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O Oxygen
Cl Chlorine
NH:2 Amine
NO> Nitrogen dioxide
Br Bromine
HsBTTri 1,3,5tris(1H-1,2,3triazol5-yl)benzene
CuCk2H 20 Copper(ll) chloride dihydrate
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HCI Hydrochloric acid
MIP Materials of the institute of porous materials
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PAN Polyacrylonitrile
PVP Poly(vinyl pyrrolidone)
PVDF Poly(vinylidene fluoride)
HsBTC 1, 3, 5tricarboxylic acid
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Summary/ Zusammenfassung

Summary/ Zusammenfassung

Summary

I n the past towog ddredacaawar, Kk maEM®@®F sn)ew cl ass o
crystmaltleirnel s, have had a significant 1| mpa
bi omedi ci ne, energy storage, and other fie
diversified structure, and adjustable poro
associ aM@Kpo wd tohy mand processing chall enges
di fficult and greatly hinder their practic:é
to develop reproducdbmenmebdohadd{ hBPhsienbakt ¥
(1 D/ 2D) , -dcainme rntshiroerea | (3D) functional macr oS
be reused and easily separated from the re
demonstrated its applicahbinl iapygotnaes aadtabaly

water purification.

OD MPBRrtarcé ewi dely wused, especiallry as cat
specsiufrifcace ar ea, favorable for abundant I
sites, and short i on-shebhhsportucdustamnse 0V.n

met hods f or constMOUc tpianrgt ifcd recst.i cAdalh o h mae
preparishmgel torse ructures have been devel oped
chall enge tMOFprpegratriecl el wi th high accessi
Themrefnyi rwor k, t hes healglnetbyoadrdegearer gani ¢ fr ar
(HOBMOF <catal yst was successfully prepare
met hodMOBassi nghe cor e, i nFegsrapmalr gtoirmgl smag ryestt ie
HOF as fThe shgbktalline porous HOF shell mi r
and protects the active site. This work e
traditi-omalll cwotrreuct ur e, where the core sei
pri maripryoteactts omnms | eading to a | imited num

Compar edM@fptalr t Q Dmeend,r ah e seasi er to handl e a



Summary/ Zusammenfassung

accessibility in practical applicaelifons. H
st andaiOfFg membr anes remains a significant

el ectrospinning proces-st anM®Fngmbdwinelk i nde|

di fferentfadiulhhctomomdBb)sheasr e been successfully
t htee mpa asiested method. This isedeceéerbgpymo
pol ymer nteambp.laateebsequent r emoval of the te

sestfandi ng, hi ghl yswsittahb |lheo | MFw~v nfiei nbberrasn.e T hes
used daasacicht al ysttyl-pob nae atsecaabdaeg r eact i on.
membrsaae be easily removed and reused for
efficiency.

Further mor e, a mechanically stabl e, hier a
successfully prepared by growing the MOF i
I tsel f c rresas eerdb lbyy osfeldhort el ecnyiomp.unTHe b

resul tiOFg sPbnige possesses a hierarchically
and substanti al pore volume, enabling effi
bet ween molecules in the solution. Owi ng t
preparedspp®ndg@OFdemonstrated excell ent prac
filter for the continuous removal of organi

The findings from this study harveevibeaneend s uc
journal s (ChemCat Chem, 2022, 14(22), e20
Sustainabilitg(RSLO2188N, 2am23,a third manu

prepared and ready for submission.
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Summary/ Zusammenfassung

Zusammenfassung

Il n den |l etzten zwei Jahrzehnten hatten me
Kl asse por°ser kristalliner Materialien au
er hebliche Auswirkungen auf die Katalyse, ¢

die Energiespeicherung und andere Bereiche

und einstell bare Porosit2tseigensehaften.
Parti kevVepubuerdene Unl °slichkeit, und di e
Ver arbeitung ihre Gewinnung und behindern
Zi el mei ner Arbeit i st daher di e Ent wi ck

Her stellung nul | di pPeewesii dinmd regi o n(alDgr, (el Dn/
dreidi mensional er (3D) funklai enmniadler enmakd
wi ederver wendet und nach dem Gebrauch wi e
getrennt wer den k°nnen. Ein Machbarkei't
Anwendbaakei Katalysator fg¢gr vielf2ltige An
und zur Wasserreinigung.

OD MP&rti kel werden h2ufig verwendet, i nsbe
gr°Cere Oberfl2ache haben, die eine reichli

Exposition aktiver Zentren besitzt und Kkur:

Ker-$ic h-8t eukt ur i st eine der Hauptmethoden z
Parti kel . Obwohl i n den | et zt en Jahr en Vi
Sch-8t eukturen entwickel't wur den, i st es I m

OD MPE&Tr tmiktel hoher Zug?2nglichkeit und Recy
Daher wur de i n mei ner A-Bbb-KEhtadersamagnenii
wasser stoffgebundenem organi schem Ger ¢st (
einfache Solvother mblemetMO&Fdal Be KgalGat, e Imatg,n e
und por°ses kristallines HOF als Schale v
HOMH¢ Il Il e minimiert Stofftransportbeschr&nku
Diese Arbeit Dbefasst si cemh dafefrekttriavdimiitoncéd

Sch-8t euktur, bei der der Kern als Katalyseé

11



Summary/ Zusammenfassung

Schutz fungiert, was zu einer begrenzten Al
Il m Vergleich zu 0D MOF Partikeln sind 2D M
i n praktischen Anwendungen besser zuga®ngl i
und eigenstandi gMe nsbtreahneennd e rb | eM CoFt jedoch
Her ausf order uhg.deBa il erd@@mazsegisn nwunrgden  zwe i

eigenst2ndi g-Memehaeaneer mMOFunt ersch+4 edliche

und Basenfunktionalit?2ten) erfolgreich du
hergestellt. Di es geschi elks @urfcheidas 2
el ektrogespo-fiempkat Remyman . Durch die ansc

des Templ atpol ymer s entsteheMembelamenstneihter
Hohl fasern. Di ese MeBdbhKanehyweaet deesndllm Te al
I ni neer Kiaskapenreakti on eingesetzt . Nach

Membr anen problemlos entfernt und f ¢r me hr
ohne dass Effizienz verloren geht.

Dar ¢ber hi naus wur de ei n mechani s<h stabi
Schwamm erfolgreich hergestellt, indem das
gez¢é¢chtet wurde, der seinerseits durch Sel
Fasern wGkfemeérdemcknung ent st &mcd.walnenr r es
besitzt eine hierarchisch por°®se Struktur,
Porenvol umen, was einen effizienten Wasser |
zwi schen Molreklk?emang nerde® gl i cht. Aufgrund
Ei genschaften zei gt e -Sdcehrwa mer geeisnteel heev o3rD
Prakti kabilit?2t und Recyclingfahigkeit al s
organi scher Modell schadstoffe aus Wasser.

