst membranes, as shown in Figure S4a, by
comparison, there is no obvious difference between the used
catalyst membranes and the fresh catalyst membranes, indicat-
ing that the catalyst membranes have good chemical resistance.
In addition, we conducted Fourier-transform infrared (FT-IR)
tests on the used catalyst membranes, as shown in Figure S4b,
and the catalyst membranes can still maintain their integrity
after 15 cycles of use. The performance of self-standing MOF
membranes in one-pot reactions is compared with bifunctional
acid-base MOF powders reported in the literature (Table S5). It
can be seen that the self-supporting MOF membranes (UiO-66-
SO;H/-NH, membranes) exhibit excellent catalytic activity and
efficient recycling performance. As there was no change in the
structure and physical integrity of the MOF membranes, they
are expected to work for many more cycles, not limited to the
15 cycles as tested in this work.

Conclusions

In conclusion, we present highly stable, easy-to-handle, reus-
able, efficient functional MOF self-standing membranes (UiO-
66-SO;H and Ui0O-66-NH, membranes) for sustainable use as
Wolf-Lamb-type (acid-base) catalysts in one-pot cascade reac-
tions in a tea-bag-type concept. First, a simple procedure for
making UiO-66-SO;H and UiO-66-NH, membranes based on in-
situ growth of respective MOFs on seeded template polymer
fibers in a non-woven is established. The membranes were
characterized using routine analytical methods for porosity,
morphology, and functionality and showed morphologically
made up of hollow fibers. The membranes efficiently catalyzed
both steps of a cascade one-pot reaction, i.e., deacetylation of
benzaldehyde dimethyl acetal to benzaldehyde and reaction of
active methylene compounds malononitrile and ethyl cyanoa-
cetate with benzaldehyde. A high overall yield of the final
products could be obtained. MOF membranes with -NH, base
groups are limited as catalysts for the reaction of benzaldehyde
with active methylene compounds having high pKa, such as
diethyl malonate.

ChemCatChem 2022, 14, €202201040 (6 of 8)

The membranes are easy to use and, after completion of
the reaction, can be pulled out, washed, and reused without
any significant drop in reaction efficiency, even after 15 cycles.
This work provides an important step forward in preparing and
using MOF membranes of macroscopic dimensions as sustain-
able catalysts.

Experimental Section

Materials

Zirconium(IV) chloride (ZrCl,, Alfa Aesar company, 99.5 %), 2-amino-
benzenedicarboxylic acid (BDC-NH,, Alfa Aesar company, 99%), 2-
sulfobenzenedicarboxylic acid monosodium salt (BDC-SO;Na, Sigma
Aldrich company), polyacrylonitrile (Mw=80,000, Carl Roth), ben-
zaldehyde dimethyl acetal (Alfa Aesar company, 999%), benzalde-
hyde (Alfa Aesar company, 99%), ethyl cyanoformate (Sigma
Aldrich company, >99%), malononitrile (Alfa Aesar company,
99.5+%), diethyl malonate (Acros Organics company, >99%),
Dodecane (Alfa Aesar company, 99%), acetic acid (Fisher Chemical
Company, 99.7 %), N, N-dimethylformamide (Fisher Chemical com-
pany, 99.5%) were purchased as stated.

Preparation of Ui0-66-SO;H particles and UiO-66-NH,
particles

The solvothermal reaction was used to synthesize UiO-66-SO;H
particles. 0.233 g ZrCl, and 0.268 g 2-sulfobenzenedicarboxylic acid
monosodium salt (BDC-SO;Na) dissolved in 10 mL DI water and
1 mL acetic acid. Afterward, the mixture was transferred to a 50 mL
Teflon-lined autoclave and reacted in an oven at 120°C for 24 h.
After cooling to room temperature, the white powder could be
obtained by centrifugation and washing with 20 mL methanol 3-
4 times, and finally dried at 100°C overnight in an oven. The UiO-
66-NH, particles are also synthesized by the solvothermal method.
Just use 2-aminobenzenedicarboxylic acid instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO;Na). Other condi-
tions are the same as synthetic Ui0-66-S0;H particles.

Preparation of UiQ-66-SO;H membrane and Ui0-66-NH,
membrane

First, 0.33 g of ZrCl, and 1.0 g PAN were stirred in 5.6 g of DMF in
10 mL glass bottle for 3 h. The solution was used for electro-
spinning with an applied voltage 18.0 KV, flow rate 1.5 mL-h ', and
a 20.0 cm distance between the electrodes. This results in a PAN/
ZrCl, fiber membrane. Next, 0.115 g ZrCl,, and 0.134 g 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO;Na) dissolved in
10mL DI water and 1mL acetic acid in 50 mL Teflon-lined
autoclave. And then, 25 mg PAN/ZrCl, fiber membrane was added.
The reaction was carried out in an oven at 120°C for one day
resulting in PAN/UiO-66-SO;H fiber membranes. Finally, the PAN
was removed from the membranes by Soxhlet extraction at 165°C
for one day with DMF. The resulting UiO-66-SO;H fiber membrane
free of PAN were dried. The preparation of the UiO-66-NH,
membrane is the same as the UiO-66-SO;H fiber membrane. Use 2-
aminobenzenedicarboxylic acid (BDC-NH,) instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-50;Na).

The amount of acid and base groups were calculated based on the
elemental analysis,

For Ui0-66-S0;H membrane:
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Elemental analysis: C 27.28%, H 3.63%, S 3.73 %.

The amount of 5$=3.73/(32*100) =0.0011625 mol/g of Ui0-66-SO;H
membrane —amount of acid group—0.58x10"* mol/50 mg mem-
brane.

For UiO-66-NH, membrane:
Elemental analysis: C 34.26%, H 4.14%, N 3.96%.

The amount of N=3.96/(14*100)=0.002828 mol/g of Ui0-66-NH,
membrane =

the amount of base groups (-NH,)=1.41x10" mol/50 mg mem-
brane.

Catalytic experiment

One-step acid-catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. Typically, 2.5 mmol
benzaldehyde dimethyl acetal, 5 mmol distilled water, 50 mg UiO-
66-SO;H membrane, 0.75 mmol dodecane (as an internal standard),
and 5 mL DMF were taken in a 25 mL glass reactor vial. The reaction
mixture was then heated to 80°C with stirring at 200 rpm. At
regular intervals, 10 uL of the reaction mixture was taken using a
pipette and the progress of the reaction was monitored by the GC-
FID system (GC-2010 Plus, Shimadzu). After the reaction, the
membrane is directly taken out of the reaction medium, washed
with acetone (3x20 mL) and methanol (3 x20 mL), dried at 80°C in
a vacuum oven, and reused for recycle runs,

One-step base-catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. 2.5 mmol benzaldehyde,
3 mmol active methylene compounds, 50 mg Ui0-66-NH, mem-
brane, 0.75 mmol dodecane (as an internal standard), and 5 mL
DMF were taken in a 25 mL glass reactor vial. The reaction mixture
was then heated to 80°C with stirring at 200 rpm. At regular
intervals, 10 uL of the reaction mixture was taken using a pipette
and the progress of the reaction was monitored by GC-FID system
(GC-2010 Plus, Shimadzu). After the reaction, the membrane is
directly taken out of the reaction medium, washed with acetone
(3x20 mL) and methanol (3x20 mL), dried at 80°C in a vacuum
oven, and reused for recycle runs,

One-pot two-step acid-base catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. Typically, 2.5 mmol
benzaldehyde dimethyl acetal, 5mmol distilled water, 3 mmol
active methylene compounds, 50 mg Ui0-66-SO;H membrane and
50 mg UiO-66-NH, membrane, 0.75 mmol dodecane (as an internal
standard), and 5 mL DMF were taken in a 25 mL glass reactor vial.
The reaction mixture was then heated to 80°C with stirring at
200 rpm. At regular intervals, 10 uL of the reaction mixture was
taken using a pipette and the progress of the reaction was
monitored by GC-FID system (GC-2010 Plus, Shimadzu). After the
reaction, the membranes are directly taken out of the reaction
medium, washed with acetone (3x20mlL) and methanol (3x
20 mL), dried at 80°C in a vacuum oven, and reused for recycle
runs.
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Characterization

The Fourier transform infrared spectra (FTIR, 500-4000 cm') were obtained using a
spectrometer (Digilab Excalibur FTS-3000).

Scanning electron microscopy (SEM): The surface morphology was observed with a Zeiss LEO
1530, operating at an acceleration voltage of 3 kV employing an Everhart-Thornley secondary
electron detector. Before imaging, the samples were sputtered with a thin platinum layer of 2
nm (Sputter Coater 208HR, Cressington).

The Xray diffraction (XRD, Cu Ka, & = 1.540598 A) patterns were recorded on a Bragg-
Brentanotype diffractometer (XPERT-PRO, PANalytical B.V.), and each XRD pattern was
scanned over a range of 20 = 2° to 40° at a rate of 0.5° min!.

N: adsorption/desorption isotherms were measured on Quantachrome iQ and kept at 77 K by a
liquid nitrogen bath. The data were analyzed using the ASIQ v 3.0 software package.

Gas Chromatography (GC): GC measurements were performed on a GC-FID system (GC-2010
Plus, Shimadzu), using nitrogen as a carrier gas. An amount of 10 uL of the reaction mixture
was dissolved in 1 mL acetonitrile. 1 pL of this solution was injected with a split ratio of 1:50

and measured from 50 °C (2 min hold) up to 300 °C at a heating rate of 15K min’.
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Supporting Figures and Tables

Figure S1. SEM images of a) PAN/ZrCly membrane. Photographs of b) PAN/ZrCly membrane,

¢) Ui0-66-SO;H membrane and d) UiO-66-NH; membrane.

3]
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Figure S2. a) XRD patterns of PAN, PAN/UiO-66-NH, membrane and PAN/UiO-66-SOsH
membrane. b) FT-IR spectra of PAN, PAN/UiO-66-NH2 membrane and PAN/UiO-66-SOsH

membrane.
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Figure S3. a) UiO-66-SO3H membrane catalyzed reaction from benzaldehyde dimethyl acetal
to benzaldehyde. b) UiO-66-NH> membrane catalyzed reaction of benzaldehyde to 2-
benzylidenemalononitrile. ¢) UiO-66-NH> membrane catalyzed reaction of benzaldehyde to
ethyl-2-cyano-3-phenyl acrylate. d) UiO-66-NH2 membrane catalyzed reaction of

benzaldehyde to diethyl 2-benzylidene malonate.
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Figure S4. a) XRD patterns of fresh and used UiO-66-SO;H/-NH2 membranes. b) FT-IR

spectra of the fresh and used UiO-66-SOs;H/-NH> membranes.
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Table S1. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to 2-

benzylidenemalononitrile in one-pot.

o o
4 Catalyst I Gatalyst e CN
N —_——
—_— £ NETEN m
a b

c

Reaction time  Concentration ofa  Concentration of b Concentration of ¢

(h) (mol/L) {mol/L) (mol/L)
0 0.504+0.006 - -

0.5 0.079+0.064 0.366+0.043 0.113+0.082

0.75 0.037+0.039 0.316+0.074 0.206+0.086
1 0.007+0.012 0.199+0.018 0.333+0.033
2 - 0.080+0.013 0.433+0.029
3 - 0.032+0.013 0.47+0.0148
4 - 0.002+0.004 0.499+0.006

6
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Table S2. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to ethyl-

2-cyano-3-phenyl acrylate in one-pot.

0/

o
o Catalyst : Catalyst N
—_— + NC”COOEt ———— -

b

a c

Reaction time  Concentration of a Concentration of b Concentration of ¢

(h) (mol/L) (mol/L) (mol/L)
0 0.503+0.005 0 -

0.5 0.234+0.076 0.252+0.066 0.019+0.023
1 0.143+0.039 0.303+0.081 0.057+0.042
2 0.111+0.046 0.235+0.096 0.157+0.050
3 0.091+0.046 0.172+0.089 0.239+0.047
4 0.082+0.048 0.112+0.046 0.307+0.010
5 0.068+0.052 0.071+0.021 0.36+0.038
6 0.048+0.054 0.044+0.020 0.411+0.054
7 0.033+0.048 0.036+0.019 0.440+0.055
8 - 0.015+0.009 0.497+0.005

7
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Table S3. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to to

diethyl 2-benzylidene malonate in one-pot.

0/
o
7 |
o COOEt
Catalyst
(o (7 emeron e O
a b c

Reaction time

Concentration of a

Concentration of b

Concentration of ¢

(h) {mol/L) (mol/L) (mol/L)

0 0.499+0.012 0 -

1 0.362+0.012 0.154+0.020 -

2 0.297+0.022 0.203+0.022 -

3 0.248+0.012 0.253+0.012 -

4 0.278+0.070 0.224+0.072 -

5 0.206=0.016 0.296+0.018 -

6 0.194=0.006 0.269+0.005 0.037+0.006
7 0.178+0.010 0.257+0.007 0.065+0.016
8 0.165+0.009 0.226+0.021 0.109+0.013
9 0.155+0.004 0.222+0.013 0.123+0.009
10 0.144+0.010 0.209+0.011 0.148+0.004
11 0.140+0.005 0.202+0.005 0.157+0.002
12 0.137+0.005 0.199+0.007 0.164+0.007
13 0.134+0.003 0.193+0.010 0.173+0.008
14 0.128+0.002 0.193+0.00 0.182+0.003
15 0.124+0.007 0.193+0.008 0.182+0.002
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Table S4. The blank experiment for the reaction of benzaldehyde dimethyl acetal with different

active methylene compounds (without catalyst) ®

o/
- I = R
(¢) . R1/\Rz no catalyst 1§
a b C
entry R R Product (¢) conv. of a (%) vield of ¢ (%)

CN
1 CN CN m Trace 0
. . , N -
2 CN  COOFt m e Trace 0

. , . i 2 ~COOEL
3 COOEt COOEt L ooEt 0 0

7 Reaction condition: 1.5 mmol benzaldehyde dimethyl acetal, 3 mmol distilled water, 1.8 mmol
methylene compounds, 0.15 mmol dodecane (as an internal standard), and 3 ml. DMF to a

10ml. glass reactor vial. The reaction mixture was then heated to 80 °C with stirring at 200 rpm.
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Table S5. One-pot acid-base cascade reactions: comparison of MOF particles with MOF

membranes as catalysts.

o~ o
CN
-~ cat. =
@)\o - ©) + NeTeN L.. m
a b 4

entry catalyst conv.ofa vyieldofd, Recycletimes Ref.
(%) (%)

Ui0-66-SO3H FM * .

1 . 99.9 99.9 15 this work
Ui0-66-NH2 FM

2 MIL-101-AB-0.26" 92.0 91.0 3

3 MIL-101(Al/Fe)-NHz2 ¢ 100 99.8 5 2
MIL-101(Cr)@Cs?

4 o 99.0 99.0 5 3
[MIL-101(Cr)/CS=2.86]

5  Yb-BDC-NH:* 97.0 97.0 4

6  ZIF8-A61-SO;H' 100.0 98.0 5 5

Reaction conditions: * Benzaldehyde dimethyl acetal (1 mmol), malononitrile (1.2 mmol),

distilled water (108 pL), 50 mg Ui0-66-SOs:H membrane, 50 mg UiO-66-NH; membrane,
DMEF (2 mL), 80 C. ? Benzaldehyde dimethyl acetal (1 mmol), malononitrile (2 mmol), DMF
2 mL, catalyst 0.04 mmol, 363K. © Benzaldehyde dimethyl acetal (1.0 mmol), malononitrile
(1.5 mmol), toluene (3 mL), catalyst (20 mg). ¢ Benzaldehyde dimethyl acetal (2 mmol),
malononitrile (2.1 mmol), acetonitrile (2 mL), distilled water (50 uL), and catalyst (50 mg);
80 °C; reaction time 12 h. ¢ Benzaldehyde dimethyl acetal (2.0 mmol), malononitrile (2.1 mmol)
and DMSO-d6 (2 mL), catalyst (100 mg), 50 °C and 24 h. " Benzaldehyde dimethyl acetal (1

mmol), malononitrile (5 mmol),1,4-dioxane (4 ml), catalyst (100 mg).

10
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Scheme S1. Mechanism of acid-base reaction catalyzed by catalyst membrane.
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Microporous organic polyimides are well suited for carbon dioxide separation from gas mixtures based on their
polar surface and their tendency towards ultramicroporosity. Nevertheless, their application potential is limited
due to an inherent insolubility and infusibility, preventing an easy processing into functional objects like
membranes. By establishing a three-step synthesis procedure for the literature known network NPI-I, here, a
solution to this challenge is demonstrated. The central step is electrospinning of a solution of the linkers tetrakis
(4-aminophenyl)methane and naphthalene 1,4,5,8-tetracarboxylic dianhydride and the auxiliary polymer pol-
yvinylpyrrolidone into a precursor fiber mat. The mat was then heated to polymerize the linkers into the pol-
yimide. Subsequently, PVP was removed by pyrolysis obtaining a robust, flexible and self-standing membrane.
The NPI-I fiber mat exhibits a remarkable microporosity with a BET surface area of 222 m?/g, a total pore volume
of 0.121 cm3/g and a high amount of ultramicropores. Its CO, uptake of 3.0 mmol/g (0 °C, 1 bar) and its CO»/
CHyj selectivity of about 20 (0 °C, 1 bar) even exceed the literature values for bulk NPI-L This study reveals that
PVP acts as a template on molecular level influencing, primarily the micropore formation, reducing the BET
surface area by roughly a factor of three compared to the bulk material. In contrast, the ultramicroporosity of the
porous polyimides remains mainly unaffected. We envision that this three-step synthesis can be transferred to a
broad variety of porous polymers. With electrospinning the large-scale production of self-standing membranes
becomes realistic rendering the application of porous polymers for gas separation more likely.

1. Introduction

Carbon dioxide, which represents the largest proportion of green-
house gases, is recognized for its impact on the global climate leading
among other things to more frequently occurring extreme weather
conditions [1,2]. To stop this trend, the global CO; emissions into the
atmosphere must be reduced [3-5]. Possible strategies are capturing and
storing or further utilizing the produced CO [6-9]. One of the most
convenient sources for the removal of CO; are flue gases, produced
during the production of energy from fossil fuels [6,7]. The main method
to separate the flue gas into its individual components used up to now is
amine scrubbing, which separates CO, with high selectivities but is
extremely cost- and time-intensive [8,10-13]. An alternative is phys-
isorption employing porous materials, which is commonly done either
discontinuously like for PSA (pressure swing adsorption), VSA (vacuum

* Corresponding author.
** Corresponding author.

swing adsorption) and TSA (temperature swing adsorption) or in a
continuous process using membrane technology [10,11,13-16].
Separation by physisorption requires high selectivity for CO5 in the
gas mixture in order to achieve good separation from the flue gas [17,
18]. The selectivity can be achieved by either preferred adsorption sites
or with size selective ultramicropores (<0.7 nm) like for porous organic
polymers (POPs) [19-21]. Excellent examples are PI-NO, and MOPI-IV
with CO, uptakes up to 4 mmol/g and selectivity of 17 (CO2/CHs
5:95 at 0 °C) [22,23]. Both exhibit in addition to their ultramicroporous
structure a polar surface due to their electron-rich imide groups
[23-25]. Despite the above mentioned advantages, it is still quite diffi-
cult to produce macroscopic objects such as membranes or hollow tubes,
since their high degree of crosslinking makes them neither soluble nor
fusible [26,27]. This challenge generally applies to amorphous POPs and
their crystalline counterparts covalent organic frameworks (COFs)
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likewise, as they are based on the reticular synthesis concept [28,29].