Die Ergebnisse dieser Studie wurden erfolg
Fachzeitschriften ver°ffentlicht (ChemCat Cl
Energy and Sustai rbgbfi)3,0002/1 8Re,s eulanrdc hei 2 0ARr3i,t t

i st der zei t vorbereitet und zur Ei nrei chun:

12



1. l ntroducti on

1l ntroducti on

1.1 Motivati on

With the devel opment and progress of mo d e
i ndi spensable role in our daily I|lives. Fro

covered various fields such as [&ldMed-rapti on,

organic frameworks ( MOFs), al so known as
emerging class of porous crystalline mater:i
by inorganic met al centers (metal scluster s

connect ed -ashsredfidbhy nsceel fP L bffi.r staghrioposed the
oMOBE in the 1990s, the field has attracted
Over the past t wo decades, thousahes of a
annubkl gyité 1Compared with traditional porou
structures (with more than 80,000 reported

10, 008Y m| high porosity {fwmctibdb’hdBdi%)t,ey. and

properties have had a significant i mpact o
bi ol ogy, and materials science. The produc
i ndustrli*™1 |1 evel s.

Despite alll t hei r aapdpvlainctaatgieosno widlke e M@Fnsd gisr r p

restricted. Converting brittle MOF crystal:s

such as membranes, fil ms, or composites wi
chall enging and requires innoivatliivei ta@g¢d rwhea
MOF powder!éd?!aneouded.to make full use of t|

overcome the shortcomings of their powder
construct microcalysstiadtld nmea dWOFE thimig seaiist r e t
topic of my research.

In this clepter, the characteristics, types and synthesis methdd®Bkare introduced

in detail. Next, theonstructiorstrategies of macroscopic MOF materials are discussed.

Finally, the new topisand future development directi®af this field are prospected.

13



1. l ntroducti on

16000

12000

8000

Publication

4000

Figure 1-1. Articles published annually frof1.2000 to06.2024. The keyword used

is metatorganic frameworks\Web of Science databgse

1.2 I nttaddscti on

1.2.1 Charactseri stics of MOF

Il n the strsuctheeeodr Y®Fdahdomgaal ccénter s.
i gandct as " bMOKsbtornuecst"urien, twhe | e t he met al
as i morsgeacnmd duwryiGtdysBlUs whi ch act as "joints"
(Fi ga-p)e€lGenerally speaking, by selecting ap]

and organic | igands, and rationally desi gt
framework structur e, channel environment,
Thi s p MO¥Fc dest al materi al s wi t h many uni g
properties, such as diversensti ghctpores, tlya

14



1. l ntroducti on

/
L/

Y

o : + é I | Self-assembly

A
i
;*_)_ '_/

wif
i%

b
;y

/'

Metal ions/clusters  Organic ligands

Metal-organic Frameworks
(MOFs)

F i g u-2. 8chematic representation MOFs.

a) Diversestructures

A wide vari ectoympolfe xmeanad cihoannsgeabl eawmdgani c

flexibility ofosyntyesreasttrahegdesversity
Most main group metal el ements, some trans
el ement s, and | anthanide met al el ements h
mat ek Llosnmon met al centers i nchluudmei nunmnsit

(Ad),chr o m{(Ch,ma n g a (Ma)sier dcrgcob dC ¢ zi Zpaphdopper
(Chlhand rare eartear e pEdmme cd g gl gur e
1-3ashows the comm&BuwEYyThe edoarediadnati on conf i
di fferent met &t si coordsndit fbereonfi guratio
by its electronic structur e, but also by t
| i gs&#lTdhe same orgambicndd gandk di fferent me

synthesize MOF material s.Fort lexwamigelng cCcr ys

benzene di(dRD@esx alnatoeg ganic | igand with dif
Ztt 3Fea&amtd it is possible to create various
as regular octahedrons, hexagon@filprisms,

15



1. l ntroducti on

Cuy(CO,)4 Fe;0(CO,)es Zn3[(0);(CO2),4]

$i

Zn0(CO,)s  ZrgO4(OH)4(CO,)1, Zr806(002)12 TigOg(OH)4(CO,)4,

(b) /COOH COOH
59

COOH O
R=-NO,, -NH,,

-CL-Br,-N;  COOH

HOOC  cooH COOH

COOH

HOOC O O
HOOC Q O O COOH

HOOC COOH OO COOH

Fi guB&ofe r epa(eas)e nBiBattamdbo)r g ag a sfddMrOF. s
Reprinted with [PECopyrsii @liatl @Mk e f .

Common organic ligands include oxygeontaining and nitrogenontaining ligands,
including carboxylic acids, imidazolend pyridines Kigure 1-3b).%71 The structure

and physical properties of MOF materials can also be influenced to varying degrees by
using the same metal ion while introducing different functional groups (such as

hydroxyl, amino, sulfonic acid, halogen, etc.) into the organic ligang andyeasing

16
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1. l ntroducti on

the number of benzene rings in the organic ligand.

For e x a mpstesearch@ralflsymtbesized a series of Uieh (UiO stands for
University of Osl9 structures centered on Zr by changing the length of gaad The
resultsshow that as the length of thgdindincreases, the specific surface arebidd-

X increases from 1187 to 4176 g'%, and the pore size of the Ui also increases

from 6 angstromgA) to 10A. The following year, Kandiah et 4} used Zr as the
center and synthesizedseries oUiO-66-X (X is -NHa, -NO», -Br) extendedstructures

with different functionalities by adjusting the substituents on the ligand benzene ring.
In addition, with the same metal center and organic ligands, MOF materials with
different topological structures and properties can be obtained by adjusting parameters
such as raw material ratio, solvent type, synthesis temperatdrealue of solution

and reaction time during the synthesis protégs!

bHi gtpeci fic surface area and porosity
Compared with the pore structure of traditional porous materials,S\i@¥ea spatial
structureconstructedoy metal nodes and organic ligands like a scaffold, so it has no
wall structure This structureallows MOFs to have higher specific surface area, pore
volume, and lower density. There are often unreacted solvent small molecules in the
pores of synthesizedOF materials, which can be removed through activation methods
such as washing, purification, and vacuum drying so that MOFs can form a porous
structure with larger porosif§48In 2010, Rirukawaet al*®! synthesized MOR200,

which had a pore volume of 98 of the crystal volume, resulting in the lowest crystal
density for a porous material (0.22 g'émFurthermore, the pore sizes in MOFs can
range from a fewA to tens of nanometefam), and the same material can hpeges

of different sizes, both in microscale and mesoscale re§ibiisThe porous structure

and small particle size provide MOF materials with a large specific surface area,
making them highly advantageous for applications in catalysis, gas adsorption and
storage, gas separation, and many dfileéds,!525°]

It is well known that the maximurspecific surface area @kolite materials is 904 in

g'!, and that ofactivated carbon materials is 203¢ gi1.[565] In contrast, MOF

materials exhibit an exceptionally large specific surface area. In 2012, FarH&flet al.