To process POPs and COFs into functional macroscopic objects, the
principle of mixed matrix membranes (MMMs) has been applied
recently. Here the insoluble COF is embedded in a dense membrane of a
soluble and thus processable matrix polymer [30,31]. The often poor
compatibility between filler and the organic polymer matrix is signifi-
cantly improved with COFs, as these are also completely organic [32].
Using the example of COF-300 embedded in 6FDA-DAM (glassy poly-
mer) or Pebax (rubbery polymer), Cheng et al. showed a significant
increase in permeability with increasing filler content [30]. Neverthe-
less, the interfacial compatibility of COFs is also not ideal. This leads to
voids and defects, which prevent the full potential of the COFs from
being exploited. In addition, agglomeration leads to reduced mechanical
stability [32]. Alternately, COFs have also been successfully prepared as
membranes via in-situ growth or by layer-by-layer deposition [33,34].
However, both mentioned methods require a support giving rise to
similar problems as for the MMMs.

Therefore, being able to shape microporous organic polymers into
self-standing membranes is desirable, as this would provide the full
potential of porous materials such as high surface areas and selectivities
[35]. A promising support free method is electrospinning, which allows
for a simple and inexpensive large-scale production of non-woven
nanofibrous membranes [36]. Nanofiber membranes exhibit good me-
chanical stability and are expected to have low resistance during gas
transport [36]. Due to the open structure of the fiber mats, macropores
are introduced into the system, which can improve the gas transport
towards the small pores. This hierarchical structuring is expected to
result in rapid diffusion and equilibration kinetics of the ultra-
microporous domains [37,38]. Recently, it was demonstrated, that it is
possible to shape non-soluble polymers like
polybisbenzimidazobenzophenanthroline-dione (BBB) into self-standing
nanofibrous membranes via electrospinning [39]. For this, the auxiliary
polymer polyvinylpyrrolidone (PVP) was dissolved in DMF together
with two monomers 1,4,5,8-naphthalenetetracarboxylic acid (NTCA)
and 3,3'-diaminobenzidine (DAB) and spun to a fibrous membrane.
Subsequent heat treatment resulted in conversion of the monomers into
BBB and removal of PVP by pyrolysis [39].

In this work, we extend this approach of electrospinning monomeric
educts and convert them into self-standing membranes to porous organic
polymers. The material class of POPs often feature large proportions of
ultramicropores, which usually cannot be achieved with COFs due to
their higher degree of translational order [26,40,41]. Whether the
inherent nanoporosity of POPs is maintained with this synthesis strategy
has not yet been addressed. Using the microporous organic polyimide
(MOPI) NPI-I as a model compound, the potential of this method for
nanoporous polymers was demonstrated. NPI-I is synthesized by
condensation of tetrakis(4-aminophenyl)methane (TAPM) and
naphthalene-1,4,5,8-tetracarboxylic dianhydride (NTDA) and exhibits a
high CO; uptake of 12.3 wt%, a selectivity of 88.6 (CO2/Nz, 0 °C) and,
due to its fully aromatic structure, an excellent thermal stability (weight
loss of 2.5% over 480 °C) [42]. The monomers were electrospun
together with the auxiliary polymer PVP and polymerized via several
heating steps. For comparison, bulk materials were prepared by con-
ventional synthesis strategies with and without addition of PVP,
respectively. The networks were fully characterized by
multi-dimensional solid-state nuclear magnetic resonance (NMR) spec-
troscopy (*H, '*¢, '*N) and infrared (IR) spectroscopy, powder X-ray
diffraction (PXRD), elemental analysis (CHN), thermogravimetric anal-
ysis (TGA) and scanning electron microscopy (SEM). Physisorption ex-
periments were performed with argon, CO3, CH4 and N3 to analyze the
porosity, sorption capacities and selectivities of the corresponding gas
mixtures.

Microporous and Mesoporous Materials 329 (2022) 111519
2. Experimental section
2.1. Materials and methods

All chemicals were purchased at Sigma-Aldrich Chemistry GmbH,
VWR Chemicals, TCI, Merck, Bernd Kraft, Griissing, Carl Roth or aber
GmbH and were, if not mentioned otherwise, used without further pu-
rification (Table S1). M-cresol was freshly distilled over CaH, and stored
under dry argon prior to use. The inert gas argon was dried over KOH
and molecular sieves (3 .'n\) and residual O, was removed by a BTS-
catalyst.

2.2. Synthesis

The amino-monomer was synthesized according to the literature
[23]. The synthesis of the fiber mats as well as the bulk synthesis were
adapted from our former work [23,38,39] and optimized to make
bead-free fibers. A solution of 0.11 g PVP in 0.45 mL DMF was added to
0.10 g TAPM (0.26 mmol, 1 eq.) and 0.16 g NTCA (0.53 mmol, 2 eq.) in
0.99 mL DMF and stirred for 2 h at room temperature. Further 0.30 mL
DMF were added. A house-made electrospinning machine was used for
the preparation of all fiber mats using the same conditions. The applied
voltage of 15 kV, a flow rate of 1.1 ml/h and the tip-to-collector distance
of 20 em was employed. The finally obtained PIM_pre was dried under
vacuum at 40 °C for 6 h. More detailed information is given in the
Supporting Information.

2.3. Techniques

Argon sorption measurements were carried out on a Quantachrome
Autosorb-1 pore analyzer at 87 K. The data were analyzed using the
ASIQ v 3.0 software package. For the Ar-based isotherms, the specific
surface area was calculated with Brunauer-Emmet-Teller (BET) as well
as with quasistationary density functional theory (QSDFT) kernels. The
valid points for determining the BET surface area were calculated ac-
cording to the method by Rouquerol et al. [43]. The choice of the QSDFT
kernel (equilibrium mode) for slit pores in carbon-based materials
depended on the calculated fitting error. CO3, N5 and CHy4 adsorption
isotherms were measured on a Quantachrome Nova surface analyzer at
273, 298, and 313 K, respectively. The isosteric heat of adsorption was
calculated using the CO» and CHy4 adsorption isotherms for these tem-
peratures. For the CO isotherms at 273 K, calculations of the specific
surface areas, pore volumes and pore size distributions were derived
using the nonlocal density functional theory (NLDFT) slit-pore model for
carbon materials. Selectivities were calculated using the TAST method
according to the literature [44,45]. For the calculations the TAST++
software of Lee et al. was used [45]. The polymers were degassed under
vacuum (1072 kPa) at 120 °C for 24 h before starting the adsorption
experiments.

All solid-state NMR spectra were acquired on a Bruker Avance III HD
spectrometer operating at a By field of 9.4 T (v5('*C) = 100.6 MHz,
vo("°N) = 40.6 MHz). '*C and '°N MAS spectra were obtained with
ramped cross-polarization (CP) experiments where the '3C/!°N nutation
was set to 50/45 kHz and the 'H nutation frequency v, was varied
linearly from 50 to 100% on average matching the Hartmann-Hahn
conditions. The samples were spun at 12.5/10.0 kHz (**C/'°N) in a
3.2 mm MAS triple resonance probe. The contact time was set to 3/5 ms
(laC/lE'N}. Proton broadband decoupling with spinal-64 and vy, = 70
kHz was applied during acquisition. The 13C and 1°N NMR spectra were
referenced with respect to TMS (tetramethylsilane) and CH3NO; using
the secondary standards adamantane and glycine. All '"H NMR spectra
were acquired on a Bruker Avance III HD spectrometer operating at a By
field of 14.1 T (yo('H) = 600.1 MHz) using a Bruker 1.3 mm double-
resonance MAS probe with a spinning frequency of 62.5 kHz. High-
resolution 'H MAS single-pulse (SP) spectra were recorded after a 90°
pulse of 1.3 ps with a recycle delay of 5.0-30.0 s. Double-quantum-
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Fig. 1. Sketch of the reaction conditions for the reaction of tetrakis(4-aminophenyl)methane (TAPM) and naphthalene-1,4,5,8-tetracarboxylic acid (NTCA). The
three arrows represent the three reaction routes: 1) Electrospinning (PIM series), 2) Bulk with electrospinning conditions (PI-D series) and 3) Bulk with conventional

conditions (PI-C series). PIM_pre denotes PVP fibers spun with TAPM and NTCA.

single-quantum (DQ-5Q) "H-'H correlation NMR spectra were acquired
using the R12,” symmetry-based sequence with a 180° pulse as basic R-
element and with DQ excitation and reconversion times of 64 s [46]. H
NMR spectra are referenced indirectly with respect to tetramethylsilane
(TMS) using adamantane as secondary reference.

For infrared spectra (IR) a JASCO FT/IR-6100 Fourier transform
infrared spectrometer with an attenuated total reflectance (ATR) unit
was used. CHNS analysis was carried out at a UNICUBE elementar with
sulfanilamid as standard (C [41.85], II [4.68], N [16.27]). Thermogra-
vimetric analysis (TGA) was carried out on a Mettler Toledo TGA/
SDTAS851 in a range of 30-1000 °C under N5 atmosphere with a heating
rate of 10 K/min. Powder X-ray diffraction (PXRD) measurements were
performed on a PANalytical Empyrian diffractometer. Here, a region
from 5 to 30° 26 was measured with a 1/4 antiscatter slit and Cu K,
radiation (nickel filtered). Scanning electron microscopy (SEM) was
measured with a scanning electron microscope, Zeiss (Oberkochen,
Germany) LEO 1530 FESEM with an acceleration voltage of 3 kV. All
samples were sputtered with platinum or platinum and carbon by a
Cressington Sputter Coater 108.

3. Results and discussion
3.1. Synthesis

For the synthesis of a self-standing NPI-I fiber mat (Fig. 1, left), the
two monomers tetrakis(4-aminophenyl)methane (TAPM) and
naphthalene-1,4,5,8-tetracarboxylic acid (NTCA) were dissolved in DMF
in the required stoichiometric ratio of 1:2 and a solution of poly-
vinylpyrrolidone (PVP) in DMF was added. A weight ratio of 70:30
(monomers:PVP) with an overall weight content of 18 wt% turned out to
be optimal for the electrospinning conditions. The electrospun fiber mat
(polyimide precursor membrane: PIM_pre) was heated in two steps, first
to 150 °C for 1 h and then to 250 °C for 2 h, adjusted to the two-step
polymerization process of polyimides [47]. PVP was removed

afterwards by pyrolysis under inert gas. Two pyrolysis temperatures
were tested, either 350 °C for 0.5 h (PIM_350) or 420 °C for 0.5 h
(PIM_420).

The first series of bulk syntheses (Fig. 1, middle) was adapted to the
conditions of the electrospinning experiments. DMF solutions with the
same weight content of monomers were heated to 150 °C (1 h) and
250 °C (2 h) with (PI-DP) and without addition of PVP (PI-D). After-
wards, PI-DP and PI-D were heated to 420 °C (PI-DP_420, PI-D_420).
With this, it was possible to evaluate the influence of PVP and the py-
rolysis conditions on the porosity of the systems.

As the electrospinning conditions differ strongly from the classical
approach in terms of heating steps, temperature protocol, solvent and
concentration, two additional networks PI-C and PI-CP were synthe-
sized for comparison (Fig. 1, right) [25,38]. Both networks were syn-
thesized in m-cresol, PI-C without and PI-CP with addition of PVP
(weight ratio monomers:PVP is 70:30). After heating both samples to
420 °C the compounds PI-CP_420 and PI-C_420 were obtained. This
series intends to reveal, if the significant lower educt concentrations
used for the classical synthesis influence the detangling of PVP and thus
the incorporation of the auxiliary polymer into the polyimide network.

3.2, Characterization

The '3C and '°N CP MAS as well as the IR spectra of PIM_pre (Fig. 2
and S11-S13) confirm the incorporation of the monomers (TAPM and
NTCA) and PVP into the fibers of the mat. This is particularly evident in
the 15N CP MAS NMR spectra, exhibiting the typical peaks for the amide
nitrogen of PVP at about —249 ppm and the amine nitrogen of TAPM at
about —324 ppm [23,25,38,42]. In the 1°C CP MAS NMR spectra, the
typical peaks for PVP at 176 and between 19 and 43 ppm were observed.
The peaks of the monomers are apparent at 169 ppm for the carbonyl-C
of NTCA and at 64 ppm for the quaternary carbon of TAPM [23,25,38,
42].

For PIM_350, PI-D, PI-DP, PI-C and PI-CP the spectroscopic analysis
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(Fig. 2 and Figs. S11-13) corroborates the successful conversion of the
monomers TAPM and NTCA into the polyimide NPL-L In the >N CP MAS
NMR spectra, the typical imide resonance is prominent at —196 ppm,
with essentially no amine resonance at —324 ppm left, which supports
high cross-linking degrees >95%. Correspondingly, the imide formation
is demonstrated by conversion of the carboxylic carbon of NTCA at 169
ppm to the carboxylic carbon of the imide function at 163 ppm. In
PIM_350, PI-DP and PI-CP PVP is still present as the typical resonances
indicate. The two components NPI-I and PVP are also nicely resolved
within the high resolution 'H MAS NMR spectra (Fig. S10) with typical
resonances at 7.5 ppm and 1.9 ppm. Within the 'H DQ-SQ spectra, in

addition to the expected self-correlation resonances (Fig. 3) for PVP
(6po = 3.8 ppm) and NPI-I (6po = 15.0 ppm), a clear cross-correlation
signal, at dpg = 9.4 ppm was observed. Thus, PVP is incorporated into
the polyimide on an atomic scale, acting as template. After pyrolysis
(PIM_420, PI-CP_420, PI-DP_420) the spectroscopic data (Fig. 2)
demonstrate that PVP was successfully removed without degrading the
polyimide networks [42].

These results agree with the TGA data. Samples measured before
pyrolysis exhibit a prominent two step degradation process with turning
points at ~430 °C and ~560 °C (Figs. 2 and S14), while the ones after
pyrolysis feature a one-step degradation only. The latter matches the
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individually.

second mass loss step for the samples before pyrolysis and was thus
assigned to the degradation of the polyimide itself. The first mass loss
event is attributed to the removal of PVP. For the polymers after PVP
removal the decomposition temperature (5% weight loss under N at-
mosphere, Table S7) varies between 471 and 531 °C [39,42].

All polymers are amorphous according to the PXRD measurements
(Fig. S15). The experimental data of the elemental analysis are in
reasonably good agreement with the calculated values for a 100%
conversion (Table S6). Except for PIM_420, the deviation between
observed and calculated atomic percentages are less than 1.5% for H and
N and less than 5% for C.

3.3. Morphology and porosity

Electrospinning of the monomer-PVP-solution yields fiber mats
(PIM_pre) of twisted double-strand fibers with an average diameter of
~1.5 pm (Fig. 4A). Neither the thermal conversion into NPI-I (PIM_350,
Fig. 4B) nor the removal of PVP by pyrolysis (PIM_420, Fig. 4C) effects

Table 1
Surface areas determined from argon and CO, isotherms and calculated by BET,
QSDFT (slit pores, equilibrium mode) and NLDFT methods. A full representation
of the pore size distributions and cumulative pore volumes is given in Figs. S16
and S18.

Polymer Sper (Ar@87 K)/ Sprr (Ar@87 K)/ Sprr (CO,@273 K)/
m°/g m°/g m°/g
PIM_pre 3 2 211
PIM_350 2 1 324
PIM_420 222 269 678
PI-DP 0 1 518
PI- 0 0 403
DP_420
PI-D 729 880 841
PI-CP 1 2 430
PI- 1 3 617
CP_420
PI-C 611 714 728
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the morphology and texture of the strands significantly. The resulting
fiber mats are not harmed by bending, rolling and twisting (Fig. S25),
respectively, which shows a good mechanical stability and flexibility.
While PIM_pre and PIM_350 are unporous for argon, PIM_420 regains
microporosity with an apparent BET surface area of 222 m?/g (Fig. 4,
Table 1) which is only roughly three times smaller compared to the
reported value of NPI-I in the literature [42].

The materials from the bulk syntheses with PVP (PI-DP Fig. 4D, PI-
CP Fig. 4G) and without PVP (PI-D Fig. 4F, PI-C Fig. 41) exhibit a
particular morphology with particle sizes on the order of hundreds of
micrometers, consisting of agglomerated smaller particles on the order
of tens of nanometer. All samples prepared with PVP are unporous with
respect to argon even after pyrolysis. In contrast, for the reference ex-
periments without PVP (PI-D and PI-C) surface areas between 610 and
720 m?/g (Fig. 4, Table 1) were observed matching the literature data
[42].

3.4. COz and CHy uptake and selectivity

Additionally, all samples exhibit a detectable surface area with CO2
ranging from 211 to 829 m2/g (Fig. 5A-C, Table 59). In recent years it
has been discovered that especially an ultramicroporous structure (pores
<0.7 nm) and a very polar surface can increase the CO; adsorption
drastically [19,20]. This phenomenon occurs due to the high quadrupole
moment and the smaller size of CO, compared to other gases like argon,
N and CH4 [21,23]. The values determined by CO; sorption for the
surface areas might, therefore, be slightly overestimated as a result of

the strong interactions of CO, with polar groups such as amine, amide
and imide groups (Figs. 2 and S13).

For the PIM series, the values of PIM_pre and PIM_350 exhibit the
lowest CO; surface areas. In contrast, PIM_420, with a surface area of
678 m?/g, is comparable to the reference polymers synthesized without
PVP PL-D (841 m?/g) and PI-C (728 m?/g). For PI-CP, an increase in
surface area from 430 to 617 m?/g is observed after removal of PVP by
pyrolysis, while the opposite effect is observed for PI-DP (518 m?/g
before, 403 m?/g after pyrolysis).

These observations suggest that PVP tends to have a negative effect,
in particular, on the supermicro- and mesopore formation. Pore blocking
by degradation components of PVP due to the pyrolysis is unlikely, as no
residues in neither the '*C nor the >N CP MAS NMR spectra were
detected. Thus, PVP probably acts as a kind of pore filler for the
microporous regions. This probably reduces the efficiency of the struc-
ture directing effect of the linkers leading to the microporosity of PI-D
and PI-C. As a consequence, the created pore space collapses upon
removal of PVP, leaving only the ultramicroporosity intact. This effect is
more pronounced for the large particles of PI-DP and PI-CP. Here, even
asmall percentage of collapsed pores will cause a reduction in the length
of the percolation pathways of gas molecules into the material. In case of
the much thinner fibers of the membranes, on the other hand, signifi-
cantly shorter paths are sufficient to achieve reliable gas absorption
throughout the material.

This hypothesis is in agreement with the observed CO; surface areas
for PI-CP_420, as it is comparable to PIM_420 and PI-C and PI-D (syn-
thesized without PVP) after annealing at 420 °C (Fig. S17). Therefore, it
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Fig. 6. Isosteric heats of adsorption for CO, (A) and CHy (B) calculated from adsorption isotherms at 273, 298, and 313 K. The dotted lines are guides for the eye.
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is likely that small pores are present but not accessible to argon due to
the described collapse. CO; is able to resolve the small pores since the
measurement temperature is 186 K higher, making the network more
flexible and allowing CO5 to reach the small pores [38].

For zero coverage strong physisorptive interactions were observed
for PIM_420, PI-DP_420, PI-CP_420, PI-D and PI-C with values between
33 and 38 kJ/mol (Fig. 6). In particular, for PIM_420 the adsorption
enthalpies decline strongly with increasing CO5 uptake down to 12 kJ/
mol. This suggests a broader size distribution of the ultramicropores
compared to PI-D and PI-C. The broader distribution of the ultra-
micropores might well be caused by the higher concentrated solutions
needed for electrospinning. Additionally, the sclvent evaporates fast
leading to a higher degree of structural disorder. This disorder, however,
prevents a total pore collapse upon removal of PVP as dense packing is
not possible.

The CO7 uptakes (Fig. 7) of the PIM series at 0 °C increases from 1.0
mmol/g for PIM_pre to 3.0 mmol/g (13.1 wt%) for PIM_420. The latter
value exceeds the literature one of 12,3 wt% and is comparable to the
reference bulk materials PI-D and PI-C (3.5 and 3.2 mmol/g).
Comparing the polymers after PVP removal with each other, PIM_420

Microporous and Mesoporous Materials 329 (2022) 111519

achieves the best values. PI-CP_420 exhibits a nearly comparable uptake
of 2.7 mmol/g, while the uptake for PI-DP_420 is reduced by ~40%.
This shows, that the partial collapse of the micropores caused by PVP
removal in the bulk syntheses also influences the ultramicropores but
less pronounced.

Significantly lower uptake values were determined for the two gases
N and CHy (Fig. 7 bottom, Figs. 520 and 521 as well as Table 510). For
Na, typical for MOPIs, the observed values are very low, rendering the
IAST analyses unreliable (Table $10) [23,48]. Nevertheless, they
promise high CO2/N; selectivities for separation applications (Table 2).
For CHy a similar trend as for COj is observed. The IAST analysis leads to
selectivities for the separation of CH4 and CO, between 8 and 34
apparently independent from the CO; content of the simulated gas feed
mixture. Two concentrations one typical for natural gas sweetening
(5:95) and gas mixtures in biogas plants (50:50) (Table 2) were simu-
lated [49-51].

4. Conclusion

The possibility of shaping microporous organic polyimides (MOPIs)
into non-woven, fibrous and self-standing membranes by electro-
spinning was evaluated with the model compound NPI-I [42]. We suc-
ceeded, by introducing a three-step procedure (Fig. 1). In the first step, a
solution of the linkers (TAPM and NTCA) and the auxiliary polymer PVP
was electrospun into a precursor fiber mat. In the second step, the pre-
cursor mat was heated to polymerize TAPM and NTCA into the poly-
imide NPI-L In the third step, PVP was removed by pyrolysis. The NPI-I
fiber mat exhibits a remarkable microporosity with a high amount of
ultramicropores. Its CO; uptake of 3.0 mmol/g (0 °C, 1 bar) and its
COy/CHj4 selectivity of about 20 (0 °C, 1 bar) even exceed the literature
values for bulk NPL-I [42].

To investigate the influence of PVP on the properties of NPI-I, also
bulk material with synthesis conditions either adapted to the ones of the
electrospinning route or taken from a conventional route with or
without the addition of PVP were synthesized [25,38]. If used, PVP was
integrated into the NPI-I network on an atomic level, demonstrating that
the auxiliary polymer acts as a molecular template during the syntheses.
For this reason, all materials which still contain PVP are neither
microporous nor mesoporous. Although the pyrolysis at 420 °C allowed
to remove PVP, a pronounced micro- and mesoporosity was only
observed for the electrospun membrane (PIM_420) with a surface area
of 222 m?/ g (BET, Ar@87 K). This is attributed to a partial collapse of
the micropore space, which has a stronger effect for the bulk materials.
The ultramicroporosity remains almost unaffected.

In summary, we were able to shape a porous polyimide into a
membrane retaining the excellent properties of the bulk polyimide. The
presented three-step electrospinning approach will be promising for a
broad variety of other systems based on linkers and the reticular syn-
thesis concept. Being able to create self-supporting 1D, 2D and 3D ob-
jects by electrospinning closes a gap for processing the usually non-
soluble porous polymers and thus broadens their application potential
in the future.

Table 2

CO2/N2 and CO2/CH4 selectivities at 1 bar calculated by IAST from the correspondent isotherms.
Polymer CO2/CH,4 5:95 C04/CH, 50:50 C0O2/N2 15:85

0°C 25°C 40 =C 0:C 25°C 40 °C 0:C 25°C 40 °C

PIM pre 47 190
PIM_350 34 19 9 33 22 13 SE+4-8 - -
PIM_420 22 17 8 23 19 11 1E+8
PI-DP 18 15 8 9 30 5 1070 52 38
PI-DP_420 25 17 14 25 8 9 71 7074 21,020
PI-D 21 12 10 24 12 11 160 40 140
PI-CP 18 13 9 22 13 12 1E+4 SE-+4 79
PI-CP_420 21 14 12 34 9 13 6443
PI-C 15 11 9 18 11 10 90 45 105
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1 Chemicals

Table S1. List of used chemicals, their purities and distributor.

Chemicals Company Purity
Acetic Acid Sigma Aldrich 299.8 %
Acetic Anhydride Sigma Aldrich 299 %
Amyl nitrite Sigma Aldrich 96 %
Aniline TCI Chemicals 298 %
Ethanol Sigma Aldrich 299.8 %
Hydrazine monohydrate Sigma Aldrich 98 %
Hydrochloric acid Griissing 37%
Hypophosphorous acid Sigma Aldrich 50 wt%
in H,O
Isoquinoline Sigma Aldrich 97 %
m-Cresol aber 99 %
Methanol VWR Chemicals 100 %
Methylene chloride VWR Chemicals 99.8 %
Naphthalene-1,4,5,8-tetracarboxylic acid Sigma Aldrich 97 %
Nitric acid Merck 100 %
N,N-Dimethylformamide Griissing 99.5 %
Polyvinylpyrrolidone Roth purest
Ranev®-Nickel Sigma Aldrich Slurry
in H20
Sulfonic acid Sigma Aldrich 97 %
Tetrahydrofuran Bernd Kraft 99.5 %
Toluene Sigma Aldrich 299.7 %
Triphenylmethyl chloride Sigma Aldrich 97 %
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2 Synthesis and Characterization of Monomer

2.1 Synthesis of Monomers

1)220°C
O 2) HCI, MeOH, rf, 30 min
NH;  3) EtOH, -10 °C, H;S0y, isopentyl nitride, 1 h
O o - 4) hypophosphorous acid, 80 °C, 12 h
O 88 %
TPM HNO; (89.8 %)
acstic acid,
acetic anhydride
NO, 10°C,1h
99 %
Hydrazine monohydrate O
raney-Ni 8 8
NH, THF, M, 3h o Q 3 7 /~\10 NG,
68 %

NG,
TAPM TNPM

Fig. S1. Sketch of the three-step synthesis of the monomer tetrakis(4-aminophenyl)methane (TAPM}).

All NMR- and IR-spectra are given in Fig. S2-S8.[1,2]

2.1.1 Tetraphenylmethane

A tfotal amount of 5.00 g (17.93 mmol, 1 eq.) triphenylchloromethane was added to 4.42 mL
(48.43 mmol, 2.7 eq.) aniline and stirred at 220 °C until the solution solidifies. The resulting
solid was crushed and added to 20 mL of 2 M HCl and 20 mL of MeOH. After 30 min reflux
the solid was filtrated and added to 200 mL of EtOH. The suspension was cooled to -10 °C and
54mL (10.76 mmol, 0.6eq.) of cone. H28O4 and 3.62mL (26.89 mmol, 1.5eq.) of
isopentylnitrite was added dropwise and stirred at -10 °C for one hour. At room temperature
8.82 mL (0.20 mol, 11.1 eq.) of hypophosphorous acid (50 %) was added to the solution and
stirred at 50 °C for 24 h. The resulting solid was filtered, washed with EtOH, DMF and H-O

and dried in vacuo.

Tetraphenylmethane was observed as light brown solid. Yield: 5.03 g (15.70 mmol, 88 %).
"H NMR (500 MHz, DMSO-de): & =7.14-7.16 (d, 8H, C3-H), 7.19-7.22 (t, 4H, Cs-H), 7.29-7.32
(¢, 8H, C4-H) ppm. *C NMR (125 MHz, DMSO-ds): 8 = 64.94 (C-1), 126.46 (C-5), 128.21
(C-4), 130.96 (C-3), 146.86 (C-2) ppm. Anal. Found: C [94.83], H [7.30], N [0.15]. Caled: C
[93.71], H [6.29], N [0]. EI-MS [m/z] = 320. FT-IR (ATR): v [em '] = 3085, 3055, 3029, 3016,
1591, 1491, 1439.
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2.1.2 Tetrakis(4-nitrophenyl)methane

To 24.5 mL HNO; (99.9 %) 4.50 mg (14.04 mmol, | eq.) tetraphenylmethane, 15.75 mL acetic
acid and 7.56 mL acetic anhydride were added at -10 °C. After stirring the suspension for 1 h,
3.50 mL acetic acid were added and the solid was filtered. For purification, the product was

recrystallized from DMF and dried in vacuo.

Tetrakis(4-nitrophenyl)methane was observed as yellow solid. Yield: 3.93 g (7.87 mmol,
56 %). 'HNMR (500 MHz, DMSO-ds): & = 7.60-7.62 (d, 8H, Cs-H), 8.23-8.25 (d, 8H,
Co-H) ppm. *C NMR (125 MHz, DMSO-ds): & = 65.76 (C-6), 124.31 (C-9), 131.97 (C-8),
146.57 (C-10), 151.54 (C-7) ppm. Anal. Found: C [59.89], H [3.55], N [10.45]. Caled: C
[60.00], H [3.22], N [11.20]. EI-MS [m/z] = 500. FT-IR (ATR): v [em™] = 3108, 3077, 1510,
1330, 837.

2.1.3 Tetrakis(4-aminophenyl)methane

Under argon atmosphere 2.5 g (5.00 mmol, 1 eq.) tetrakis(4-nitrophenyl)methane were solved
in 530 mLL THF. A catalytic amount of Raney-nickel and 3.20 mL (66.45 mmol, 13.3 eq.)
hydrazine-monohydrate were added and the solution was stirred for 2 h at rt. The reaction was
stirred under reflux for 24 h, filtered and washed with THF. The solvent was removed under
vacuum resulting in a white solid. For further purification the product was washed with DCM

and dried in vacuo.

Tetrakis(4-aminophenyl)methane was observed as white solid. Yield: 1.28 g (3.37 mmol,
68 %). 'H NMR (500 MHz, DMSO-ds): & = 4.85 (s, 8H, C15-NH>), 6.38-6.39 (d, 8H, Cis-H),
6.66-6.68 (d, 8H, Ci3-H) ppm. '3C NMR (125 MHz, DMSO-ds): & = 61.57 (C-11), 113.03
(C-14), 131.52 (C-13), 136.29 (C-12), 146.16 (C-15) ppm. Anal. Found: C [79.93], H [6.55],
N [14.54]. Caled: C [78.92], H [6.36], N [14.73]. EI-MS [m/z] = 380. FT-IR (ATR): v [em '] =
3165, 3062, 3025, 2994, 1610, 1273, 1172.
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2.2 NMR Spectra of Monomers
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Fig. S2. Liquid-state "H NMR spectra of TPM.
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Fig. $3. Liquid-state *C NMR spectra of TPM.
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Fig. §5. Liquid-state *C NMR spectra of TNPM.
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Fig. S7. Liquid-state *C NMR spectra of TAPM.
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2.3 IR Spectra of Monomers

TPM 4
:1/ yf
b
M|
TNPM . yd
W 4

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

v/em!

Fig. S8. FTIR spectra of the Monomers TPM (black), TNPM (red) and TAPM (green) measured at 450-4000 ¢cm™?. a:
aromatic C-H stretching vibration, b: aromatic C=C stretching vibration, c: asymmetric (~1510 cm™) and symmetric
(~1330 cm''} stretching vibration of aromatic -NO; group, d: aromatic -NO- deformation vibration, e: primary aromatic
amine N-H stretching vibration, f: primary aromatic amine N-H deformation vibration, g: aromatic =C-N stretching vibration.
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3 Synthesis of Polymers

NH,

O, .
man— ) ‘“":luz .
)

NH,

Fig. S.9. Sketch of the synthesis of all polymer series.

Table $2. Synthesis conditions of all polymers.

Name Shape PVP Solvent Name after heat treatment

350°C 420 °C
PIM pre Fiber mat 30 wt% DMF PIM_350 PIM_420
PI-DP Bulk 30 wt% DMF PI-DP_420
PI-D Bulk - DMF
PI-CP Bulk 30 wi%  m-Cresol PI-CP 420
PI-C Bulk - m-Cresol

3.1 Fiber mat

A solution of 0.11 g PVP in 0.45 mL DMF was added to 0.10 g TAPM (0.26 mmol, 1 eq.) and
0.16 g NTCA (0.53 mmol, 2 eq.) in 0.99 mL. DMF and stirred for 2 h at room temperature.
Further 0.30 mL. DMF were added. A house-made electrospinning machine was used for the
preparation of fiber mats. The applied voltage of 15 kV, a flow rate of 1.1 ml/h and the tip-to-
collector distance of 20 cm was employed. The finally obtained PIM pre was dried under

vacuum at 40 °C for 6 h.

PIM pre was observed as white fiber mat. '*C NMR (CP-MAS, 12.5 kHz): & [ppm] = 176
(C-11), 169 (C-10), 146 (C-9), 134 (C-6), 130 (C-7), 120 (C-8), 64 (C-5), 43 (C-14), 32 (C-12),
19 (C-13, C-15). "N NMR (CP-MAS, 5kHz): & [ppm] = -197 (-CO-N-CO-), -249
(-NH-CO-), -324 (-NH2). Anal. Found: C [64.60], H [6.03], N [8.41]. Calcd: C [64.23], H [5.30],
N [7.76]. FT-IR (ATR): v [em'!] = 1714, 1670, 1593, 1505, 1437, 1780, 1735.
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3.2 Bulk Polymer

3.2.1 PIDP

A solution of 0.25 g PVP in 1.01 mL DMF was added to 0.23 g TAPM (0.59 mmol, 1 eq.) and
0.36 g NTCA (1.18 mmol, 2 eq.) in 2.23 mL. DMF and stirred for 2 h at room temperature.
Further 0.68 mL DMF were added and the solution was stirred for 1 h at 150 °C and 2 h at
250 °C. The solid was filtered and washed with toluene, dichloromethane and methanol and a
Soxhlet extraction with tetrahydrofuran was used. The resulting polymer was dried in vacuo at

120 °C

PI-DP was observed as brown solid. Yield: 0.46 g, after subtraction of PVP: 0.34 g (0.41 mmol,
69 %). 13C NMR (CP-MAS, 12.5 kHz): & [ppm] = 175 (C-11), 163 (C-4), 147 (C-2), 128 (C-3),
65 (C-1), 43 (C-14), 32 (C-12), 18 (C-13). N NMR (CP-MAS, 5 kHz): & [ppm] = -197
(-CO-N-CO-), -253 (-NII-CO-), -327 (-NI11). Anal. Found: C [70.48], II [4.20], N [7.84]. Calcd:
C [72.20], H [4.45], N [8.42]. FT-IR (ATR): v [em}] = 1715, 1670, 1579, 1499, 1445, 1789,
1748.

3.22 PI-D

A solution of 0.10 g TAPM (0.26 mmol, 1 eq.) and 0.16 g NTCA (0.53 mmol, 2 eq.) in 1.78 mL
DMF was stirred for 1 h at 150 °C and 2 h at 250 °C. The solid was filtered and washed with
toluene, dichloromethane and methanol. For further purification a Soxhlet extraction with

tetrahydrofuran was used and the resulting polymer was dried in vacuo at 120 °C

PI-D was observed as brown solid. Yield: 0.22 g (0.26 mmol, 98 %). '*C NMR (CP-MAS, 12.5
kHz): & [ppm] = 163 (C-4), 147 (C-2), 127 (C-3), 65 (C-1). "N NMR (CP-MAS, 5 kHz): §
[ppm] = -197 (-CO-N-CO-). Anal. Found: C [71.90], H [3.21], N [6.16]. Caled: C [75.35], H
[2.86], N [6.63]. FT-IR (ATR): v [em''] = 1714, 1670, 1579, 1503, 1445, 1787, 1748.

3.23 PICP

A total amount of 0.23 mg TAPM (0.59 mmol, 1 eq.), 0.36 mg NTCA (1.18 mmol, 2 eq.) and
0.25 g PVP were added to 48 mL of m-cresol under argon atmosphere. The mixture was stirred
for 24 h at 0 °C. Afterwards, a catalytic amount (= 1 mg) of isoquinoline was added and the
mixture was again stirred for 24 h at room temperature. The polymerization reaction was carried
out according to the following temperature protocol: 40 °C for 4 h, 60 °C for 4 h, 80 °C for 6 h,
100 °C for 6 h, 120 °C for 8 h, 140 °C for 8 h, 160 °C for 18 h, 190 °C for 24 h. After cooling

down to room temperature, the resulting solid was filtered and washed with toluene,
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dichloromethane, and methanol. Additional purification was achieved by extraction in a Soxhlet

apparatus with tetrahydrofuran overnight. The product was dried in vacuo at 120 °C.