17



1. l ntroducti on

synthesizedNU-110E (NU stands forNorthwesternUniversityy MOF achieving a
specific surface area as high as 7140gh. The theoretical upper limit of the MOF
surface area, measured by the Langmuir method, is about 14@08 oreven higher.

c) Chemical andhermalstability

MOFsalso show excellent chemical and thermal stabikity. exampleMIL -101(Al)

(MIL standsfoma t e r iinasltsi touft gsynthesizem bysSer8respo et al. has
high thermal and chemical stability and will only decompose in the air at temperatures
above 650 K% The triazolebased bridged framework @iTTri MOF (reaction of
CuCk2H .0  with 1,3,5tris(1H-1,2,3triazok5-yl)benzene  (EBTTri)  in

d met hyl f (DMR) amliO@®) reported by Demessence et &l showed
excellentstability after being soaked in boiling water for 3 days anydrochloric acid

(HCI) solution (pH = 3) for 1 day. Wang and-emrkers obtained mactporous MOF
MIP-200 (MIP stands fomaterials of thenstitute ofporousmaterials from Parjsvia

a reaction ofZr** and 3 ;steBadprimxydipNgnylmethane fiHdip) that shows
excellent stability under extremely harsh conditions such as concentrated acids (HCI
andni t r i @NG)¥, high concentrations ggh 0 s p h o (HzRQs) andsulfdric

acid (H.SQy), andammo ni um h ¢NH4Old) xvapdr®! Lu and co-workers
synthesizedritemetalazolate framework MAFRX27-Cl, which can maintain its original
crystalline state for at least 1 week in acidic (0.001 M HCI) or strongly alkaline (1.0 M
potassium hydroxid¢KOH)) solutiond®?! Stable MOF structures can be rationally
designed based on timard and softacids and base@HSAB) theory. For example,
carboxylatebased ligands of hard bases can form stable MOFs withvailgint metal

ions (hard acids, T, Zr**, AlI®*, F&*, and C#*).[63-6%1 Similarly, the assembly of soft
azole ligands (such as imidazole, pyrazole, triazole, and tetrazole) and soft divalent
metal ions (such as 2h Cw*, Ni’*, Mn?*, and Ad) can alsoform a stable MOF

framework!66-671

1.2.2 Typical MOF series

So far, more than tens of thousands of MOFs have been synthesized. Among them,
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IRMOF (iso-reticular metalorganic frameworkrefers to a series of MOFs with the
same network topology but different pore s)#&s MIL (a class of porous metal
carboxylate composed of different trivalent metal cations such as iron (lll), aluminum
(1), gallium (111), indium (l11), vanadium (111) and chromium (111) with carboxylic acid
ligand9,%%7% UiO, and ZIF(zeolite imidazolatéramework)series are the most typical.
Below | will introduce the typical MOF materiatisat | usedin my research work

a) UiO series

Among the many subclasseEMOFs, the UiO family (UiG66, UiO-67, UiO-68) is

cited most frequentlyThey are threelimensional porous materials composed df Zr

and dicarboxylic acid, the most representative of which is-&80O0ther UiOs are
derived from the Ui@66 network’*l MOFs based on zirconiuntustershave received

wi despread at t aresearchngroup ianticeeUnivesity lofaGslo first
reported a ZMOF (molecular formula: z04(OH)4(BDC)s) in 2008. Compared with
other MOFs, UiG66 has extremely high stability. Ui66 can remain stable in solvents
such as water, DMF, benzerm acetme, and has strong acid resistance and certain
alkali resistance. In addition, its crystal structure can remain itadiout500C. 42

The reason Uidb6 is so stable is that the ealbctahedral structure of the metal cluster
provides 12 extension sites for coordination with terephthalic acid, which is the highest
coordination number among MOF&73!

In addition, another attractive aspect of the UiO series is that it has a wide range of
structures without requiring major changes to the synthesis program. For example, in
2013, Biswas et al* synthesized a novel functionalized UgB-X framework (X= -

SGsH, -CO:H, -1), using three linking groups containing BBC(BDC:1,4-benzene
dicarboxylatg. In 2014, Hu et df% prepared a series of amifienctionalized Zr
MOFs through solvothermal synthesis, whose ideal structural formula sfSs Zr
(OH)4(BDC)s-6X(ABDC)sX (WhereABDC is 2-aminobenzend ,4-dicarboxylic acid).

In 2015, Hu et af% used themo du |l at ed HMHI )Y sgnthésis metheod to
synthesize other watetable MOFs with the same structure as 48i) such as UiO
66-(F)4, UiO-66-(OCH,CHz); and UiG66-(COOH). The excellent chemical stability,

easy functionalizatiarand wide range of structurestbeUiO seriegprovidethemwith
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promisingprospects in catalysis, separatiand adsorptiof.”-82

b) ZIF series

The ZIF seriesis an important subfamily of MOFs. It is composed of N atoms in the
imidazolate ring and selissembly of tetrahedrally coordinated divalent cations
(structural formula: Mm-M, M represents metalcation, for exampleZn?* or Co*,

Im represents imidazolategind).®3! The structure of ZIF is very similar to that of
traditional aluminosilicate zeolites, where typically Zn ions act as silicon, imidazolate
anions form bridges, mimicking the role of oxygen in the zeolite, and 1inei@dédzole

metal (i.e.M-Im-M) bond angle is approximately 145 similar to the GiSi angle in
zeolites®48% As a result ZIF has the properties of bothOFsand zeolite and is seen

as an attractive porous material suitable for a variety of applicatfdiitBecause they
combine thepore controllability, chemical stability, structural variability, thermal
stability, and pore stability of zeolite sieves. For example, Kisgens &%l ahitially
reported the water vapor adsorption isotherm at 298 K foi8Z i porous framework
with sodalite (SOD) zeolite topology. This isotherm proves the strong hydrophobic
properties and remarkable hydrothermal stability of the mat&al et al®! prepared

a zeolite imidazole framework (Z18) membrane with molecular sieve propertigth

high séectivity for hydrogen.

| n 2 0 0 8s,resedrehggiouptudied thempact of different influencing factors
(such as the molar ratio of metal and ligand, solution concentration, temperature,
reaction time, etc.) on the topology of the imidazédamework through high
throughput screening methods, and ZIF witig zni, dia, Ics, crb, frl, cag, sodlft, gis,

gme Ita, mer, rho zeolite topologesweresynthesizedFigure 1-4).1°0!
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Figure 1-4. ZIF with different zeolite topologies. The largest cagesdoh ZIF are
represented by ZnNetrahedra in blue and Cahh pink. The yellow balls placed in

the structure are to clearly show and indicate the spaces in the cage. H atoms have been
omitted [IM and IMtype links are shown in badindstick representation (C, black; N,

green; O, red; Clpink). Repri nted witRAASrERIMI.Eeoppni §hom
(2088)ence.