PI-CP was observed as black solid. Yield: 0.57 g, after subtraction of PVP: 0.32 g (0.38 mmol,
63 %). *C NMR (CP-MAS, 12.5 kHz): & [ppm] = 176 (C-11), 163 (C-4), 147 (C-2), 128 (C-3),
65 (C-1), 43 (C-14), 31 (C-12), 19 (C-13). “'N NMR (CP-MAS, 5 kHz): & [ppm] = -197
(-CO-N-CO-), -253 (-NH-CO-). Anal. Found: C [70.43], H [4.24], N [6.92]. Caled: C [72.20],
H [4.45], N [8.42]. FT-IR (ATR): v [em'!] =1717, 1671, 1578, 1497, 1443, 1790, 1747.

3.24 PI-C

A total amount of 0.10 mg of TAPM (0.26 mmol, | eq.) and 0.16 mg NTCA (0.53 mmol, 2 eq.)
were added to 21 mL of m-cresol under argon atmosphere. The mixture was stirred for 24 h at
0 °C. Afterwards, a catalytic amount (= | mg) of isoquinoline was added and the mixture was
again stirred for 24 h at room temperature. The polymerization reaction was carried out
according to the following temperature protocol: 40 °C for 4 h, 60 °C for 4 h, 80 °C for 6 h,
100 ¢C for 6 h, 120 °C for 8 h, 140 °C for 8 h, 160 °C for 18 h, 190 °C for 24 h. After cooling
down to room temperature, the resulting solid was filtered and washed with toluene,
dichloromethane, and methanol. Additional purification was achieved by extraction in a Soxhlet

apparatus with tetrahydrofuran overnight. The product was dried in vacuo at 120 °C.

PI-C was observed as brown solid. Yield: 0.22 g (0.25 mmol, 96 %). *C NMR (CP-MAS, 12.5
kHz): & [ppm] = 163 (C-4), 147 (C-2), 127 (C-3), 65 (C-1). "N NMR (CP-MAS, 5 kHz): §
[ppm] = -197 (-CO-N-CO-). Anal. Found: C [71.66], H [3.13], N [5.31]. Caled: C [75.35], H
[2.86], N [6.63]. FT-IR (ATR): v [em'] = 1715, 1671, 1578, 1501, 1445, 1790, 1751.

3.3 Heating Procedure
For all polymers and fibers with PVP as an addition the following heating procedure was carried

out to obtain a self-standing material of polyimide. The samples were heated to 350 °C

(PIM_350) or 420 °C (PIM 420, PI-DP 420, PI-CP 420) for | h under argon.

PIM 350 was observed as yellow fiber mat. '3*C NMR (CP-MAS, 12.5 kHz): § [ppm] = 176
(C-11), 163 (C-4), 147 (C-2), 129 (C-3), 65 (C-1), 43 (C-14), 32 (C-12), 18 (C-13). "N NMR
(CP-MAS, 5 kHz): & [ppm] = -197 (-CO-N-CO-), -251 (-NH-CO-). Anal. Found: C [67.42], H
[3.82], N [7.51]. Calcd: C [72.20], H [4.45], N [7.76]. FT-IR (ATR): v [em''] = 1741, 1670,
1593, 1505, 1437, 1780, 1735.

PIM 420 was observed as brown fiber mat. *C NMR (CP-MAS, 12.5 kHz): & [ppm] =

163 (C-4), 146 (C-2), 129 (C-3), 65 (C-1). N NMR (CP-MAS, 5 kIlz): & [ppm] = -196
S 10
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(-CO-N-CO-). Anal. Found: C [67.33], H [3.41], N [7.01]. Caled: C [75.35], H [2.86], N [6.63].
FT-IR (ATR): v [em!] = 1717, 1673, 1583, 1505, 1447.

PI-DP 420 was observed as black solid. 3C NMR (CP-MAS, 12.5 kHz): & [ppm] = 147 (C-2),
164 (C-4), 128 (C-3), 64 (C-1). *N NMR (CP-MAS, 5 kHz): & [ppm] = -197 (-CO-N-CO-).
Anal. Found: C [71.15], H[3.98], N [6.87]. Calcd: C [75.35], H [2.86], N [6.63]. FT-IR (ATR):
v [em'] = 1710, 1666, 1578, 1501, 1445,

PI-CP_420 was observed as black solid. '*C NMR (CP-MAS, 12.5 kHz): & [ppm] = 163 (C-4),
146 (C-2), 127 (C-3), 65 (C-1). N NMR (CP-MAS, 5 kIIz): & [ppm] = -196 (-CO-N-CO-).
Anal. Found: C [75.54], H [3.41], N [6.47]. Caled: C [75.35], I [2.86], N [6.63]. FT-IR (ATR):
v [em''] = 1710, 1666, 1575, 1499, 1448.
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4 NMR- and IR-Spectra

4.1 'H MAS NMR Spectra

PIM_350

&'H/ppm

Fig. S10. 'H MAS NMR spectra for PIM_350, PI-DP and PI-CP.

4.2 BC CP MAS NMR Spectra

Table 83, Assignment of '*C NMR shifts (All values are given in ppm).

Polymer |1 2 3 4[5 6 7 8 9 1011 12 13 14 15
PIMpre | - - - - [64 134 130 120 146 169|176 32 19 43 19
PIM 350 |65 147 129 163|- - - - - - |176 32 18 43 -
PIM 420 |65 146 129 163 |- - - - - - | - - - - .
PI-DP 65 147 128 163 |- - - - - - |175 32 18 43 -
PLDP 420 | 64 147 128 164 | - - - - - - | - o o o .
PLD 65 147 127 163 | - - - - - o - o o
PI-CP 65 147 128 163|- - - - - - |176 31 19 43 -
PICP 420 |65 146 127 163 |- - - - - - | - - - - -
PI.C 65 147 128 163 |- - - - - | - - - -
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4.3

[

PI-D

PI-C

"

T T T
200 180 160 140

Fig. S11. °C CP MAS NMR spectra for P1-D and P1-C. The asterisks mark spinning side bands.

15N CP MAS NMR Spectra

Table $4. Assignment of "N NMR shifts (All values are given in ppm).

—
120 100 80
& 1°C/ ppm

60

Polymer a b ¢
PIM_ pre -197 -324 -249
PIM_350 -197 - =251
PIM_420 -196 - -
PI-DP -197 -327 -253
PI-DP_420 -197 - -
PI-D -197 - -
PI-CP -197 - -253
PI-CP 420 -196 - -
PI-C -197 - -
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PI-D

T T T T T
-100 -150 -200 -250 -300 -350

5 °N/ppm

Fig. $12. "N CP MAS NMR spectra for PI-D and P1-C.
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4.4 IR Spectra
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Fig. S13. FTIR spectra of the PIM (A), the PI-D (B) and the PI-C (C) series (450-4000 cm™). a: imide six- and five-

membered ring, b: aromatic C=C stretching vibration, ¢: C=0 stretching vibration for saturated six membered ring acid

anhydrides.
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Table 85. Assignment of TR signals (All values are given in cm'). a: imide six- and five-membered ring, b: aromatic C=C
stretching vibration, ¢: C=0 stretching vibration for saturated six membered ring acid anhydrides.

Polymer a b c

PIM pre 1714 1670 1593 1505 1437 1780 1735
PIM 350 1715 1672 1582 1505 1447 1789 1748
PIM 420 1717 1673 1583 1505 1447 - -

PI-DP 1715 1670 1579 1499 1445 1789 1748
PI-DP 420 1710 1666 1578 1501 1445 - -
PI-D 1714 1670 1579 1503 1445 1787 1748
PI-CP 1717 1671 1578 1497 1443 1790 1747
PI-CP 420 1710 1666 1575 1499 1448 - -
PI-C 1715 1671 1578 1501 1445 1790 1751

5 Elemental Analysis

Table S6. Experimental data, theoretical data and the calculated deviation of CHN analysis. Red marks high deviations.
PIM_pre was calculated with 27 wt% TAPM, 43 wt% NTCA and 30 wi% PVP. PIM_350, PI-DP and PI-CP are calculated
with a ratio of 30/70 (PVP/PI).

Exp. Theo. Deviation
Polymer C/% H/% N/% C/% H/% N/% C/% H/% N/%
PIM_pre 64.60 6.03 8.41 6423 530 7796  0.07 0.73 0.65
PIM_350 67.42 382 751 7220 445 842 478 0.63 0.91
PIM_420 67.33 341 7.01 7535 286 6.63 8.02 0.55 0.38

PI-DP 7048 420 784 7220 445 842 172 025 058

PI-DP 420 71.15 398 6.87 7535 286 663 420 112 024

PI-D 7190 321 616 7535 286 663 345 035 047

PI-CP 7043 424 692 7220 445 842 177 021 1.50

PI-CP_420 75.54 341 647 7535 286 663 019 055 0.16

PI-C 71.66 3.13 531 7535 286 663 3.69 027 132
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6 TGA patterns

Table S7. Temperature at which 5 wt% mass loss occurs detected from TGA for all polymers.

Polymer Toswe / °C

PIM pre 250
PIM_350 390
PIM_420 471
PI-DP 346

PI-DP_420 531

PI-D 445

PI-CP 413

PI-CP_420 524

PI-C 483
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Fig. S14. Thermogravimetric analysis of the PIM_pre (A), PI-D (C) and PI-C (E) series (30-1000 °C, 10 K/min, under N).
Derivation of the thermogravimetric analysis according to temperature of the corresponding series (B, D, F) (30-1000 °C,
10 K/min, under N2).
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7 Powder X-ray diffraction
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Fig. S15. Powder x-ray diffraction pattern of all materials (5-30 °26, Cu-Ka).
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8 Physisorption
8.1 Argon isotherms

Table S 8: pore volumes determined from argon isotherms and calculated by QSDFT (slit pores, equilibrium mode) method.
A full representation of the pore size distributions and cumulative pore volumes is given in Fig. S16.

Polymer  Vporesot / €m*g  Vporemic / €m*g  Vioremic

/
Viore ot
PIM pre - - -
PIM_350 - - -
PIM_420 0.121 0.121 1
PI-DP - - -
PI-DP_420 - - -
PI-D 0.370 0.356 0.96
PI-CP - - -
PI-CP 420 . - .
PI-C 0.295 0.285 0.97

S 20

172



4. Publications
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Fig. S16. Pore size distributions of PIM_420, PI-D and PI-C calculated by QSDFT kernel (equilibrium mode) for slit pores in

carbon based materials.
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Fig. S17. Argon isotherms of PI-D_420 (A) and PI-C_420 (B) measured at 87 K. Full symbols characterize adsorption
isotherms, hollow symbols the corresponding desorption curve
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8.2 CO;isotherms

Table 89. Pore volume determined from COz lsotherms and calculated by NLDFT method. A full representation of the pore
size distributions and cumulative pore volumes is given in Fig. S18.

Polymer Vo / cm®/g

PIM pre 0.072
PIM 350 0.102
PIM 420 0.220
PI-DP 0.154
PI-DP 420 0.120
PI-D 0.249
PI-CP 0.123
PI-CP_420 0.179
PI-C 0.220
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8.3 (CO», Ny, CHy isotherms as function of temperature
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Fig. $19. CO; isotherms measured at 0 °C (A-C), 25 °C (D-F) and 40 °C (G-I) and 1 bar for the PIM (A, D, G), the P1.D (B,
E, H) and the PI-C series (C, F, I).

S 24

176



4. Publications

4. A 0B 40 C
] emose ] a0 L Mmaocc
v PLDP v PLCP
50 o PM3se 30] PLDP 420 50 * PLCP 420
PIM_420 PLD PLC
25 L0254 Bo25
; o o
g 2 E
£ 20 E 204 E 20
ERt EREE Eg &
Lo 104 Lo
0s 054 oS
00 et ity ’ b 0.0 e et o
oo 02 o4 06 0.8 Lo 0o 0.2 EX} 0.6 08 10 0.0 D2 04 06 08 LD
p/bar p/bar p/bar
E F
4 40
N, @125 °C N, @125 °C
1 v mop **1 w prce
30 PLDP 420 3] * PLCP 420
PFI.D PI.C
w25 882,54
E g
E 0 E 2.04
ERE = 1.54
Lo 1.04
s .54
¥ ¥ e e e e ey o it
[eXe] 02 o4 (1] 0.8 LD 62 04 0.6 bE 1o
p/bar pibar
40 H 4 I
Lo m@ace L] M@dnec
v PLDP v PLCP
10 PLDP_420 30 ¢ PLCP a2
PLD PLC
25 5254
H E
E 20 E 2.04
= LS EREL
Lo Lo4
(5] 054
0.0 + T — 1 oo 7 S S Tt 1
0o 0.2 04 08 Lo 0o 02 o4 0.6 0E Lo
p/bar p/bar
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H) and the PI-C series (C, F, I).
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Fig. 821. CHa isotherms measured at 0 °C (A-C), 25 °C (D-F) and 40 °C (G-1) and | bar for the PIM (A, D, G), the PI-D (B,
E, H) and the PI-C series (C, F, I).
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Table 510. Uptakes taken from individual isotherms. The values were determined at p = 1 bar.

CO»/ mmol/g N2/ mmol/g CH,/ mmol/g
0°C 25°C 40°C 0°C 25°C 40°C 0°C 25°C 40°C
PIM pre 1 0.7 0.5 - - - 0.1 0.0 0.0
PIM 350 1.4 0.9 0.7 0.0 - - 0.2 0.1 0.1
PIM 420 3.0 2.4 1.9 0.1 - - 0.6 0.3 0.3
PI-DP 2.3 1.5 1.1 0.1 0.1 0.0 0.4 0.3 0.2
PI-DP_420 1.7 1.2 1.0 0.1 0.1 0.0 0.4 0.2 0.1
PI-D 35 24 1.7 0.2 0.1 0.1 0.8 0.5 0.3
PI-CP 2.0 1.4 1.0 0.1 0.0 0.0 0.4 0.2 0.2

PI-CP 420 2.7 1.8 1.5 0.1 0.0 0.0 0.6 0.4 0.2
PI-C 32 2.1 1.5 0.2 0.1 0.1 0.7 0.4 03

8.4 Heats of adsorption

Table S 11: Isosteric heats of adsorption for CO; and CHy calculated from adsorption isotherms at 273, 298, and 313 K.

Polymer  Qcoz/kl/mol  Qcms /kI/mol

PIM 420 374 326

PI.DP 420 316 26.6

PI-D 329 234

PI-CP 420 319 254

PI-C 29.0 232
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8.5 Selectivities
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Fig. 822. Isotherms calculated by IAST for gas mixtures of 5:95 CO2/CHas (left) and 50:50 CO2/CHa (right) for the PIM
series. Black indicates the total uptake, red the uptake of COzand green the uptake of CHa in the mixture at 0 °C (square
symbol), 25 °C (triangle with apex up) and 40 °C (triangle with apex down).
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Fig. S24. Isotherms calculated by IAST for gas mixtures of 5:95 CO2/CHa (left) and 50:50 CO2/CHa (right) for the PI-C series.
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9 Optical appearance and stability of the polyimide membranes

Fig. S25. Pure polyimide membranes (PIM_420), after heat treatment to remove the auxiliary polymer PVP, exposed to
different bending states. They include folding, twisting and curling and indicate good flexibility and mechanical stability of the
membranes.
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Open-Cell Robust COF-Nanowire Network Sponges as

Sustainable Adsorbent and Filter

Chenhui Ding, Yingying Du, and Seema Agarwal*

Constructing crystalline covalent organic frameworks (COF) robust 3D
reusable macroscopic objects exposing more adsorption sites with high water
flux for use as a filter is an unresolved challenge. A simple scalable procedure
is shown for making a robust, highly compressible 3D crystalline COF
nanowire interconnected porous open-cell sponge. The compressive strength
and Young's modulus (80% strain) of the sponge are 175 and 238 kPa,
respectively. The sponge can withstand multiple compression-release cycles
and a load of 2800 times its weight without collapsing. As an exemplary
application, the use of a COF sponge in the selective removal and separation
of cationic model dye from a mixture of dyes in water by adsorption and
filtration with >99% efficiency is shown. Depending on the dye concentration,
the dye removal time can be as short as 2 min, and dye adsorption efficiency
can be as high as 653 mg g~' (COF in the sponge). During filtration, the
sponges as filters show a high water flux of 2355 L h~" m~2 under ambient
conditions and maintain their performance for many cycles. The lightweight,
reusability, and efficiency make present sponges sustainable materials as

synthesis. The powder form makes their
utility in several applications including
contaminant removal from solutions
non-sustainable and tedious.®/ The sep-
aration of COF powder after use is an
energy-intensive  process. Further, for
sustainability, it is important to reuse
COFs as far as possible.’] In addition,
the irregularly packed agglomerated COF
powders reduce the accessible adsorp-
tion sites and hinder the mass trans-
port and adsorption of contaminants,
such as dyes during water purification.

Therefore, COFs in the form of self-
standing robust easy-to-handle macro-
objects with access to all active sites that
can be easily separated and reused will
be more promising.!'’ Various meth-
ods are studied to get COFs in the
form of 2D membranes. For example,

adsorbents and filters.

1. Introduction

Covalent organic frameworks (COFs) in the last decades have
become an undisputed advanced material type for wide appli-
cations in fields, such as gas storage,!'! separation,?! catalysis,?
water purification,'*l molecular separations,®’ energy storage,'®
and light-emitting diodes.!’| Vulnerability concerning the degree
of crystallinity, chemical structure, functionality, pore size, sur-
face area, and porosity in addition to high chemical and ther-
mal stability make COFs promising candidates for applications
mentioned above. Due to their chemically cross-linked structure,
they are obtained as an insoluble and infusible powder after
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growing on a solid-substrate, ! liquid—

liquid interface polymerization,['?! phase-

switching process,!'*l and template-assisted

framework (TAF) process.'") The COF
precursors are also mixed with graphene oxide (GO)/polymer
binder, freeze-dried, and heated to produce a 3D macro-object.[>]
In addition to COF precursors, readymade COF nanoparticles
are also mixed with GO/polymer binders and converted to 3D
objects by freeze-drying/supercritical drying.["®! Also, melamine-
formaldehyde foams coated with COF were prepared by dipping
the foam into a precursor solution of COF followed by heating.!’!
Pure COF 3D macro-objects in general are mechanically brittle
and show shrinkage during preparation. Tian et al. grew COF in
situ on the microporous channels of wood to obtain wood/COF
composites.'* The robust wood skeleton ensures the recyclabil-
ity of the composite material. However, due to the lack of strong
force between COF and wood, the COF powder does not com-
pletely cover the surface of the wood, and the wood itself does
not have a highly interconnected porous structure, which limits
the diffusion of organic pollutants.

COFs are advanced materials showing benefits as porous ad-
sorbents, a property that is highly useful for the removal of
pollutants." In the form of self-standing robust 3D macro-
objects COFs can provide additional advantages of ease of separa-
tion, reusability, and excellent mass transfer in applications like
pollutant removal. Therefore, the design of COF macro-objects as
adsorbents should include some important aspects: robustness
(mechanical stability), high porosity, and open inter-connected
porous structure to ensure the rapid mass transfer and recycling
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Figure 1. Schematic illustration of the preparation of polyimide | sulfonic acid functionalized COF composite sponges (PI/COF—SO;H). PI =
polyimide, PAN = polyacrylonitrile, Pa—SO;H = 2,5-diaminobenzenesulfonic acid, Tp = 1,3,5-triformylphloroglucinel, DMSO = dimethylsulfoxide,

CH3COOH = acetic acid.

of adsorbent, the availability of COF adsorbing sites not only on
the surface but also in the bulk of 3D macro-objects, and appro-
priate functionality to improve the adsorption capacity. Besides
this, the production of 3D COF macro-objects should be up scal-
able, and easy. The prime challenge is to prepare such a robust
crystalline COF macro-object fulfilling all these requirements.
For wastewater purification applications, in addition, a large wa-
ter flux through 3D macro-objects should also be secured by a
tailor-made COF structure.

3D electrospun short fiber sponges with high porosity, good
mechanical properties, and highly interconnecting porous struc-
ture have been applied in oil-water separation, protein purifi-
cation, and seawater desalination, and show high stability and
high flux.2") Previously we established preparation methods for
such sponges from short electrospun fibers in our group.!?'!
The compressible, robust sponges are formed by the percolation
of short electrospun fibers during freeze-drying giving a dual
porous structure: small pores between the fibers in the sponge
cell walls and big pores (%100 um) formed by sublimation of
ice during freeze-drying. Such sponges should be an ideal can-
didate as the skeleton for the preparation of robust 3D COF crys-
talline macro-objects. The continuous growth of COF not only on
the surface but also in the bulk is expected from the electrospun
skeleton sponge structure and pore size.

In this work, we show first the preparation of robust poly-
imide (PI)/sulfonic acid functionalized crystalline COF nanowire
(PI/COF—SO,H) composite sponges with highly interconnected
open-cell structures. Since composite sponge structure and func-
tionality are highly promising for high water flux, mass trans-
fer, and adsorption of selective organic dyes from water, methy-
lene blue removal from the water was studied as an exem-
plary example. Also, the selectivity of the sponges for the ad-
sorption of positively charged dye from a mixture of dyes is
investigated. The superiority of present COF sponges is evi-
dent from high adsorption, high selectivity and filtration effi-
ciency, high water flux, and reusability. The sponge prepara-
tion procedure is simple, scalable and opens up new avenues
for materials not only for water purification but several other
applications.

Adv. Funct. Mater. 2024, 34, 2309938 2309938 (2 of 10)

2. Results and Discussion

The open-cell porous sponges were prepared through two steps
of template sponge construction using PI short electrospun
fibers and in situ growth of COF, as shown in Figure 1.

First, PI short fibers (average diameter d = 526 + 98 nm, av-
erage fiber length L = 77 + 23 um, Figure S1, Supporting In-
formation), and Pa—SO;H were dispersed in a solution of PAN
in DMSO by stirring at high speed, and a porous spongy tem-
plate (PI/Pa—SO;H) was constructed by freeze-drying. During
freeze-drying self-assembly of PI short fibers and their perco-
lation provides an open-cell sponge with interconnected pores
(Figure 2a—d). PAN, as a binder, further ensured the stability of
the sponge and provided a site for the growth of COF. Instead of
PI, any other polymer can also be used if stable under solution
and temperature conditions used for growing COF.

In the second step, COF was grown in situ on the tem-
plate sponge in the form of nanowires by solvothermal method
by letting Pa—SO;H on the template sponge react with Tp.
The resulting sponge is designated as PI/COF—SO,H sponge
(Figure 2e—h). The optical pictures of the template PI/Pa—SO,H
and PI/COF—SO;H sponges are shown in Figure 2a—e, There
was a color change to red due to the formation of COF the on
PI/Pa—SO,H template sponge.

PI/COF—SO,H sponges were prepared using different load-
ing of Pa—SO,H in template PI/Pa—SO,H sponges. Depending
upon the amount of Pa—SO,H loading the sponges are desig-
nated as PI/Pa—SO;H-X and PI/COF—SO,H-X, respectively. X
(0.5, 1.0, 1.5, and 2.0) is the mass ratio of Pa—SO,H and PI
short fibers. The SEM images of PI/Pa—SO,H sponges with dif-
ferent loadings of Pa—SO;H are shown in (Figure S2, Support-
ing Information) and the corresponding COF decorated sponges
(PI/COF—SO;H) are shown in Figure S3 (Supporting Informa-
tion). The growth of COF in the form of nanowires (average di-
ameter d = 59 + 17 nm) was obvious from the SEM images.
The growth of COF in the form of nanowires is generally rare.
This morphology is achieved in literature by special modifica-
tions and methods, such as core-planarity and interfacial synthe-
sis methods.I?”! The nanowire COF morphology is the result of
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Figure 2. a—d) Photographs and SEM images of PI/Pa—SO3H-2.0, and e-h) PI/COF—SO;H-2.0.

the preferred growth along the z-direction in comparison to the
x and y directions due to the stronger z—z interactions among
the layers. In the work of Luo et al. COFwase assembled in the
form of 1D structure, supposedly due to the special arrangement
of —=SO, H in the different layers in an opposite mode rather than
the common same-side mode.!?*) In our case, it might be a combi-
nation of z—r interactions and a special arrangement of —SO,H.

The increased amount of Pa—SO,H on the surface of PI short
fibers led to the growth of denser COF and more nanowires,
and the density of the PI/COF—SO;H sponge also increased
(Tables S1 and S2, Supporting Information). Although, the den-
sity of PI/COF—SO;H-0.5 was 11.2 mg cm~}, whereas it in-
creased to 34.8 mg cm > for PI/COF—S0;H-2.0 still the sponges
are lightweight.

The cross-sectional investigations by SEM showed the growth
of COF not only on the surface of the template PI/Pa—SO,H but
throughout the bulk.

Figure 3a and Figure S4a (Supporting Information) show
the Fourier-transform infrared (FT-IR) spectra of the samples.
First, characteristic peaks of PI (C=O at 1719 cm™', C—N at
1370 cm™), and PAN (C=N at 2242 cm™') were found in all
composite sponges.'**! Second, PI/Pa—SO,H showed obvious
characteristic peaks of Pa—SO,H (—NH, at 3300-35 000 cm ™,
—SO,H at 1082 and 1024 cm™).1%) Finally, with the growth of
COF—SO,H in situy, the characteristic peaks at 3300-3500 cm™'
(—NH,) disappeared, and the new characteristic peaks were dis-
played at 1574 cm™' (C=C) and 1236 cm™' (C—N), indicating
that conversion of PI/Pa—SO;H to PI/COF—SO,H.[*! The for-
mation of COF—SO,H was further characterized by *C cross-
polarized magic angle spinning (CP MAS) NMR spectra. The
chemical structures with carbon numbered and the correspond-
ing NMR are given in Figure 3b,c. The characteristic peaks of PI
and Pa—SO,H were seen in the PI/Pa—SO,H sponge. As the re-
action progresses for the formation of PI/COF—SO;H, the char-
acteristic peaks of Pa—SO,H disappear and typical COF—SO,H
resonances such as imine carbon peaks (%147 ppm) and car-
bonyl carbon peaks (~184 ppm) were observed in PI/COF—SO;H
sponge.!?’]

The powder X-ray diffraction (PXRD) patterns of COF—SO,H
powder and PI/COF—SO;H sponges are shown in Figure 3d
and Figure S4b (Supporting Information). It can be found that

Adv. Funct. Mater. 2024, 34, 2309938 2309938 (3 of 10)

the peaks of COF—SO,H at 20 = 4.8° (100), 8.2° (210), and
27.1° (001) are in good agreement with the simulated AA stack-
ing model, and consistent with the literature reports for COF
powder.®! The reflection at 26 = 17.2° was attributed to PAN,
whereas no peak of PI was found because it was a non-crystalline
polymer.

PI/COF—SO;H sponges are super hydrophilic as tested by
contact angle measurements (water contact angle of 0°). The
water penetrates the sponge instantly, as shown in Video S1
(Supporting Information). At the same time, Figure S5 (Sup-
porting Information) shows the thermogravimetric analysis
curves of PI/COF—SO;H sponges under a nitrogen atmosphere.
PI/COF—SO,H sponges show good thermal stability, with almost
no mass loss before 200 °C, which provides the possibility for
their application in high-temperature environments.

Excellent mechanical properties and good deformation re-
covery performance provide a guarantee for the reusability of
PI/COF—SO;H sponges. Figure 4 shows the recovery perfor-
mance (50% strain) and compressive strength (80% strain) of
different composite sponges, which are summarized in Table
S3 (Supporting Information). It can be found that all compos-
ite sponges exhibit good mechanical properties and deforma-
tion recovery performance, and there is no obvious change in
the maximum stress and recovery height after 50 compression-
release cycles (50% strain). The addition of COF greatly im-
proved the compressive strength and deformation recovery
performance of the PI/COF—SO;H sponge. Compared with
PI/COF—SO,;HCOF—SO;H-0.5, the compressive strength and
Young’s modulus (80% strain) of PI/COF—SO;H-2.0 increased
from 47 to 175 kPa and 46 to 238 kPa, respectively. This
indicates that the highly interconnected porous structure of
PI/COF—SO;H can effectively absorb and release stress, and
thus withstand multiple compression-release cycles. The dense
COF nanowires grown on the surface of PI fibers serve as a
protective layer, which further strengthens the fiber network
framework, thereby improving the compressive strength and
deformation recovery performance of PI/COF—SO;H sponges.
In addition, 71.4 mg of PI/COF—SO,H-2.0 can withstand
a weight (200 g) of 2800 times its weight without collaps-
ing, further demonstrating its excellent compression resistance
(Figure 4g).
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Figure 3. a) Chemical structural formulas of COF—SO3;H, PAN, Pa—SO;H, and PI. b) FT-IR spectrum of PI/Pa—SQO;H sponge, COF—SO;H powder,
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COF—SO;H.

As COF—SO,H contains a sulfonic acid group, the aver-
age Zeta potential measured on COF powder is —76.9 mV
(Figures S6 and S7, Supporting Information), showing negative
charge characteristics, which makes it appropriate for the adsorp-
tion of cationic dyes such as methylene blue (MB).[*”! Therefore,
MB was used as the toxic model substance in this work. First,
the adsorption capacity of different PI/COF—SO,H sponges for
MB was explored by taking a definite amount of the sponge
(10 mg) and using 100 mL (20 mg L) MB solution as shown in
Figure 5. The remaining concentration of MB in the solution after
4 h was calculated using a calibration curve based on absorbance
at 664 nm versus concentration by a UV-vis spectrophotometer
(Figure S8, Supporting Information). The MB adsorption ca-
pacity (calculated using the total mass of the sponge) increased
with the increased content of COF in the sponge. The maximum
dye adsorption capacity and removal efficiency were 197.2 mg
g”' (sponge) and ~99% for P1/COF—SO,HCOF—SO,;H-2.0,
respectively. The blank sponge prepared with PI-PAN without
any COF was also tested for MB adsorption and showed neg-
ligible adsorption (Figure $9, Supporting Information). Since
the COF is the actual active species in the sponge responsible
for the dye removal, the corresponding dye adsorption capac-
ity was also calculated using the actual amount of the COF
in the sponges. The COF in sponges showed an extremely
high adsorption capacity of 350 mg g~' (COF in sponge)
under the mentioned experimental conditions (Figure S10,
Supporting Information).
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Further, taking PI/COF—S0,H-2.0 as a representative candi-
date, the concentration of residual dye in the solution at differ-
ent time intervals was determined, and the adsorption kinetics
of MB were obtained, as shown in Figure 6a. It can be seen
that the adsorption capacity of PIJCOF—SO;H-2.0 for MB in-
creases significantly within the first 60 min, and increases with
the contact time within 180 min, after which the adsorption equi-
librium is reached. To explore the possible adsorption mech-
anism of MB by PI/COF—SO,H-2.0 different probable kinetic
models as suggested in the literature were fitted (Figure 6b—d;
Table S4, Supporting Information).13%! The pseudo-second-order
kinetic model with a higher correlation coefficient (R? = 0.9865),
and a more consistent dye adsorption capacity (q.) theoretical
value with the experimental value is the best fit. The pseudo-
second-order kinetic model is based on the assumption that the
adsorption rate is controlled by chemisorption.’!! Therefore, the
adsorption behavior of MB on PI/COF—SO;H-2.0 is most proba-
bly chemisorption.*?! Further, the plot of dye adsorption capacity
at any particular time () versus t'” showed two distinct stages.
In the first stage, a fast adsorption rate and a large slope of the
curve are seen. The highly interconnected open-cell structure of
PI/COF—SO,H-2.0 and a large number of negatively charged
functional groups on the surface most probably accelerated the
diffusion and adsorption of MB on the COF surface. In the sec-
ond stage, MB molecules pass from the surface of the COF to the
interior through the nanochannel, and there is a repulsive force
between MB molecules, which increases the diffusion resistance
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and reduces the diffusion rate, resulting in a decreased slope of 10 mg of PI/COF—SO;H-2.0 sponge has 5.84 mg of the active
the curve. MB adsorbing COF. Rapid separation of MB was observed by

To compare the dye removal efficiency of COF powder and  the sponge (~99.5% removal of MB in 2 min), whereas, at the
COF immobilized on sponges, an experiment was done using  same time, the removal efficiency of COF powder was ~80%.
10 mg PI/COF—SO;H-2.0 sponge and 5.84 mg of the COF pow-  This may be because the highly interconnected open-cell struc-
der for the removal of MB from 5 mL water solution of MB  ture of PI/COF—SO,H sponges is conducive to the rapid diffu-
concentration 20 mg L™' (Figure S11, Supporting Information).  sion of dyes, and COF nanowires uniformly grow on the surface
5.84 mg of the COF powder was used for the experiment as  of PI short fibers, exposing more adsorption sites.

(a) (b) o

q (mgg")
g
Removal (%)

:

P
s
1

A 0
PUCOF-SO 108 PUCOE-SOH-1L0  PUCOF-SOI-LS  PUCOF-SO 11-2.0 PUCOF-SOIO5  PUCOF-SO W10 PUCOFSO LS PUCOF-SO 120

Figure 5. a) Adsorption capacity, and b) removal efficiency of MB by PI/COF—SO;H sponges.
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In additional experiments, the PI/COF—SO;H-2.0 (10 mg)
was immersed in MB solution with different initial dye con-
centrations (20400 mg L™'), and the concentration of residual
dye in the solution after reaching adsorption equilibrium was
determined. As shown in Figure 7, with the increase of dye
concentration in MB solution, the dye adsorption capacity of
PI/COF—S0,H-2.0 first increased and then approached equilib-
rium, with the maximum dye adsorption capacity of 379 mg g~
(sponge). Taking into account that the actual amount of COF in
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Figure 7. Equilibrium adsorption isotherm of MB on PI/COF—SO4H-2.0.
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the sponge is only 0.58 g, the actual dye adsorption capacity is
~653 mg g~' (COF-in sponge). Meanwhile, Langmuir and Fre-
undlich isotherm models were introduced to fit the adsorption
data,**! and the adsorption isotherm was constructed (the fit-
ting data is summarized in Table S5, Supporting Information).
It can be found that the correlation coefficient (R? = 0.9845) of
the Langmuir model is larger than that of the Freundlich model,
and the theoretical value of maximum adsorption capacity is
413.93mg g ! (sponge), which is closer to the experimental value
and can accurately explain the experimental data. The Langmuir
isothermal model is suitable for monolayer adsorption, which in-
dicates that the adsorption of MB by PI/COF—S0;H-2.0 is mono-
layer adsorption.**!

The pH value affects the surface charge of the adsorbent and
dye molecules and is a key factor in adsorption experiments.
The effect of pH value on the dye adsorption performance of
PI/COF—S0O;H-2.0 was further explored. Wherein, 10 mg of
PI/COF—S0,H-2.0, 200 mL (20 mg L~!) MB solution was taken,
and the pH value of the solution was adjusted to 3-11 by adding
0.1 M HCl or 0.1 m NaOH. From Figure S12 (Supporting Infor-
mation), it can be found that increasing the pH value can ef-
fectively increase the adsorption capacity of PI/COF—SO,H-2.0
for MB, and the maximum dye adsorption capacity is 231.3 mg
g~! was observed under alkaline conditions. The same sponge
showed a dye adsorption capacity of <100 mg g~! under acidic
conditions. This is because the surface of COF contains a large
number of anionic groups, and the electrostatic interaction plays
an important role in the adsorption of cationic dye MB. When
the MB solution is acidic, a large number of hydrogen ions in
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Figure 8. a) Filtration removal efficiency, and b) water flux of MB by PI/COF—SO;H sponges.

the solution compete with MB and protonate the sulfonic acid
group, repelling MB, and resulting in a low adsorption capacity
of PIJCOF—S0,H-2.0 for MB. When the MB solution is alkaline,
a large amount of hydroxide ions in the solution is conducive to
the ionization of the sulfonic acid groups on the surface of COF,
which makes it easier to adsorb MB.'**) Therefore, a neutral or
alkaline MB solution is more conducive to the adsorption of MB
by PIJCOF—S0O,H-2.0.

Due to the mechanical robustness of the sponges, they can
also be used as filters. Therefore, a simple filtration device is
constructed by placing cylindrical PI/COF—SO;H sponges in
a syringe, as shown in Figure S13a (Supporting Information).
Due to the highly interconnected open-cell structure of the
PI/COF—S0,H sponges, no external driving force is required,
and the dye solution could pass through the PIJCOF—SO,H
sponges by its gravity and get to the clarified water, as shown
in Video S2 (Supporting Information). The loading capacity of
COF affects the structure and the dye adsorption capacity of
PI/COF—S0,H sponges and further affects the filtration per-
formance of PI/COF—SO;H sponges for MB solution. There-
fore, the filtration performance of MB solution with different
PI/COF—S0,H sponges was investigated. As can be seen from
Figure 8, the removal efficiency of MB for all composite sponges
is over 99%. At the same time, all the composite sponges showed
high water flux. The worth noting is the high water flux without
the development of any back pressure. Once the COF in sponge
filters is saturated with MB, the filtration efficiency decreased.
PI/COF—S0,H showed after 4 h of filtration still a very high dye
removal efficiency of #90%. The proof-of-concept shows the pos-
sibility of technological upgrading in the future.