In addition to their similarities to zeolites, ZIFs also possess unique properties that set
them apart from traditional zeoliteSuch adarger specific surface area, flexible pore
size, and simple and diverse desif§#&3 ZIF consistof inorganicorganic framework

types and may contain metals such as zinc and cobalt as well -aset@ls such as
nitrogen, carbon, and hydrogehhey also demonstrate strong thermal and chemical
resistance inaqueoussolutions and exhibit excellent compatibility with organic
polymers®4 A variety of ZIFbased compounds have been prepared, such a8, ZIF

ZIF-67, ZIF95, Zn(MIm), Co(MIm),, etcl®>9%l These different ZIF materials have
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different physical and chemical properties and have different applications in different

fields[97-100]

1.2.3 SyntdodsiMOFmet hod

MOFs are usually formed biye sel-assembly of metal clusters anthanic Igand

under specific conditions. From this perspective, the process can be viewed as an
assembly of predefined elements rather than a traditional complete design process.
Therefore, different synthesis methods are crucial for MOFs because of the complex
pathwas by which they are produced and the need to control their properties. Even
starting from the same reaction mixture, using different synthesis methods will result
in different MOF structureshis variation results from several factors influencing the
synthesis process, including reaction conditioeactiontime, metal cluster to organic
ligand ratio, and external stimiP1°2 So far, there are many synthesis methods for
MOF materials, suchas | v e nt / h ysghthesis, mierowawssisted synthesis,
mechanochemical synthesidectrochemical synthesispnochemical methodstc!*°*

1051 Appropriate methods can be selected for synthesis according to different raw
materials and functional requirements. Thigesis summarizes some important
synthesis methods.

apol vent / hysdyrnathheesri nsa |

Among the various methods for synthesizing MOFs, the solvent/hydrothermal method
is the most common and conventional approach used for synthiesisolvothermal
method is to dissolve or mix metal salts and organic ligands in aprotic or protic organic
solvents, and theheatthe mixturein a hightemperature Teflomeactorto gethigh

quality single crystal§Figure 1-5).1061%1 Aprotic solvents commonly used to prepare
MOFs include DMF, diethyl formamide (DEF),-riethyl2-pyrrolidone (NMP),
dimethyl sulfoxide (DMSO), toluene, acetonitrile, eamd commonly used protic
solventsare ethanol, methanol, mixed solveft¥:11?l Hydrothermal methods are
similar to solvothermal methods in that water is used as the solvent instead of organic

solvents for the reaction. The nature of the solvent ansiytithesisonditions such as
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pH, surfactant, solubility of precursors, reaction time, atfect the growth of MOF
crystalgitts114]

This method has universal applicability in the synthesis of MEBFE."1 1t is easy to

use, simple to operate, and can obtain MOF materials with good crystallinity and large
specific surface ard&®'9 However,solventhydrothermaimethods also have some
limitations such as slow crystallization, low yielhd thehigh cost of the solvesiand

some organic ligand&% In addition, organic solvents are usually not friendly to the
environment. For example, lofigrm use of DMF can cause harm to the human
body2+122] Therefore,looking for green and environmentally friendly solvents to

replace toxic solvents to synthesize MOFs is the future development trend.

Water or

solvent
Solvent exchange

Self-assembly & washing
/0 N © Heating Heat/vacuum
\ ° / treatment
o
@ Metal salt == Organic ligand As-synthesized MOF structures

Figure 1-5. Solventhydrothermakynthesis of MOF structures.

b)Mi cr ccavaviest ed synthesi s

Microwaveassisted synthesis has been widely used in the rapid synthesis of
nanomaterials and has also been usdtarsynthesis of MOF&3124] Different from

the traditional solvothermal method, the energy used for the reaction in the microwave
assisted method is obtained in the fornmiérowave radiationRigure 1-6).1*25 Using

a microwave instead of a hesaiurce to heat the mixture solution, the molecular rotation
caused by the coupling of the electric field and molecular permanent dipole moment
can heat the liquid medium quickly and uniformly, and the heating efficiency is
higher!*2¢l Therefore, microwave synthesis can promote rapid nucleation and crystal
growth of MOF network clusters, significantly reducing the reaction time, which is only
a few minutegmin) to an hour(h).:?"121The use of microwavassisted synthesis of

MOF materials can produce MOnaterials with rich porous structures, smaller particle
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sizes, and easily controllable morpholodié$*3!l However, the synthesized MOF
crystals are of low quality are not suitable for fine structure analysis, and may require
the design of specialized microwave devices. It is worth noting that since microwave
synthesis uses the same reagents as solvothemntlagsis, it may have disadvantages

such as low yieldgpxic reagents, and high reaction temperatii&s.

Solvent exchange

AAAAANAA Dipole rotation & washing
AAAAANN ; ;
. Ionic conduction Heat/vacuum
Microwave
treatment
@ Metal salt = Organic ligand As-synthesized MOF structures

Figure 1-6. Microwaveassisted synthestd MOF structures.

c Mechanochemical synthesis

The mechanochemical method is a method that breaks intramolecular bonds by
applying external mechanical fordee(grinding), followed by chemical transformation

to generate the desired M&E331|n this method, solid reactants such as ligand powder
and metal salt are mainly added to a kégtergy ball mill or mortar. During the rolling

and rotating process of the mill ball, the solid reactant violently collides with the mill
ball, causing the povet to break repeatedly in a cold sweat at high temperatures
(Figure 1-7).113+1351Therefore, this method does not require the use of solvents, does
not produce any liquid waste after the reaction, and eliminateedmus treatment
process of later activatidté®! It is the most environmentally friendly preparation
method so far. It is especially suitable for mass production and lays the foundation for
the industrial preparation of MOF materials. In mechanochemical synthesis, since the
solid-solid reaction is carrgé out under grinding conditions, the quality of the

synthesized materials is not high and often contains more impidties.
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Mechamcal breakage of
intramolecular bond
Heat/vacuum
Chemical transformatlon of treatment

mechanically-stressed solids

Ball-mill grinder

MOF structures

@ Metal salt = Organic ligand

Figure 1-7. Mechanochemical synthesiEMOF structures.

d) Other methods

In addition to the above methodsylOFs synthesis methods also include
electrochemical methods. Electrochemical synthesis uses the principle of electrolysis
to convert a metal anode into metal ions and assemblessM@k an electrolyte
solution containing organic liganél$®13° This methodis fast, requiresow reaction
temperature, and the final product has no residual anions (sucH,aN@gl).[*4]
However, this method also has disadvantages such as dangerous reagents and high
equipment andnaintenance costs.

Furthermore it also includes less commonly used sonochemical methods, diffusion
methods,ionothermalmethods etc/*4*144l Different synthesis methods have their
advantages and disadvantages. Therefore, when preparing different types of MOF
materials, specific problems should be analyzed in detail and the appropriate synthesis

method should be reasonably selected.

1.3 Construction strategies for

Over the pasttwo decadessignificant efforts have been dedicated to designing and
synthesizing new MOF structures and exploring their various applications, some of
which are now commercially availadfé>4¢l However, MOFs in nanoparticle form
face challenges such as difficulty in recycling, poor processability, and clogging of
pipelines during use, limiting their practical applicati#8.To address these issues,
constructing MOF materialBsmacioscopic MOFmaterialds an effective solutioR*&

151l Compared to individual MOF nanoparticles, macroscopic M@ierialscan build
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a bridge between the nanoscale and meso/macroscale worlds, producing unique and
interesting properties.

Based on their morphology in different dimensions, the macroscopic M&eérials

can be classifiedinto e-d © me n $0D)partigléso nei me n $lD)mandiders,

t wooi me n s(2D) manhbranes, and h rdd ene n s(BD) mnacktructures
(Figure 1-8).[2%I Next, | will introduce the synthesis strategies for these different types

of macroscopic MOF materials.

Structuring of macroscopic MOF materials

0 D particle 1 D fiber 2 D membrane 3D macrostructure

Figure 1-8. The morphology of macrostructe®@OFsin different dimensions.