Also, in a laboratory experiment, to satisfy the long-term con-
tinuous filtration of MB solution by PIJCOF—SO;H sponges,
four filtration devices (each having ~60 mg of the sponge) are
connected in series, as shown in Figure $13b (Supporting Infor-
mation). For sustainable optimum use, sponge filters can also be
used in modular form attaching them in a sequence at different
times of filtration. Using P1/COF—SQ,H-2.0 as a filter, the whole
filter device worked continuously for 24 h. The system showed
excellent filtration performance (removal efficiency was 99.3%)
for MB solution up to 12 h (Figure 514, Supporting Information)
with a water flux of 2355 L h™' m~? that is far superior to COF
nanofiltration membranes.**! Therefore, the filter device based
on PI/COF—SO,H sponges can process large quantities of MB
solution quickly and efficiently.
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Due to its excellent mechanical properties and good deforma-
tion recovery, PI/COF—SO,H sponges could be regenerated after
use. The reusability of regenerated PIfCOF—S0O;H-2.0 as adsor-
bent and filter was also explored (Figure S15, Supporting Infor-
mation). The PI/COF—SO;H-2.0 has been regenerated by stir-
ring in a methanol solution having 1 mm HCL. The regenerated
sponge maintained extremely high MB removal efficiency even
after 10 cycles for both as adsorbent and filter. Moreover, the MB
adsorption and recycling performance of PIyCOF—SO,H sponge
were compared with other works of literature (Table S6, Sup-
porting Information). The results show that the PI/COF—SO,H
sponge exhibits a combination of high adsorption capacity and
excellent recycling performance.

Due to the —SO;H groups in COF, the present sponges can
also be used for the separation of oppositely charged dyes by
specifically adsorbing only positively charged dye. Therefore, in
an experiment with the negative fluorescein sodium salt (FL),
the PI/COF—SO,H-2.0 sponge retained only 8% of the dye as
measured by the absorbance at 490 nm by UV-vis spectroscopy
(Figure S16, Supporting Information). Further, the anionic dye
FL was mixed with MB to explore the selectivity of our sponge
filter (Figure 9a; Video S3, Supporting Information). The mixed
dye solution was green in color, whereas pure FL solution had
yellow color and MB had blue color. The first indication of the
dye separation was the change in the color from green to yellow
of the solution eluting out from the filter. The yellow color is con-
sistent with the initial FL solution color, and the absorbance of
FL at 490 nm remains unchanged (Figure 9b). No absorbance of
MB at 664 nm was seen in the eluted solution showing efficient
separation of dyes.

3. Conclusion

A simple method of making robust, compressible 3D COF
macro-object with an open-cell structure (sponge) is established
in the present work. The COF nanowires were grown on a tem-
plate light-weight sponge prepared from short electrospun fibers.
Since the process of electrospinning and freeze-drying (the meth-
ods used in the preparation of the sponge) on a large scale are pos-
sible, the present method of making PI/COF—SO,H will be up
scalable. The chemical functionality and the network framework
structure in sponges are ideally suitable for use as adsorbents and
filters. The maximum adsorption capacity of PI/COF—SO,H-
2.0 to MB reached =653 mg g~' (COF-in sponge). Compared
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Figure 9. a) Selective filtration separation of a mixed solution of MB and FL by PI/COF—SO;H-2.0. b) UV-vis spectra of the mixed dye solution before

and after filtration.

with COF—SO;H powder, PI/COF—SO;H-2.0 was able to remove
MB faster (99.5% removal within 2 min). In addition, using
PI/COF—SO,H sponges as a filter, high dye removal efliciency
(99.3%), high flux (2355 L h™' m~?), and rapid adsorption and
separation of a mixture of dyes were possible. Meanwhile, in the
adsorption and filtration experiments, PI/COF—SO,H sponges
still exhibited excellent dye removal performance after 10 cycles
of regeneration.

4. Experimental Section

Materials and Chemicals:  Electrospun polyimide (Pl) short fiber from
Jiangxi Xiancai nanofiber Technology Co.Ltd. Polyacrylonitrile (PAN, Mw =
80 000, Carl Roth), 2,5-Diaminobenzenesulfonic acid (Pa—SO;H), 1,3,5-
triformylphloroglucinol (Tp), methylene blue (MB, powder), and fluo-
rescein sodium salt (FL, powder) were purchased from Sigma-Aldrich.
Dimethyl sulfoxide (DMSO, 99.9%), 1,4-Dioxane (99.9%), and acetic acid
(AcOH, 99.7%) were purchased from Fisher Chemical. All chemicals were
used directly without further purification.

Preparation of the PI/COF—SO3;H Sponges: The PI/COF—SO;H
sponges were prepared in two steps, as shown in Figure 1. The first step
was to construct the PI/Pa—SO;H sponges: 100 mg of Pl short fibers,
100 mg of PAN powder, and a certain amount of Pa—SO3H (50, 100, 150,
and 200 mg) were uniformly dispersed in 25 g of DMSO by high-speed
stirring, and the P1/Pa—SO;H sponges were obtained after freeze-drying.
Depending upon the amount (Xis the mass ratio of Pa—SO; H and Pl short
fibers, X=0.5, 1.0, 1.5, and 2.0) of Pa—SO;H loading the sponge was des-
ignated as Pl/Pa—SO3H-X. The second step, in situ growth of COF—SO4H:
take PI/Pa—S03H-2.0 as an example. The PI/Pa—SO;H-2.0 (400 mg) was
added to a 1,4-Dioxane (74.4 g) solution containing Tp (148.8 mg) and
acetic acid (1.48 g) and reacted at 120 °C for 3 days to obtain dark red
PI/COF—SO;H-2.0. Then it was washed multiple times with 1,4-Dioxane
and acetone, and dried under vacuum at 60 °C for 24 h. The prepared
composite sponges were named PI/COF—S0,H-0.5, PI/COF—SO;H-1.0,
PI/COF—SO3H-1.5, and PI/COF—SQO; H-2.0, respectively. And, by measur-
ing the weight change of the composite sponge before and after growing
COF, the weight ratio of each component can be obtained, which is sum-
marized in Tables S1 and S2 (Supporting Information). Also, prepare a
PI-PAN blank sponge without any COF using the same method.

Synthesis of COF—SO3H Powder.  Tp (63 mg (0.3 mmol)) and 84.7 mg
(0.45 mmol) of Pa—SO3H were added into an autoclave with 1,4-dioxane
(31.5 mg) and acetic acid (0.63 mg) reacted at 120 °C for 3 days. The result-
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ing dark red product was washed multiple times with DMSO, 1,4-dioxane,
and acetone, and dried under vacuum at 60 °C for 24 h.

Batch Adsorption and Continuous Filtration Experiments: The ab-
sorbance at the maximum absorption wavelength (664 nm for MB) of MB
solutions with standard concentrations of 0.1,0.2,0.5, 1,2, and 3 mg L™
was measured by a UV-vis spectrophotometer, and the standard curve
and fitting equation was obtained.

The adsorption capacity of different composite sponges on MB was ex-
plored. At room temperature, soak 10 mg of adsorbent in 100 mL of MB
solution (20 mg L™7, pH value was 7), place it on a stirrer with a rota-
tion speed of 200 rpm, until the adserption equilibrium is reached, and
use UV-vis spectroscopy to determine the residual dye in the solution.
The concentration of the solution was obtained according to the standard
curve and the fitting equation. The dye adsorption capacity (g.) and re-
moval efficiency (Removal %) are determined by Equations (1) and (2):*7]

_(G-C)-V
go= ——t— M
100- (Cy — C.)

Removal % =
(4 CO

2

where g, (mg g~") is the adsorption capacity of the dye at equilibrium; C
(mg L™") is the initial dye concentration; C, (mg L™') is the residual dye
concentration at equilibrium; V (L) is the volume of dye solution used and
m (g) is the mass of adsorbent.

Pseudo-first-order, pseudo-second-order, and intra-particle diffusion ki-
netic models were used to explore possible adsorption mechanisms and
to determine the concentration of residual dye in solution at each time
point.[3%

The pseudo-first-order kinetic model equation is as follows:

In(q. —a) = Ing, — kit 3)

The pseudo-second-order kinetic model equation is as follows:

1 1 1
LIS . {4)
@ 4. kgl

The intra-particle diffusion kinetic model equation is as follows:
@=kt'7+G 5)

where g, (mg g~') is the adsorption capacity of dye at equilibrium, g,
(mg g7') is the adsorption capacity of dye at time ¢ (min), G; is the in-
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tercept described the effects of boundary layer thickness, k; (min™'), k,
(g mg™' min~") and k; (mg g~ min~"/?) are the adsorption rate constant
of the three models, respectively.

In order to obtain the maximum adsorption capacity and adsorption
isotherm of PIJCOF—SO3;H-2.0 on MB, add 10 mg of PI/COF—SO;H-2.0
to 100 mL of MB with an initial concentration of 20, 50, 100150, 200, 300,
and 400 mg L~ respectively, After reaching adsorption equilibrium, mea-
sure the concentration of residual dye in the solution and calculate the
adsorption amount. The adsorption isotherms were analyzed using the
Langmuir and Freundlich isotherm model.[*3]

The Langmuir isotherm model was expressed according to the follow-
ing equation:

C, 1 +&

9 Kidm = dm

(®)

The Freundlich isotherm model was expressed according to the follow-
ing equation:

logg. = log Ky + % log C, )

where C, (mg L™") is the concentration of dye in solution at equilibrium, g,
(mg g} is the adsorption capacity of dye at equilibrium, K_ (dm?® mg™")
is the Langmuir constant, ., (mg g~') is the Langmuir maximum adsorp-
tion capacity, K¢ ((mgg~") (Lmg™")"/") is the Freundlich constant, and n
indicates the Freundlich expeonent.

In the rapid adsorption contrast experiment of PIJCOF—SO;H-2.0 and
COF—SO;H powder, 10 mg PIJCOF—S0;H-2.0, and 5.84 mg COF—SO;H
powder were immersed in 5 mL MB (20 mg L) solution respectively and
placed on a stirrer with a rotation speed of 200 rpm, until the adsorption
equilibrium was reached. The concentration of residual dye in the solu-
tion at each time point was determined by UV-vis spectroscopy and the
removal rate of MB was calculated.

The pH value of the solution affects the adsorption of MB by
PI/COF—SO;3H-2.0. The pH value of the MB solutions adjusted to pH
ranging from 3 to 11 by 0.1 m HCl or 0.1 m NaOH. Then 10 mg of
PI/COF—S0;H-2.0 was added to 200 mL of MB solutions (20 mg L™7)
with different pH values. After the adsorption equilibrium was reached,
the concentration of residual dye in the solution was measured by UV-vis
spectroscopy, and the adsorption amount of PI/COF—SO;H-2.0 to MB
was calculated.

Put the cylindrical PI/COF—SO;H sponge with a diameter of 1.5 cm
and a height of 1 cm into the syringe to make a simple filter device. The
pH value of the filtered solution was 7 and the concentration of MB was
10 mg L. After filtration, the concentration of residual dye in the filtrate
was determined by UV—vis spectroscopy, and the removal efficiency of the
dye was calculated according to Equation (2), and the flux was calculated
by Equation (8):1%8]

v
Flux = a3 (8)

Where Flux (Lh~" m~2) is the volume of the dye solution passing through
the PI/COF—SO4H sponge per unit time and unit area under self-gravity;
A (m?) is the cross-sectional area of the PI/COF—SO;H sponge; t (h) is
the time for the dye solution to filter; V (L) is the volume of dye solution
that passes through the sample in time t.

Four simple filtration devices with PI/COF—SO;H-2.0 as filters were
connected in series as a whole to filter MB (10 mg L™, pH value was
7) solution continuously for 24 h. The concentration of residual dye in
filtrate at each time point and the corresponding MB removal rate were
determined by UV-vis spectroscopy.

In the recyclability experiment, all PI/COF—SO;H sponges were
washed with methanol containing 1 mm HCl several times after dye ad-
sorption until completely desorbed as checked by the absence of any MB
in the washing solution. The regenerated sponges could be reused after
drying in a vacuum.
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At room temperature, soak 10 mg of PI/COF—SO3;H-2.0 in 100 mL of
FL solution (20 mg L™, pH value was 7), place it on a stirrer with a rota-
tion speed of 200 rpm, until the adsorption equilibrium is reached, and
the absorbance of the solution was measured by UV-vis spectroscopy.
PI/COF—SO;H-2.0 was used as a filter to filter the mixed solution of 10 mg
L=" MB and FL, and the absorbance of residual dye in the filtrate and the
corresponding dye removal rate were measured by UV-vis spectroscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Characterization and instruments

Scanning electron microscopy (SEM, FEI Quanta FEG 250) was used to observe the
morphology of COF-SO3H powder and composite sponges. The Fourier transform infrared (FT-
IR) spectra were measured between 650-4000 cm™ on a spectrometer (Digilab Excalibur FTS-
3000). The powder X-ray diffraction (PXRD) patterns were carried out on a Bragg-
Brentanotype diffractometer (XPERT-PRO, PANalytical B.V.) using Cu Ka radiation (A =
1.540598 A). The measuring range of each sample is 20 = 2° to 40° at a rate of 0.5° min™'". '*C
solid-state NMR spectra were obtained on a Bruker Avance 111 spectrometer operating at a Bo
field of 9.4 T (vo (**C) = 100.6 MHz and 100.7 MHz). The samples were spun at 12.5 kIz in a
4.0 mm MAS double resonance probe. The MAS spectra were obtained by ramped cross-
polarization (CP) experiments under the condition of 70 kHz (4.0 mm) at '*C nutation, and the
"H nutation frequency viu: varies linearly between 50-100%, conforming to Hartmann-Hahn
condition. The contact time was set between | to 3 ms. In the acquisition process using proton
broadband decoupling, ridge -64 and vau = 70 kHz. The spectra of TMS (tetramethylsilane) are
referenced by secondary standard adamantine. A tensile tester (ZwickiLine Z0.5; BT1-
FRO.5TN.D14; Zwick/Roell, Germany) was used for compression testing and cyclic
compression testing of the composite sponges at a compression rate of 3 mm min™. In a freeze
dryer, all the dispersion was cooled from room temperature to -50 °C at a cooling rate of 5 °C
min™!, kept for 60 minutes, then heated to 20 °C, and dried at 0.25 mbar for 24 hours to obtain

various composite sponges. The water contact angle was measured by an automatic

1

196



4. Publications

WILEY-VCH

goniometer/tensiometer 7 (KRUSS, DSA100, Germany). The thermal stability analysis of
PAN/COF-SOsH sponges was carried out using a thermogravimetric analyzer (TGA, TG 209
F1 Libra). Ultraviolet—visible (UV-vis) spectra were recorded on a Jasco Spectrometer V-670
with a measurement range of 400-750 nm (scan speed 200 nm min™'). The concentration

wavelengths of methylene blue and fluorescein sodium salt are 664 nm and 490 nm.

50 pm

¢ 3050 5670 7090 90110 110-130 119130 130
Fiber length (um)

0450 40550 SS6Se es
Fliberia diameter (nm)

Figure S1. SEM image, diameter, and length distributions of PI short fibers.

Figure S2. SEM images of PI/Pa-SO3H-0.5 (a, ¢, 1), PI/Pa-SO3H-1.0 (b, f, j), P1/Pa-SOsH-1.5

(¢, g, k), P/Pa-SOsH-2.0 (d, I, 1).
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Figure S3. SEM images of PI/COF-SOsH-0.5 (a, e, i), PI/COF-SO;H-1.0 (b, {, j), PI/COE-

SO:H-1.5 (¢, g, k), PUCOF-SO3H-2.0 (d, h, 1).

Table S1. The content of each component in the PI/Pa-SO-H sponges based on the amounts

taken during preparation.

Samples PI (wt. %) FAN (wt. %) Pa-SO:H (wt. %)
P1/Pa-SO:H-0.5 40 40 20
PI/Pa-SO-H-1.0 333 333 334
PI/Pa-SO:H-1.5 28.6 28.6 42.8
PI/Pa-SO:H-2.0 25 25 50

3
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Table S2. The density of PI/COF-SOsH sponges and the content of each component. The total
mass of PI and PAN was subtracted from the mass of the PI/ COF-SOs;H sponge to get the

amount of COF-SOsH.

density PI FAN COF-SOsH
Samples
[mg cm™] (wt. %) (wt. %) (wt. %)
PI/COE-SO;H-
11.2 394 39.4 21.2
0.5
P1/COF-SO;3H-
15.1 30.2 30.2 39.6
1.0
PI/COE-SOs;H-
26.5 25.3 253 494
1.5
PI/COF-SO3;H-
34.8 20.8 20.8 58.4
2.0
(@) (b)

PUCOF-SO H-2.0
1COF-S0,H-2.0)

PUCOF-SO H-1.5
PUCOF-SO H-1.5]

PUCOF-SO H-1.0
VCOF-SO H-1.0)

PUCOF-SO H-0.5

—\—~'/_——\'\/w~\/~v\,\,\ PUCOF-SO H-0.5

4000 3500 3000 2500 2000 1500 1000 10 20
Wavenumber (em”) 2 Theta (degree)

Transmittance (a.u.)
Intensity (a.u.)

Figure S4. FT-IR spectra (a) and PXRD patterns (b) of PI/COF-SOsH sponges.
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Figure S5. TGA curves of PI/COF-SOzH sponges.

Table S3. Summary of mechanical properties of PI/COF-SOs;H sponges.

Compressive strength Compressive strength  Young's modulus
Samples [kPa] [kPa] [kPa]

at 50% strain at 80% strain at 80% strain

PI/COF-SO;H-

12 47 46
0.5
PI/COF-SO3H-
16 61 71
1.0
PI/COF-SO3H-
28 120 152
1.5
PI/COF-SO3H-
36 175 238
2.0
5
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Figure S6. SEM images of COF-SOs;H powder with different magnifications.

-80 <

-100

Zeta potential (mV)

-120 -

Times

Figure S7. The zeta potential value of COF-SO3H powder (measured 3 times).
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Figure S8. The standard curve and fitting equation of MB solution.
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Removal (%)

Figure S9. The dye adsorption capacity and removal efficiency of MB by PI-PAN blank

sponge.
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PI/COF-SOH-0.5 PI/COF-SOH-1.0 PI/COF-SOH-1.5 PI/COF-SOH-2.0

Figure S10. The dye adsorption capacity of MB by COF in PI/COF-SO3H sponges.
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Table S4. Kinetic model parameters for MB adsorption by PI/COF-S0s;H-2.0.
Models Parameters PI/COF-SO3H-2.0
ki (min™") 0.0243
Pseudo-first-order ge (mg g’ 189.54
R? 0.9744
k; (g mg min’") 0.3981 x 10
Pseudo-second-order qe (mg gy 204.08
R* 0.9865
kis 0.1883 x 10?
kiz 5.9713
Ci 6.2715
Intra-particle diffusion
Ciz 0.1167 x 10°
R;? 0.9691
Rz 0.9719
10
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100 -
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g
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Figure S11. Comparison of equilibrium times of adsorption by PI/COF-SO3H-2.0 and COF-

SOsH powder for MB.