1.3.1 0D MOF particles

The size of OD nanostructures varies from a f@awometers to a hundred nanometers,
usually in the form of spheres, polyhedrons, ellipsoids, and quanturit®otsie most

direct and simple strategy to construct OD MOF materials is the macrostructure
template method, which involves using a-prsésting structure to guide the formation

of the desiredMOF morphology. This method introduces preformed macrostructure
templates into the reaction mixture solution dufh@Fs synthesis. In the second step,

the template material can be removed through an etching process to obtain a pure MOF
superstructurgFigure 1-9a).'531%61 For example, Shen et &’ demonstrated the
growth of ZIF8 MOF micro crystalona polystyrene nanosphere monolithic template.
Afterward, the polystyrene microspheres were removed through solvent extraction,

resulting in a single crystal with a directional and ordered large microporous structure.
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Compared to conventional polycrystalline hollow and disordered rmmaus ZIF8,
these hierarchical frameworks exhibit improved mass diffusion properties and a robust
singlecrystalline nature, which confer excellent catalytic activity and recyclability for

macromolecular reactions.

(@)
O MOF growth Template removal
EE——)
Template Template@MOF Pure MOF

(b) (c) % 9 MOF Crystal
Polymer/MOF > Polymer Matrix
) MOF growth ‘ solution =% > e
o 5%
) :::,0.%'.'.3:0
il IR
core m _____________ EAY

MOF core-shell structure Coagulation bath

Figure 1-9. Construcion of 0D MOF patrticles by (anacrostructure template method

(b) coreshell structureand(c) directly combined with macrscale carriers.

Coreshell structures are also often used to construct OD pEDficles(Figure 1-9b).

The preparation of corghell structures can give M@mkew physical and chemical
properties, thereby broadenidOF's performance and practical applicatids:16"]
There are many common ceshell structures, such as metal/noretal
nanoparticles@MOF, metal oxide nanoparticles@ MOF, MOF @MOH5&#€% The
combination of two MOFs was first reported Bginget all*®4l They first synthesized
ZIF-8 usinga conventional method and then used the synthesizeeBZ& a hard
template to uniformly grow ZIf67 on the outer surface of ZB They used this core
shell structure (ZIF-8@ZIF67) MOF as a carbon precursor and carbonized it in a
nitrogen atmosphere at 800 € to obtain a nanoporous carbon material with a unique
specific capacitance of 270 F'g

In addition, MOIFs can also be directly combined with ma@cale carriers to obtain
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0D MOF particles Figure 1-9c).[152165166] For exampleZhao et all®” reported a
general method to prepare MehRitosan composite beads throughsitu growth.
Chitosan/metal hydroxide (or metal oxide) beads were used as substraié®@For
immobilization, in which metal hydroxide or metal oxide was the precursor template
for MOF growth. Through the sefondensation of the corresponding metal hydroxides
or metal oxides in the organigindsolution MOFs wereprepared and stably fixed in
the chitosan substrat€he shape of the beads allows easy recycling of&thitosan

composites.
1.3.2 1D MOF fibers

The synthesis strategies for preparing Mdsed fibers mainly include direct
solvothermal growth, atomic layer depositiGhLD) metal oxide directional growth,

and layerby-layer(LbL) growth (Figure 1-10).

= >
T Metal salts
\ Organic ligands

Direct solvothermal
growth

ALD metal oxide
directional growth

Fi gu-t0eSyiInt hesi s diagrsam of 1D MOF fi ber
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Direct solvothermal growthMOF fibers can be grown directly on the fiber substrate
through the solvothermal method. Lu ef*&l successfully demonstrated the direct
solvothermal growth of thMIOF (UiO-66-NH2) on the surface of electrosppalymer
fibers. First, the tjand amino terephthalic acid (ATA) was electrospun with the
polymer solution and acted as anchors or nucleation points for MOF growth on
immersing theATA-containingpolymer fibers in an acetone solution of equimolar
zir cdreitum dardlpand AD A

ALD metal oxide directional growtfThis method conformally deposits a metal oxide
film (such asaluminum oxide(Al20s), zinc oxide(ZnO), or titanium dioxide(TiO2))

on the surface of the polymer fiber through ALD thatised further for the growth of
MOF 161701 For example, Zhao and -asworkers'’Y used ALD to deposit Al;O3
nanoscale coating on the nonwoven fiber mat, enabling the growth of HHUST
[Cuz(BTC)] on the AbOs coated fibers by a solvothermal metHgtKUST stands for
Hong Konguniversity ofscience andechnology. The resulting MOF crystals maintain
their functionality and adhere well to the fibers,®@d ALD coating improves the
macroscopic uniformity of the MOF and its coverage on the fiber surface. Compared
with MOFs grown on untreatgmlypropylengPP) fibers, MOFPP/ALD fibersexhibit
higher BrunauerEmmettTeller (BET) surface area, high MOF loading, and higher
adsorption capacity.ee et alt’? deposited a Ti@film (thickness approximately 20
nm) onPPfibers through ALD and selected ALD Ti@s a heterogeneous nucleation
site to generate ZAprased MOF fibers (PP@T¥@MOF). The overall MOF@fiber
adhesion and uniformity of the TiCALD layer enable these fibers to have good
detoxification activity againsthemical warfare agenf€WAs), and their catalytic
performance is 580 times higher than that of unmodified PP textiles.

LbL growth Different from direct solvothermal synthesis, lay®y-layer assembly
involves sequentially coating tHiker with a metal salt solution and géndsolution,
respectivelyDuring the precursor coating process, the substrate was rinsed with pure
solvent to remove any excess precurktsing the discontinuous MOF crystallization
process, the thickness can be precisely controlled. In additiorm#éti®d is carried

out under mild conditions and is suitable for lasgale productionMorsali and
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colleaguegeported a sonicatieassisted LbL method for growing HKUSIT on the
surface of silk fibers. First, the silk fibewere sequentiallynmersed in a metal salt
solution and an organic ligand solution in sequence, and ultrasound was used to
accelerate the growth reaction difll. Then, the crystallinity of the MOF was improved

by increasing the number of HKUST cycles of layeiby-layer coating on the silk
fiber.[173]

Li and colleagues graftedCOOH onto cotton fabricéCF) by carboxymethylatin,
providing coordination for Cu ions and pronrag MOF growth. After 10 layeby-

layer growth cycles, CUBT-®MOF grew in situ on th€F, evenly and densely covering

the surface of the GEOOH fiber, and presenting a regular octahedron structure. In
contrast, the pristine CF fiber surface showed only sparse and uneven MOF growth due
to the lack of active carboxymethyl groupghus, MOF nucleation may occur and
continue to grow on random defects in untreated fibers, resulting in a sparse and

irregular coating of CuBTC gstals{!"*

1.3.3 2D MOF membranes

Electrospinning technology is a versatile method for preparing thin fibers with
diameters ranging from2nanometers to several microns. In this method, a polymer
solution is continuously pulled out from a spinning nozzle in the form of nanofibers
under the application of a high volta@] These fibers are then continuously collected
on a collector in the form of a membrane in which fibers lay randomly onto each
other*®-1771 The method has also been used for making 2D NGIFmer membranes.
Currently, there are two main approaches to preparing NdOllymer fiber membranes
based on electrospinning: direct electrospinnjRggure 1-11a) and surface situ
growth (Figure 1-11b).