11
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Table S5. Equilibrium adsorption isotherm of MB on PI/COF-SO3;H-2.0.
Models Parameters PI/COF-SO3H-2.0
qm (mg g) 413.93
Langmuir ke (Lmg™") 0.0383
R? 0.9845
kr ((mg g") (L. mgH'"™) 0.1154 x 10°
Freundlich n 4.7189
R? 0.9609
—A
"on
o0
g
=
10 12

pH

Figure S12. Effect of initial pH value on MB adsorption by PI/COF-SO;H-2.0.
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Figure S13. Photograph of PI/COF-SOs;H sponges and syringe assembled facile filter for

removal of MB, one syringe (a), and four syringes (b).

100 p—o—o—eo—0—o0— =
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204

Figure S14. Filtration removal efficiency of MB by PI/COF-SO3;H-2.0 within 24 hours.
13
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Figure S15. Removal efficiency after regeneration cycles of PI/COF-S0Q:H-2.0, as adsorbent

(a), and as filter (b).

Table S6. Comparison of MB adsorption capacity and recycling performance of different

porous materials known in the literature.

Capacity Number of Removal efficiency
Adsorbents Ref.
(mg g cycles after recycling (%)
Fes04-GS 526 10 37 [1]
CKS sponge 1250 5 93 2]
Kg-Ch sponge 32.62 6 90 [3]
LFs-PSSS 409.67 5 >70 [4]
PU@D-ACB/CaA 386.49 5 77 [51
CNF/rectorite
214.6 6 82.6 [6]
composite sponge
RCE/GO composite
68 5 86 (7]
aerogel
GO-CNF
1733 3 ~90 [8]
composite foam
14
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cellulose/AC
159 8 89 [9]
composite monolith
CEF 447.69 4 ~90 [10]
PI/COF-SOsH
653 10 95 This work

sponge

Abbreviations: Fe;04-GS :Fe;O4 graphene sponge; CKS sponge: crosslinked (C) tree gum
kondagogu (K) and sodium alginate (S) sponge; Kg-Ch sponge: karaya gum-chitosan sponge;
LFs-PSSS: loofah sponge-Sodium 4-styrene sulfonate; PU@D-ACB.CaA: polyurethane@disc-
derived activated carbon black/calcium alginate composite sponge; CNF/rectorite composite
sponge: cellulose nanofibril/rectorite composite sponge; RCE/GO composite aerogel:
regenerated cellulose/graphene oxide composite aerogel; GO-CNF composite foam: graphene
oxide/chitin nanofibrils composite foam; cellulose/AC composite monolith: cellulose/activated
carbon composite monolith; CEF: cellulose based cation-exchange fibrous bio-adsorbent;

PI/COF-SOsH sponge: polyimide/COF-SOsH sponge.

(a) (b ) 20

= Initial FL solution
15 Absorbed FL solution

Absorbance (a.u.)
<

Wavelength (nm)

Figure S16. PI/COF-SO3;H-2.0 adsorption FL test (a). UV-vis spectra of FL before and after

adsorption (b).
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Sustainable Hierarchically Porous Reusable Metal-Organic
Framework Sponge as a Heterogeneous Catalyst and
Catalytic Filter for Degradation of Organic Dyes

Yingying Du, Chenhui Ding, and Seema Agarwal*

Advanced oxidation processes based on sulfate radical are considered one of the
most promising wastewater treatment technologies currently. Among hetero-
geneous catalysts, cobalt metal-organic framework (MOF) has been widely
reported. However, the inherent powder form of MOF hinders its practical
application and reusability. Therefore, innovative methods to increase the loading
capacity and the accessibility of MOF active sites in monolithic materials are
required. Therefore, a simple and scalable method of fabricating a stable, hier-
archical porous zeolitic imidazolate framework (ZIF-67) 3D sponge by growing
MOF on a short electrospun fiber network is shown. The sponge can efficiently
activate peroxymonosulfate and rapidly degrade an exemplary organic dye
(Rhodamine B) with a degradation efficiency of 100%. The resulting multilevel,
hierarchical porous structure is beneficial to the mass transfer of reagents making
the catalytic process efficient. This also enables the use of the ZIF-67 as an
efficient catalytic filter for continuous removal of dye. The sponge can be recycled
and reused for several cycles due to its robustness without loss in efficiency.

attention. At present, the technical means
commonly used in wastewater treatment
include adsorption,m filtration,®! mem-
brane separation,® coagulation,” and so
on. However, these methods only transfer
the dye to the material, and there are still
secondary pollution problems, which
greatly increase the operation and time
costs of the treatment. Therefore, other
cost-effective wastewater treatment tech-
nologies should be further developed.
The advanced oxidation process is to oxi-
dize active species to decompose organic
dyes into low-toxic small molecules or
water and carbon dioxide through redox
reactions.® It is one of the most promising
wastewater treatment technologies at pres-
ent. Among them, sulfate radical based
advanced oxidation processes (SR-AOPs)

The proposed research strategy provides a new way to design MOF 3D

monolithic materials.

1. Introduction

Water resources are an integral part of human development and
life. However, organic dye discharges from industries such as
textiles, cosmetics, papermaking, and leather pollute water
resources every year."! Organic dyes are generally toxic and
highly stable and are difficult to degrade and handle.”) The con-
sumption of dye-contaminated water can lead to serious health
issues.” Therefore, the wastewater treatment of organic dyes has
always been an important issue that researchers have paid close
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have attracted extensive attention of
researchers due to the wide source of
sulfate radical, high oxidation potential
(25-3.1V), wide pH value working
range (3.0-9.0), and excellent reaction
selectivity.” Sulfate radicals are usually produced by activating
peroxomonosulfate (PMS) and peroxydisulfate through photoly-
sis, ultrasound, transition metal ions, and their metal oxides.""!
However, the traditional activation method still has problems
such as insufficient catalytic performance and secondary
contamination (difficult recovery of catalyst).'! Therefore, the
development of materials with immobilized catalysts/catalytic
species with high activity and stability is the development trend
of SR-AOPs.

Metal-organic frameworks (MOFs) are emerging porous
materials, which are widely used in catalysis, separation,
sensing, and other fields due to their high specific surface area,
ordered porous structure, and multifunctional active siteg,1?!
In particular, cobalt (Co)-based zeolite-like imidazole-based
organic frameworks (ZIFs) with Co as the metal ion and imida-
zolium salt as the organic ligand have been reported for the deg-
radation of organic dyes by activating persulfate."” However,
due to the inherent difficulty of processing and recycling of
ZIFs in the form of powder nanocrystals, their application in
practical use is hindered."" In order to solve this problem,
researchers usually immobilize ZIF particles on supporting car-
riers, such as films," foams,""®! resins,"”! and so on to obtain
ZIF composites with higher practicability and functionality.
However, there are still problems such as insufficient loading

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH CmbH
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of ZIF and poor availability of active sites of ZIF in
composites.!'** 18!

In this work, we first show a procedure of loading ZIF-67 in
large amounts (as large as 72%) on a 3D porous fibrous network
skeleton of polyimide (PI) electrospun short fibers. In our previ-
ous works, we established a method of making PI porous frame-
works (sponges) using short electrospun fibers and showed its
use as pressure sensors, heat insulation, etc., and skeleton for
the growth of covalent organic framework."® The present
method allows in situ growth of ZIF-67 onto the surface of PI
network fibers of the 3D skeleton and thereby bringing ZIF-
67 in the shape of a 3D sponge with hierarchical porosity and
mechanical stability. The hierarchically porous network facili-
tates the transport of reagents required for the efficient degrada-
tion of organic dyes and at the same time, it exposes a plenty of
active sites (ZIF-67) for degradation reaction. After establishing
the preparation procedure, the practicability of polymer—-MOF
sponge as a reusable catalyst to activate PMS for the degradation
of organic dye Rhodamine B (Rh B) under different conditions
was shown. The unique hierarchical porous structure of the
sponge leads to a good water flux and therefore, its utility as a
filter for continuous degradation of organic dye is also shown
by assembling a simple filter device. This work provides a
new avenue for applying MOF-based composites to practical
wastewater treatment technologies as efficient reusable heteroge-
neous materials and filters.

2. Results and Discussion

The preparation process of PI/PAN@ZIF-67 sponge is shown in
Figure 1. First, PI short fibers, polyacrylonitrile (PAN), and
Co(NO3),-6H,0 are dispersed in dimethyl sulfoxide (DMSO),
and the PI/PAN/Co”*" sponge with honeycomb frame structure
is obtained by freeze-drying. PI short fibers were prepared by
mechanical cutting of a PI nonwoven prepared by electrospin-
ning as described in our previous work.”” P fibers had an aver-
age diameter d=521+143.0nm and length L=77 £33 pm,
respectively. Fifty short fibers were randomly selected in scan-
ning electron microscope (SEM) images for calculating the
average diameter and length using Image] software (Figure S1,
Supporting Information). PAN as a binder ensures the stability
of PI short fibers in the 3D structure and makes Co®* uniformly
dispersed on the surface of PI short fibers, providing a great deal
of sites for the growth of ZIF-67. Then the PI/PAN/ Co* sponge
was put into the precursor solution of ZIF-67 (aqueous solution
of Co nitrate hexahydrate and 2-methylimidazole), and ZIF-67

COJA
Pl short fibers
PAN as binder

=

Freeze-drying

E ¥ Co?*

PI/PAN@Co?* sponge

2-Melm

www.advenergysustres.com

grew insitu on the surface of the PI fiber to obtain a sponge
in which ZIF-67 was grown on the surface of fibers making net-
work porous PI/PAN template sponge. The final sponge is des-
ignated as PIJPAN@ZIF-67. It is worth noting that stirring is
necessary during the preparation of PI/PAN@ZIF-67 sponge.
If there is no stirring, the nucleation of ZIF-67 is slow, and it
is easy to generate larger sized particles, which leads to nonad-
herence and easy detachment from the sponge surface giving
defects and low ZIF-67 loading (Figure S2, Supporting
Information). The loading of ZIF-67 was determined according
to the mass change of PI/PAN/Co’" sponge after the growth of
ZIF-67. The loading of ZIF-67 could be as high as 72%.

The morphology of the samples was analyzed by SEM.
Figure 2a shows the optical picture of PI/PAN@Co®" sponge.
A honeycomb structure with uniform macroscopic and micro-
scopic pores was visible (Figure 2b). The wall of the sponge is
composed of PI short fibers interwoven with each other, and
the PI short fibers have a relatively smooth and clean surface
(Figure 2¢,d). Tt can be clearly observed that the wall of the
PI/PAN@Co’" sponge is a porous network structure with
micron-scale pores (4-30 pm) formed by percolation of fibers.
This porous network structure provides amount of growth sites
and reaction space for ZIF-67 formation, indicating its excellent
performance as a carrier. The energy dispersive spectrometer
(EDS) spectrum of PI/PAN/Co®* sponge proves that Co*"
was successfully attached to the surface of PI short fibers and
dispersed uniformly (Figure 2e-h). This provides lots of nucle-
ation sites for the growth of ZIF-67. The honeycomb porous net-
work structure of PI/PAN@Co®" sponge was maintained after
insitu growth of ZIF-67 (Figure 2j). The surface of PI short
fibers is completely covered by lots of ZIF-67 particles
(Figure 2k,l). The in situ growth of ZIF-67 on the PI short fiber
enables the internal active sites in the ZIF-67 structure to be well
preserved. The nanopores of the ZIF-67 itself, the micropores
between the cross-linked PI short fibers, and the macroscopic
and regular honeycomb macropores of the sponge form a 3D
structure of multilevel and hierarchical macro-micropores.
This structure can not only expose the active site of ZIF-67 to
promote the activation of PMS, but also facilitate the intermolec-
ular mass transfer in the solution to accelerate the degradation
of the dye.

We used X-Ray diffraction (XRD) to analyze the crystal prop-
erties of PI/PAN and PI/PAN@ZIF-G7 sponges, as shown in
Figure 3a. For the PI/PAN sponge, 26 at 17.5° corresponding
to the (0 0 1) has a broad characteristic diffraction peak.!”"!
The peaks at 7.4°, 10.5°, 12.9°, 14.8°, 16.6°, and 18.2° belong

In-situ growth

PI/PAN@ZIF-67 sponge

Figure 1. Preparation of the PI/PAN@ZIF-67 sponge: Co®" comes from Co(NO;),-6H,0; 2-Melm is 2-methylimidazole.
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Figure 2. The photo of a) PI/PAN@Co®" sponge and i) PI/PAN@ZIF-67 sponge, b-d) SEM images of PI/PAN@Co*" sponge, e-h) EDS spectrum
of PI/PAN@Co*" sponge, and j-l) SEM images of PI/PAN@ZIF-67 sponge.
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Figure 3. a) The XRD patterns of ZIF-67 powder, PI/PAN sponge, and
PI/PAN@ZIF-67 sponge.

to the (011), (00°2), (11 2), (002), (01 3), and (2 2 2) crystalline
planes of ZIF-67.'3 In the XRD pattern of PI/PAN@ZIF-67
sponge, the characteristic diffraction peaks of PI/PAN and
ZIF-67 could be well confirmed. This indicates the successful
preparation of PI/PAN@ZIF-67 sponges.

The Fourier transform infrared (FT-IR) spectrum of the
PI/PAN@ZIF-67 sponge is shown in Figure 3b. The character-
istic stretching bands at 425, 992, and 1570 cm ! are attributed to
the Co—N, C—N, and C=N of ZIF-67.*?) The peak at 1364 cm '
is the C—N stretching of the PI imide ring; 1715 and 1779 cm™"
are the symmetric and asymmetric stretching vibration peaks of
C=0 in the PI imide ring, respectively.”?! 2240cm™' is
attributed to the C=N stretching vibration peak in PAN.**l

The mechanical properties and shape recovery ability of the
sponge are particularly important for any practical use, and they

Adv. Energy Sustainability Res. 2023, 2300218 2300218 (3 of 9)

Wavenumber (cm™)

PI/PAN@ZIF-67 sponge; b) FT-IR spectra of ZIF-67, PI/PAN sponge, and

were evaluated by cyclic compression experiments. Figure 4a,b
shows the cyclic compressive stress—strain curves of PI/PAN
and PI/PAN@ZIF-67 sponges, respectively. It can be found that
the compressive strength of PI/PAN is only 5.0 kPa (50% strain),
and the sponge height is compressed by about 25.8% after 50
cycles of compression, indicating that the internal structure
has undergone serious collapse. The compressive strength of
the PI/PAN@ZIF-67 sponge was 28.1kPa (50% strain), and
the height decreased only by 9.9% after 300 cycles of compres-
sion. This is due to the fact that the PI/PAN@ZIF-67 sponge
consists of two parts: the soft PI short fibers and the hard
ZIF-67. The hard ZIF-67 grown on the surface of PI short fibers
insitu can significantly improve the mechanical properties of
PI/PAN@ZIF-67 sponge and ensure its structural stability.
In addition, the 0.1 g PI/PAN@ZIF-67 sponge can withstand

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 4. Cyclic compressive stress—strain curves at 50% strain for a) PI/PAN sponge, b) PI/PAN@ZIF-67 sponge, an c) compressive capacity of

PI/PAN@ZIF-67 sponge.

a weight of 200 g without collapsing (Figure 4c), further demon-
strating its excellent robustness.

Using Rh B as a typical example, we explored the potential of
PI/PAN@ZIF-67 sponge as a catalyst in activating PMS for the
degradation of organic dyes. Figure 5 shows the degradation of
Rh B under different catalytic systems. To rule out the possible
adsorption effect of the sponge in the removal of Rh B from the
aqueous solution, we tested the change in the dye concentration

1.0 4
0.8
—a—PMS
o 0.6 —a—PI/PAN sponge
[$) —o— PI/IPAN@ZIF-67 sponge
o —0—ZIF-87
0.4 —0— PMS+ZIF-67
—a— PMS+PI/PAN@ZIF-67 sponge
0.2
0.0 > < > —2
T T T

T
(] 5 10 15 20 25 30
Time (min)

Figure 5. Plots of C;/Co versus time for studying the degradation
of Rh B under different conditions. Reaction conditions: Rh B
concentration = 50 mg L', PMS concentration =1.5mM, catalyst
amount =100 mg L™, pH = 7, temperature = 25 °C.

Adv. Energy Sustainability Res. 2023, 2300218 2300218 (4 of 9)

after putting PI/PAN sponge, PI/PAN@ZIF-67 sponge, and
ZIF-67 in the Rh B solution, respectively. The results showed
a small decrease (4.9%, 6.2%, and 5.2%, respectively) in Rh B
concentration after 30 min as determined by UV-vis spectropho-
tometer (the concentration of Rh B was evaluated at a wavelength
of 555 nm). A Rhodamine solution with only PMS (no sponge)
showed 12.9% of Rh B degradation. This indicates that without
the activation by a catalyst, PMS cannot effectively degrade dyes.
However, when PMS was activated by PI/PAN@ZIF-67 sponge,
the Rh B dye was degraded up to 97.4% within 5min and
completely degraded within 30 min. These results indicate that
PI/PAN@ZIF-67 sponge can efficiently activate PMS. In addi-
tion, we also studied the degradation of Rh B in the presence
of ZIF-67 particles and PMS, and the results showed that
93.6% of Rh B degraded within 5min. This shows that in
comparison to ZIF-67 powder, the degradation effect of
PI/PAN@ZIF-67 sponge is not compromised. In addition, the
degradation kinetics of Rh B conform to the pseudo-first-order
rate law-In C,/Cy = kt, and the kinetic rate is shown in Figure
S3, Supporting Information.