In the direct electrospinning method, a suspensioMOF particlesin a polymer
solution in an organic solvent is used for electrospinning. The most common polymers
used for this purpose are polyurethéia)), polystyrene (PS), polyacrylonitri{@®AN),
poly(vinyl pyrrolidone)(PVP), and poly(vinylidene fluoride) (PVDR)?8-17I
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Wang et al'8% synthesized a series of MOFs (UBB-NH_, ZIF-8, Mg-MOF-74, and
MOF-199) and incorporated them into PARS and PVP spinning solutions.
Nanofiber membranes were obtained by direct electrospinning and used for air filtration.
By controlling the particle size and morphology of different MOF crystals, a high
loading(up to60 wt%) was achieved in the polymer matrix without particle aggregation.
This method is suitable for preparing polymer membranes with all types of MOFs, and
the MOF loading in the fiber membranes can be accurately controlled by changing the
amount of MOE added.Since MOF particles are embedded in the polymeofilaer
membrane, the internal pores of the original MOF crystals are often covered by the
polymer matrix, which greatly limits thase of MOFs in most applicatiod$®!! In
addition, the method is restricted by a limited weight percentage loading o5 MOF
issues during electrospinning due to the increased viscosity of the spinning suspension,

and clogging of the spinning nozz/&%!

(a) @ MOF particles ! (©)
/ Polymer i
= i i Organic phase
RS ~ A
MOF and polymer | —( -
| __dissolveinsolvent  MOF/polymer membrane | MOF
] :Membrane
MOF e o , *T e
— — el | e i
L g ) ® .
1 :o; i Water phase
SR ' Organic ligands @ Metal salts
MOF/polymer membranei

Figure 1-11. Schematic of preparation @D MOF membraneby 1) electrospinning
(a) direct electrospinning (b) surface imsitu growth and 2) liquid-liquid interface

reaction(c).

The surface irsitu growth method can effectively overcome these shortcomings. In this
method, MOI aregrownin situ on the surface of the polymer fiber membrane. The

internal and surface pores of the original MOF patrticles are not covered by the polymer
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matrix, which can well retain the surface area, pores, and physical and chemical
properties of the MO& Zhao et alt®! successfully prepared electrospun PAN fiber
membranes (PAN@MH100(Fe)fiber membrangfrom HsBTC/PAN (HsBTCis 1, 3,
5-tricarboxylic acid precursor fiber membranes through electrospinning and
hydrothermal processes. In this work, they addedthanic ligand HBTC to the PAN
spinning solution and electrospun theBAIC/PAN precursor fiber membrane. Then the
fiber membrane was placed in the precursor solution of-MIQ(Fe) (an aqueous
solution containingron (111) chloride (FeCk) and BBTC for solvothermal reaction to
obtain the PAN@MIEL00(Fe) fiber membrane. It is worth noting that during the
spinning process, the addition o§BTC provides nucleation sites for the subsequent
in-situ growth of MIL-100(Fe) on the electrospun PAN fiber, allowitihg uniform
growth of MIL-100(Fe)on thesurface ofPAN fiber, the loading of MIL10O(Fe) is as

high as 58%. The fiber membrane has excellent removal efficiency for pollutants in
wastewater treatmerand alsoexhibits good recyclability and reusabilitwang and

his colleague$® reported a method for4isitu growth preparation of MOF filters. First,

the metal saltobalt(ll) acetylacetonatéCo(acac)) and PAN were dissolved in DMF

to form an electrospinning solution. After electrospinning, a Co(a€&IN fiber
membranavas obtainedvhich was then used for the in sguowth of ZIF-67. In this
case/ZIF-67 couldretain its morphology, structure, and accessibility omkeenbrane
Unfortunately, in the irsitu growth method, MOF nucleation may occur in the solvent
rather than on the surface of the preformed nanofiber membrane, thus causing waste of
precursors®l

2D MOF membrans can also be achieved ltlge interfacial growth method, which
typically occursat the interface of two solventBigure 1-11c). One solvent contains

the metal salt and the other solvent contains thanti According to adiffusion
mediated process, the metal and ligand will react at the interface of the solvent mixture

to form a MOF ultrathin filni1&]
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1. 3.4 3D cMOFuctures

3D MOF macroscopic materials aresamual ly c
3D matri(ki gwatdx i €rrthe 3D matrices commonly u
macroscopic MOF material sl ™ficlude sponge,

43D matrix carrier
©  (sponge, wood, foam, etc.)

~——>

MOF growth
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void spaces, open porous st-ouoO0&sPgLdmand v
The aut hor soaked t he prefabricated cel |
Co( D68 for 24 h. This solution was then mi
benzimidazole was dissolved, and all owed t
aer sgelported ZI1 F.

Il n addition, to Iimprove the adhesion and n
functional groups are usually generated on
functional groups can bgeascdo nhbhien erdo dwifti he dmestu
i's then subjected to solvother mal or hydr
Cheund'®%tedl a carbon nanotube (CNT) sponge
wal l ed nanotubes as a template to successHf
CNT@MQ@pmonge by growing MOF particles in si:i
t he CNT sponge i sgatfo rgsetn etrraetaet efdu mwcittiho nHaBNO g r
surface as coordina immwclse dteisqg AOf wyh kefowre ™il b g
bonds. Thterneatheed a@NTd sponge i s -8 otaok gd rifno rtnh
a solvothermal readi8i ampotng e old dasiegd artaC Bl @Z |
anhydride (MAH) to moG@8hd Tt herodiuceldosar dpc
onto tmreoiSdeosites for the nucleation of N
di spersed on t h-mmo dmaflieeidc caenlhlyudlroisdee s ponge

MOF@modi fied cell ul ose sponge ¢6MCB) gcomphbs

of Zr MOFs on modified cellulose sponges. |
water and di mensional stability when removi
water.

Il n my work, | used a 3D pol yanegemkeltwoofk <sho
electrospun fibers, for the in situ growth

1.4 Applicastions of MOF

MOFs are a new class of porous and crystalline materials developed in recent years,

formed by the selassembly of inorganic metal centers and orgégandsthrough
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coordination bonds. Their unique properties, including high permanent porosity, large
specific surface area, abundant active sites, multifunctional frameworks, and adjustable
pore sizes, make them excellent candidates for various applications, sucHyasscata
adsorption and separation, waperrification, energy storage, and other fielktf§:1%! In

the following sections, | describe the existing literature on the use of MOFs for catalysis
and water treatment applications. In my research, | utilized-sgathesized

macroscopic MOFs for these purposes.

1.4.1 Catalysis

A catalystrefers to a substance that can promote the reaction or speed up the reaction
rate during a chemical reaction, and its own physical and chemical properties remain
unchanged-%! Porous materials play an indispensable role in the field of catalysis.
Compared with traditional porous catalytic materials (zeolites, silica salts, molecular
sieves, activated carbon, etc.), MOFs are easy to syntteaizeave channels (pores)

or cages that allow the free flow of reactants and prodamdscatalytic sites with
different spatial distributions. MOFs can also be diversified in structure by carefully
selecting appropriate metal nodes and organic connectors. In additioretddeenters

and ligands of the MOF structurs are modified or substituted through post
modification methods to give them rich and diverse physical and chemical
propertied!®1%81 So far, MOF materials have been used in various reactions such as
cyanidation reactions, hydrogenation reactions of aromatic compounds, oxidation
reactions of hydrocarbons and alcohols, esterification reactions, coupling reactions, and
photocatalytic degdation reactiond?%201l

Huo and colleagues designed a porous anionic framework material to catalyze the
carboxyl cyclization reaction of propargyl alcolwath carbon dioxide €©O). It can be

used as an effective catalyst for the cyclization of propargyl alcohol withuB@er

mild, solventfree conditions, with a record turnover number (TON) of 14,400. It is
worth mentioning that this MOF catalyst also shows rare catalytic activity when using

biomacromolecule alkynone as a substrate. This is the first example of theausarof
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noble metal to directly catalyze the carboxyl cyclization of propargyl alcohil wi
CO..2% Chen et al. used a solvothermal synthesis method to constrasteh3D
photoactive ZAMIOF using carefully designed propellahaped trisg-carboxy
bipheny)amine (HRTCBA) ligands and ZsO clustes. This ZAMOF was utilizedas a
heterogeneous photocatalyBhe uniquelytwisted triphenylamine photosensitive units
and metal cluster quantum do#sthin the MOF channelnot only facilitate light-
induced charge separatioenablingoxygen activation and proton reduction but also
provide abundant ’ i nt er acstThephotoimdudece s ar our
electron transfeprocess between it and guest molecules promoteBGBA to show

good photocatalytic activity and stability in photocatalytic hydrogen production. In
addition the appropriate excited state potential and semicondlioproperties of
Zn-TCBA give ZnTCBA the ability to activate double oxygen and achieve efficient
photooxidation conversioA®!

Lee et al?® prepared a highly porous and stable dmde bifunctional metairganic
framework MIL-101 (MIL-NH,-SO;H) through direct solvothermal synthesis using
two mixed (NO,, -SO;H) terephthalate ¢jands. This framework exhibits excellent
performance in oneot tandemdeacetalizatiomitroaldol reactions.Zhou et al?%!
developed a new bifunctional MOF nanatalyst UiG66-OTf (OTf comes from
organic ligandrimethylsilyl triflate) through possynthetic modification. This catalyst

has enhanced Lewis acid sites and photoredox sites, and can effectively catalyze the
reduction of 2aryloxybenzaldehyde into flavonoids using ethanol as the reducing agent.
This is anew method that can efficiently synthesize flavonoids withexitessively

strongoxidants

1. 4.2 Wastewater treat ment

MOF materials have become a promising wastewater treatment material due to their
porosity, structural diversity, excellent chemical stability in water anattbase
solutions, and structural stability in a variety of organic solvents. §/&fe their

macroscopianaterials have excellent and efficient removal efficiency for a series of
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organic and inorganic pollutants such as heavy metals such as mercury, lead, chromium
or arsenic, organic dyes, antibacterial ageatsibiotics and persistent chemicals in
wastewatef?06-207]

For example, Nimbalkar et BP® synthesized lowcost UiO-66 MOF using 1,2,4,5
benzoic acid as an organic ligand by qo¢ hydrothermal method and used the
removal of methylene blue (MB) and heavy metals (lead and cadmium) from aqueous
solutions. The results show that the adsorption capacities of the MOF materials for
cadmium, leagandMB are 37 mg ¢, 100 mg §* and 169 mg ¢, respectivelyMIL -
102-AO (AO is amidoximg demonstrated excellent adsorption performance and
recyclability for Uranium(VI), with an initial adsorption capacitgxceeding 500 mg
g'tand retaining over 450 md‘gafter five cyclesln artificial seawater, in the presence

of competing metal ions, the selective adsorptadficiency for U(VI) es reaches
96%![2%% Li and his colleagues synthesized the MOF PZ22 (PCN is a porous
coordinationnetwork) using a solvothermal method. PEAR2, a porous coordination
network, effectively removes both anionic and cationic dyes from aqueous solutions.
In a single dye system, PCAR2 demonstrated a maximuemovalefficiency of 906

mg d  for the anionic dye MB and 589 mgtdor the cationic dye methyl orange (MO).
Notably, when MB and MO coexist in the solution, their adsorption capacities are
mutually enhanced by 36.8% (1239 mfd) and 73.5% (1022 mg''), respectively.
Additionally, during the removal process, neither the crystal structure ncentoval

capacity of PCN222 showed significant changes after eight cy&éléks.

1.5 Electrospinning

In my research, | utilized the electrospinning method as a toolfdoricating
macroscopic MOF structures. In this section, | provide a brief overview of the

electrospinning technique
1.5.1 Method of electrospinning

Electrospinning is a relatively robust and simple process that uses electrostatic forces
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to produce continuous fibers from polymer solutions or niéls.The basic
electrospinning equipment mainly includes a hightage power supply, a syringe
pump, a spinneret (usually a bleetided injection needle), and a collecenietal foil,

plate, disc, or drum¥*2-23l Before electrospinning, most polymers will be dissolved in
certain solvents (such as DMF, DMS@ichloromethang DCM), chloroform, etc.).

After complete dissolution, a polymer solution is formed, and then the polymer fluid is
introduced into the syringe for electrospinning. During the electrospinning process, the
polymer solution is extruded from the spinneret, produpergdant droplets under the
action of surface tension. After energization, the electrostatic repulsion between surface
charges of the same sign causes the droplets to form a Taylor cone, from which a
charged jet is ejectd#,*2%® Subsequently, the chard solution jet is ejected from the

tip of the Taylor coneln the space between the spinneret tip and the collector, the jet
undergoes an unstable and violent whipping motion and is stretched to a smaller
diameter. It is finally deposited in the form of solid fibers on a grounded collé&or.
Figure 1-13 provides a brief explanation of the electrospinning process. By adjusting
electrospinning solution parameters (viscosity/concentration, conductivity, molecular
weight of polymer, solvent selection), pess parameters (applied voltage, flow rate,
distance between spinneret and collector), and environmental parameters (temperature,
humidity), almost all soluble or fusible polymers, including various synthetic polymers
(such aspolylactic acid(PLA), PU, polyethylene(PE), copolymer poly(lactideo-
glycolic acid), etc.), natural polymers (such as collagen, chitosan, cellulose acetate, silk
protein, etc.) or a mixture of the two, and even proteins, nucleic acids, polysaccharides,

etc. can be used for elecspnningl?1”-22
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Figure 1-13. (a) Schematic diagram of the electrospinning processHigh-speed
photograph outlining the Taylor cone formation, depicting the linear segment of the
polymer jet, followed by the whipping jet region. (Ehe prototypical instantaneous
position of the jet path succeeding through the three sequential bending instabilities.

Reprinted with [p22Qdipysii griw fl/é®HE 2139 T .