Dye solution of different concentrations (from 25 to
100mgL™") was used to study the degradation by
PI/PAN@ZIF-67 sponge-activated PMS (Figure 6a). When the
initial concentration of the dye was reduced from 100 to
25mg L', the degradation of Rh B within 5 min increased from
68.8% to 100%. It is worth mentioning that when the dye con-
centration is 25mgL ™", the dye can be completely degraded
within 20s as shown in Figure S4, Supporting Information.
However, when the dye concentration was 20 mg L™ or below,
the degradation was immediate. The degradation kinetics could
not be followed due to the very fast rate of degradation for
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Figure 6. Plots of C,/C, versus time for studying the effect of a) the dye (Rh B) concentration, b) pH, c) the concentration of PMS, d) the dosage of catalyst
(PI/PAN@ZIF-67 sponge), e) temperature, and f) radical scavengers on the Rh B degradation. The data for (a) were collected using PMS
concentration = 1.5 mM, catalyst amount=100mgL~', pH =7, temperature =25°C. The data for (b) were collected using Rh B solution
concentration =50 mg L', PMS concentration = 1.5 mM, catalyst amount = 100 mg L ', and temperature = 25 °C. The data for (c) were collected using
Rh B solution concentration = 50 mg L', catalyst amount=100mg L ', pH = 7, temperature = 25 °C. The data for (d) were collected using Rh B solu-
tion concentration =50mgL~", PMS concentration =1.5mM, PH=7, and temperature =25 °C. The data for (e) were collected using Rh B
solution=50mgL ', PMS concentration =1.5 mM, catalyst mount=100mgL ', pH=7. The data for (f) were collected using Rh B solution
concentration = 50 mg L™", PMS concentration = 1.5 mM, catalyst amount = 100 mg L', pH =7 and temperature = 25 °C.

concentrations below 20 mg L™". Therefore, 50 mg L' dye con-
centration was chosen as a benchmark for further experiments.

pH of the solution can have a significant effect on the degra-
dation process. Figure 6b shows the effect of different pH
(3.0-9.0) values on the degradation of dye by PI/PAN@ZIF-67
sponges. When pH = 3.0, only 67.8% of Rh B degraded within
5 min. This may be because, under acidic conditions, H™ makes
HSOs  more stable, which inhibits the formation of free radicals
and reduces the degradation rate.””) When pH = 5.0, 82.1% of

Adv. Energy Sustainability Res. 2023, 2300218 2300218 (5 of 9)

Rh B was degraded within 5 min, which was close to that of
pH =7.0. However, when pH = 9.0, only 56.9% of Rh B could
be degraded within 5 min. Under alkaline conditions, PMS self-
decomposes, and the content of free radicals generated therefore
decreases slowing down the degradation of dyes.””®! But fortu-
nately, the degradation of Rh B can be as high as more than
99% under different pH values within 30 min. This indicated
that PI/PAN@ZIF-67 sponge can activate PMS to degrade
organic pollutant dyes in a wide pH range. When the pH is
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3.0, 5.0, 7.0, and 9.0, the rate constant K values for degradation
are 0.24, 0.30, 0.47, and 0.09 min~", respectively (Figure S5,
Supporting Information).

As the main source of free radicals, the added amount of PMS
is very important in the degradation process of dyes. The effect of
PMS content on the degradation of Rh B is shown in Figure 6c¢.
When the content of PMS was 0.5 mM, only 37.9% of the Rh B
was degraded within 5min, and only 72.7% of the dye was
degraded within 30 min. However, when the content of PMS
was increased to 1 mM, the degradation of dye increased to
76.1% within 5min and Rhodamine degradation reached
98.1% within 30 min, which significantly improved the degrada-
tion situation. The results showed that an optimum amount of
PMS is required so that sufficient free radicals are generated
making the degradation occur effectively. This shows that the
content of added PMS is very important to the degradation of
the dye. Furthermore, when the content of PMS continued to
increase to 2mM, there was little difference compared to the
time when PMS was 1.5 mM. This is because the content of
the PI/PAN@ZIF-67 sponge was fixed, and the active sites of
the PI/PAN@ZIF-67 sponge for activating PMS had reached sat-
uration. Even if the content of PMS continues to increase, the
catalyst cannot continue to activate the excess PMS. Therefore,
the PMS content of 1.5 mM is the best choice. This result is also
reflected in the kinetics. When the PMS content increases from
0.5 to 2.0 mM, the k values were 0.06, 0.22, 0.44 and 0.44 min~!,
respectively (Figure S6, Supporting Information).

Figure 6d shows the effect of the amount of catalyst (sponge)
on the degradation of dyes. The degradation of the dye increased
from 87.8% to 97.4% within 5 min on increasing the amount of
catalyst from 50 to 100 mg L™, The k value increased from 0.31
to 0.44 min~* (Figure S7, Supporting Information). On further
increase in the catalyst content to increase to 125 mg L™, 98% of
the Rh B was degraded within 5 min (k = 0.44 min ™). Compared
with the catalyst addition of 100 mg L™, there is no obvious
increase. This suggests that at high catalyst dosage, the efficiency
of PMS to utilize the excess active sites at the PI/PAN@ZIF-67
sponge to generate free radicals is limited. Therefore, 100 mg L™!
catalyst is the optimal input amount.

In addition, we also examined the effect of PI/PAN@ZIF-67
sponge-activated PMS on dye degradation at different tempera-
tures (Figure 6e). There was no significant difference in the %
degradation observed on raising the temperature from 25 to
45 °C (Figure S8, Supporting Information).

To understand the catalytic process of PI/PAN@ZIF-67
sponge, we explored the reaction mechanism. In previous
repotts, it has been proved that Co ions in ZIF-67 can undergo
cyclic conversion in divalent and trivalent states, activating PMS
to produce sulfate and hydroxide radicals, which have higher
oxidation-reduction potential, can eventually oxidize the dye to
water and carbon dioxide as in Equation (S1)-(S4), Supporting
Information.!"”) We conducted a series of reactive oxygen species
(ROS) capture experiments to find out which radical is mainly
taking part in the degradation process. It is known that potas-
sium iodide (KI) can effectively capture both sulfate and hydrox-
ide radicals, whereas methanol (MeOH) is selective in capturing
sulfate radicals. On the other hand, tert-butanol (TBA) traps
hydroxide radicals."” As shown in Figure 6f, when KI was added
to the catalytic system, only 15.1% Rh B was degraded within
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30 min. As KI captures both types of radicals, it could not be said
which radical played the major role in the degradation process.
When methanol was added to the catalytic system, only 66.5% of
the dye was degraded within 30 min. When TBA was added, the
Rh B can be degraded up to 99%. The addition of TBA quencher
has little effect on the degradation of dye. The results indicated
that sulfate radical played major role in the degradation of Rh B.
The mechanism of activating PMS by PI/PAN@ZIF-67 sponge
to generate free radical degradation of Rh B is shown in Figure
S9, Supporting Information. The degradation mechanism of Rh
B by the attack of ROS generating several different intermediates
through de-ethylation, followed by deamination, dealkylation,
decarboxylation, and chromophore cleavage to form other
smaller molecule intermediates, is described in the literature.
Finally, these small molecules are further mineralized by ROS
into H,0 and C0,.?”

For any practical sustainable application, it is important that
the catalysts are stable and reusable. Figure 7 shows the degra-
dation efficiency after reusing the regenerated PI/PAN@ZIF-67
sponge. After the first degradation cycle, the PI/PAN@ZIF-67
sponge only needs to be removed from the reaction solution with
tweezers. There is no need for elaborate centrifugation or filtra-
tion. It is very simple and convenient. Then wash it three times
with water and methanol respectively. After vacuum drying at
80°C, it is directly used for the next cycle. As a result, after five
cycles of use, degradation of the dye was negligibly reduced by
only 3%. The XRD patterns of the PI/PAN@ZIF-67 sponge
before and after use are also shown in Figure S10, Supporting
Information. Through comparison, it can be found that the dif-
fraction peaks of the used PI/PAN@ZIF-67sponge and fresh
PI/PAN@ZIF-67 sponge are basically consistent, indicating that
the PI/PAN@ZIF-67 sponge exhibits good stability during the
degradation process of Rh B.

In addition, in order to further expand the application of
PI/PAN@ZIF-67 sponge in real-life application, we constructed
the PI/PAN@ZIF-67 sponge as a simple filtration device to eval-
uate its performance for the continuous treatment of dye waste-
waler solutions (Figure 8a). Thanks to the multilevel hierarchical
porous structure of the PI/PAN@ZIF-67 sponge, the Rh B
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Figure 7. Reusability test of PI/PAN@ZIF-67 sponge.
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Figure 8. a) Photograph of the assembly showing degradation of Rh B by filtration process. PI/PAN@ZIF-67 sponge was fitted in a syringe for use as a
catalytic filter to degrade Rh B. b) Continuous degradation experiment of Rh B with PI/PAN@ZIF-67 sponge as a filter. Reaction condition: pH = 7.0,
25°C, dye (Rh B) concentration =25 mgL™', PMS concentration = 1.5 mM.

solution can quickly pass through the PI/PAN@ZIF-67 sponge
under self-gravity and its catalytic action provided a clear solution
after passing through the sponge. The removal efficiency of Rh B
is still as high as 95% after the filter device continuously treats
the Rh B solution for 6h (as shown in Figure 8b, Video 1,
Supporting Information). As a result, the PI/PAN@ZIF-67
sponge can also be used as a catalytic filter to activate PMS
for the degradation of dyes which makes it promising for scaling
up in the future.

Although the present work was carried out using Rh B as an
exemplary dye, our system should be valid for the degradation of
other dyes, such as methylene blue, acid yellow-17 (AY), and
orange 11 (AO7) that are lkmown to undergo degradation by
PMS activation.*®!

3. Conclusion

In this work, we prepared PI/PAN@ZIF-67 sponges with high
Z1F-67 loading (up to 72 wt%), multilayered, and hierarchical
macro-microporous honeycomb structure by insitu growth of
Z1F-67 on the surface of PI short fibers. The 3D porous frame-
work and high ZIF-67 loading provided the sponge with excellent
mechanical properties and compression resistance, making the
PI/PAN@ZIF-67 sponge reusable for practical use. The
PI/PAN@ZIF-67 sponge exhibited high efficiency in the removal
of organic dye by PMS activation. We explored that the optimal
conditions for PI/PAN@ZIF-67 sponge to activate PMS to
degrade Rh B organic dye were pH =7, PMS = 1.5 mM, catalyst
(PL/PAN@ZIF-67 sponge) = 100 mg L™", and the initial concen-
tration of dye was 50mgL~". Also, filtration experiments
using PI/PAN@ZIF-67 sponge as a catalytic filter were very
promising. This study opens new opportunities to explore
MOF-based materials in the form of porous robust 3D sponges
for water remediation. Furthermore, this strategy can also be
applied to prepare monolithic materials of other types of
MOFs and is expected to be suitable for other applications
as well.
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4. Experimental Section

Materials: PAN (M., =80000) and Pl electrospun nonwovens were
provided by Jiangxi Xiancai Nanofiber Technology Co., Ltd; cobaltous
nitrate
hexahydrate (Co(NO3),:6H,0) and KI were purchased from Alfa Aesar. 2-
MelM and Oxone (2KHSQOs-KHSO4-K,SO,) were brought from Thermo
Fisher Scientific. Rh B was purchased from Sigma-Aldrich. DMSO
(>99.7%), MeOH (>99.7%), and TBA (>99.7%) were supplied by
Fisher Chemical company. All reagents were used without further
purification.

Preparation of Pl Short Fibers: Pl short fibers were prepared by cutting Pl
electrospun nonwoven through a mechanical cutting process. Briefly, 10 g
of Pl electrospun nonwovens were first cut with scissors into small pieces
and put into 1L of solvent consisting of isopropanol/water (v/v=3/1).
The mixture was cooled using liquid nitrogen and then cut with a mechani-
cal cutter (Robot Coupe Blixer 4, Rudolf Lange GmbH & Co. KG) at
3000 rpm for 25 h. Then, short Pl fibers were filtered and freeze-dried
for 24-36 h.

Preparation ZIF-67 Particles: ZIF-67 particles were prepared based on
the literature that has been reported with a little modification.”! In brief,
0.145 g cobaltous nitrate hexahydrate was dissolved in 10 mL of Milli-Q
water (designated as solution A); 2.37 g 2-methylimidazole was dissolved
in 10 mL of Milli-Q water (designated as solution B). Then solution B was
quickly poured into solution A and stirred at room temperature for 24 h to
obtain purple particles. The purple particles were collected by centrifuga-
tion, washed three times with water and methanol, respectively, and finally,
dried at 80°C in the oven to obtain ZIF-67 particles.

Preparation of Template PI/PAN Sponge: 0.5 g Pl short fibers and 0.5 g
PAN were dissolved in 12,5 mL DMSQ in a 25 mL flask. The mixture was
cooled to —20°C in a refrigerator for 2 h. Afterward, it was freeze-dried to
get the PI/PAN sponge.

Preparation of PI/PAN@ZIF-67 Sponge: In the first step, a PI/PAN@
Co®! sponge was prepared using the same method as described above
for PI/PAN sponge. Briefly, 0.1g PI short fibers, 0.1g PAN, and 0.1g
Co(NO;);-6H,0 were dissolved in 25mL DMSO in a 50mL flask.
Then free-drying after cooling to —20°C provided PI/PAN@Co®" sponge.
0.145 g of Co nitrate was dissolved in 10 mL of Mili-Q water, which was
designated as solution A. Subsequently, the PI/PAN@Co’" sponge was
placed in solution A and allowed to stand for 2 h. 2.32 g of 2-methylimi-
dazole was dissolved in Mili-Q 10 mL of water (designated as solution B).
Afterward, solution B was quickly poured into solution A. The mixed solu-
tion with the sponge inside was stirred at room temperature for 24 h to
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give a purple sponge. Finally, the sponge was washed with water and
methanol several times to remove excess of unreacted materials and dried
at 80 °C to obtain PI/PAN@ZIF-67 sponge.

Catalytic Batch Experiments: All degradation experiments were carried
out in 150 mL glass containers with magnetic stirring at 300 rpm. The
pH value of the solution was adjusted by adding 0.1m HCl and 0.1m
NaOH, respectively. Typically, a known amount of PI/PAN@ZIF-67
sponge was added to 100mL of 50mglL ' Rh B solution.
Subsequently, a certain amount of PMS was added to the solution and
the time was noted. Every 5 min 1 mL sample was pipetted out, quenched
with 0.5 mL methanol. Then, the degradation of the Rh B was measured
using a UV-vis spectrophotometer at a wavelength of 555 nm. The deg-
radation efficiency of Rh B was calculated according to Equation (1)

~100% x (Cp — Cy)

RS
% A

U]
where R is the degradation efficiency of Rh B (%), and Cp and C, are the
concentrations of Rh B at time 0 and time t (mg L™"), respectively. And the
kinetics of Rh B degradation process was investigated according to
the pseudo first-order kinetics Equation (2)

—In(C,/Co) = kt @)

in which k is a rate constant and t is the degradation time (min). Besides,
all batch experiments were repeated, and the average value with the stan-
dard deviation was presented for the results.

Reusability of Sponges: After the initial degradation experiment, the
PI/PAN@ZIF-67 sponge was taken out from the reaction solution using
tweezers, followed by simple cleaning with water and methanol. It was
directly used for the next cycle after drying.

Continuous Flow Catalytic Test Using Sponge as Catalytic Filter: The
sponge was also tested as a catalytic filter. For this, the PI/PAN@ZIF-
67 sponge with a diameter of 2.5 cm and a height of 1.5 cm was loaded
in a 20 mL plastic syringe, and the Rh B solution (25 mgL ') containing
PMS (1.5 mM) was filtered under the action of gravity, during which the Rh
B solution was continuously added to ensure that it can be continuously
filtered, and the filtered solution was collected and analyzed to determine
the concentration as described above.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author,
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Characterization and instruments

The morphology and structure of the samples were investigated by scanning electron
microscopy (SEM, FEI Quanta FEG 250) with a Zeiss LEO 1530, operating at an acceleration
voltage of 3 kV employing an Everhart-Thornley secondary electron detector. The X-ray
diffraction (XRD) patterns of all the samples were obtained on a Bragg-Brentano type
diffractometer (XPERT-PRO, PANalytical B.V.) with Cu-Ka X-ray radiation (L= 1.540598 A),
and each XRD pattern was scanned over a range of 20 = 2° to 40° at a rate of 0.5° min''. The
functional groups and chemical structures of all the samples were performed using Fourier
transform infrared spectra (FT-IR). The FT-IR spectroscopy was measured using a spectrometer
(Digilab Excalibur FTS-3000) in the wavelength range of 4000 em to 400 cm™. The
degradation of Rhodamine B was evaluated using a UV-vis spectrophotometer (Jasco
Spectrometer V-670) in the range of 480-650 nm (scan speed 200 nm min™"). The characteristic
peak of Rhodamine B in UV-vis spectrophotometer is at 555 nm. The mechanical properties of
the PI/PAN sponge and PI/PAN@ZIF-67 sponge were investigated by the tensile tester.
machine (ZwickiLine Z0.5; BT1-FRO.5TN.D14; Zwick / Roell, Germany). The compression
testing and cyclic compression testing of the composite sponges at a compression rate of § mm

min’t.

222



4. Publications

WILEY-VCH

(b)

Count

0-30 3050 5070 70-90 90-110 110-130 >130
Fiber length (pm)

Figure S1. (a) SEM image of PI short fibers. Fibers average diameter (d) = 521 + 143.0 nm and
fibers length (1) = 77 + 33 pm. (b) Fiber length distribution of the PI short fibers.

Figure S2. SEM image of PI/PAN@ZIF-67 sponge (a) During synthesis the solution was not
stirred (b) During synthesis the solution was stirred.
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Figure 83. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different catalytic conditions.
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Figure S4. Degradation of Rh B. Reaction condition: Rh B = 25 mg L}, PMS = 1.5 mM,
PI/PAN@ZIF-67 sponge =100 mg L' , pH=7.0 and temperature =25 °C.
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Figure S5. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different pH values.
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Figure S6. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under
different concentrations of PMS.
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Fig. S7. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under
different catalyst dosage.
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Fig. S8. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different temperatures.
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Co* + HSOs™ — Co*" + SO, "~ + OH™ 1)
S04+ OH — -OH + S04 )
Co* + HSOs™ — Co*" + S04 ™+ H' )
S04+ ‘OH + dye — .... H20 + CO» )

Equation S(1)-S(4). Cyclic transformation of cobalt ion (divalent and trivalent) in ZIF-67

activates PMS to generate sulfate radicals and hydroxide radicals that degrades organic dyes.

Rhodamine B

Fig. S9. Schematic diagram of the mechanism of PI/PAN@ZIF-67 sponge to activated PMS to
degrade Rhodamine B.
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Figure S10. The XRD patterns of PI/PAN@ZIF-67 sponge before and after use.
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Table S1. The kinetic constant values under different conditions.
Sample/Condition Kinetic constant (min™)
PMS 0.00158
PI/PAN sponge 0.00263
PI/PAN@ZIF-67 sponge 0.00263
ZIF-67 0.00565
PMS+ZIF-67 particles 0.41227
PMS+ PI/PAN@ZIF-67 sponge 0.43764
pH=3.0 0.24498
pH=5.0 0.29919
pH=7.0 0.47467
pH=9.0 0.09529
PMS content = 0.5 mM 0.06483
PMS content= 1.0 mM 0.22303
PMS content = 1.5 mM 0.43764
PMS content = 2.0 mM 0.43764
Catalyst dosage = 50 mg/L 0.30922
Catalyst dosage = 75 mg/L 0.38776
Catalyst dosage = 100 mg/L 0.43764
Catalyst dosage = 125 mg/L 0.43764
Dye solution = 25 mg/L 0.49879
Dye solution = 50 mg/L 0.43764
Dye solution = 75 mg/L 0.36378
Dye solution = 100 mg/L 0.18084
T=25C 0.43764
T=357C 0.56899
T=457 0.41308
8
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