1.5.2 Short electrospun fiber sponges

Thefiber diameters produced by electrospinning range inamto micrometes (um),

offering an extremely high specific surfaageato-volume ratio, adjustable porosity,
controllable nanofiber composition, and other advantageous charactéidticshas

been widely studied by researchers and used in various fields, including protective
clothing, filtration, biomedicine, nanocatalysis, defense and security, and
environmental engineeridéf>22! However, electrospun fibers are usually assembled
into 2D fiber membranes (thickness less than &61). It is difficult for fibers to
penetrate in the direction perpendicular to the deposition plane, and problems such as

poor resilience and easy peeling between fiber layers greatly affect its practical
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applications in many field$2! Comparedo 2D electrospun fiber membrane materials,
the interwoven and interconnected structurea@D fiber spongeorovidesa well-
connectedhetworkwith higher specific surface area and poro&#§ Constructing3D

fiber sponges is a significant challenge in expanding the practical applications of
electrospun fibers. To date, various methods, including hydrogel encapsulation, 3D
printing, gas foaming, and freedeying, have been developed for this purpége?d
Among these methods, the 3D fiber network structure, constructed by-tineag
homogeneous short electrospun fibers, is widely used due to its simplicity, convenience,
and controllable size and shape. Freg@eng is a dehydration process where the
frozen solvent sublimates directly from the solid phase to the gas phase under reduced
ambient pressuré*®2¥ |n this method, a homogeneous dispersion of short electrospun
fibers is first prepared by mechanically cutting long, continuous fiber membranes. The
resulting short fiber dispersion is then freelzeed to form a 3D fiber sponge. The size,
shape, and micstructure of the sponge can be tailored by adjusting the mold type and
freezedrying conditiond?®Yl The 3D hierarchical porous network struetendows the

fiber sponge with high porosity, making it highly effective in applications such as
seawater desalination, eilater separation, and supercapacitsfs?® The unique
structure of electrospun 3D fiber spongas effectively address challenges in MOF
processing, recycling difficulties, and agglomeration tendencienylresearch work

| demonstraté the fabrication of hierarchical porous MOF sponges usbiy
electrospurshort fiber sponges as carriers and successfipipfiedthem to activate

peroxymonosulfate for the degradation of organic pollutants in wastewater.
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in pe&riewed journals (ChemCat Chem, Advanc
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Overview
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Sectionc2as@&sproenpatrtaeg i oBDarMMODFusdebfgbl e,
hierarchical por ous zeol i6t79 i3 dvegaso h g e e
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mo d e | organiTbedgp@eomlRdbe Bs uni quef @gcialdietda tpeosr
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The concept of this work adMOFcsossebsel tihe | i
structures wused as catalysts, whearnrd t he s
resttrhiectavai l abil ity Tohfe cchothaadgt zeohbhcteve ms
organic f{ Z4#&6mMgwoekuuesnetdayas afloyrstacP M @t i ng
degr adep wlrigiatnBlctvistve rpr act i caflt eemp pHiindsdri eoch b
nanopdmtaimedl & he | eaching dfn ¢ db &l6twWoindanss Zd Fr
used as the core, ®©Ogmanded wi tyls tmedtdenreitea | OF d
was selected as the shell. This design mini
the actiThe smagesthiet |-cAMOBE( HOdH €04 Z6 K

referr el& Zcdaot ad sy st was prepared by a si mpl e
specific prepdrlatsithrimrgtyd o sBe@idntayn,oparticl es
were introduced into BhRietprachi corgr ®wk bt ioc
Fed ZBHF parTthiesleesp.arti dil €pe nassake titolmeen s ol ut i ¢
foll owed by the addition of a dimethylform
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FeOsnanopaft)i €IT@9 ,30xeZ-b F(e) HFZ. ThesoffTEM) i mag:
Feld ZBHF, g) and h) HFZ.
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Transmi ssion el ectron micr osc orpeyp r(elskeM)t ionfg
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diffraction patterns ofFe;O4, HOF, ZIF-67, andHFZ. (c) Hectrochemical impedance
spectroscopi¢EIS) analysisand (d) Tafel polarization curves dfiFZ and HOFon-
ZIF-67. (e) Magnetichysteresis loops oFeOs and HFZ Optical picture showing

magnetic separatioof HFZ using an external magnet

X-r ay di ffractifoour t e @ERBf oramdi nfr ar-leR) spect
confirmed the successful prepar a®dsaad of HF
HOF did not significant]! y-6 @dHitgeu3 at, 2e3 bcr y st
El ectrochemispealctirmmpedgpnyceg EI'S) reveal ed t ha
has a small er semioodIr-€€7 ,e icnodmpcaarteidn g ol oHWOeFr ¢
resi gEiagque@e 2Trhi s mitgohtt hbee adcuceel er ati on of
facilitated bys,.Tlhies addhanoeamerdt Fien el ectro
supported by Taf el pol arization curves, whe
HOF WI-&7 -r 27 V0 .ah&lV, | ¢d9 (eddtpi, ggaisti ng a f as
el ectron tr &nsflTehresreatresiuht BFdemons®t rate t}
significantly improves HFZ's electron trar
effective degradati on of organic pol | ut e
magnet omet er (VSM) tests confirmed that F

separatiolni mgpndofr etclye catal Fsgu-8pBi g externe
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(brhe removal of Rh B using differélnt syste
100 mL, 1.5t .mM EeHERjsability of HFZ activated PMS for

degradation of Rh Bd) TheXRD patterns of HFZfreshand after use

Using Rh B as a model, the catalytic poten
or ggmild utants was investigated. Adsorption
the catalyst showed that the HOFFBsBHet e has
2-4 @, effectively concentr at6i7ngc otrheee dwhe cohn |t
acceleratesAst shdwgrddhe i oemoval rate of RF
and PMS was MmM2,n4% .wi % hafnbelar By mi @0 %awidt hi n
Eveht ar 5 cycles, rtemai nedDb3halgthg atte 2Df

Importantl vy, $ihred i XRalh epatthtee ranr y st aemaitmauct ur
| ar gel y aufntcehpaenagifedddg Aedistel e monst haghngecys!| abi |
and s tAadMdiiltiitomal |y, the HOFI sbeb&al effentli ea
duringwanddéedncti vely -optutpkcad phasgla@BE S pectr ol
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detectdng4bmgpwbal t ion |l eaching after 5 cy
Il n conthusiwapkveditgmhe and experi ment al exe
cosbell MO K BE-atFad.J/yZ&aF1H or acPM8taot i hggr ade

organic pollutants, sucThh ea sc aotraglaynsi4c7 cdoynebsi,n e

with magmned itchdecore to emmEOBss@akthéattr on t |
camoncentrate organic contaminants on the s
t he r eaahbhalconi evaibngg arnadpeigdd g dat i ehf wct Bnbyghan
recycl(latb0% iRhy B degr addthidem wihtehtiphiHeOF @ crhii ro n
shell, the |l eaching concentafatteronb hoidy ccloebsa.l
research strategy offers @3hebhelcomppsiboteh:
materi al s entwiialh egmplications beywnrdk pol | u
demonstrated the effectivenessragmdi sudstyair

degradati on.
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2. Pe mp lasstse st ed PrepatandiomM@Fo2D Sel

Me mbr anes for Application in Casca

Yingyi h@hebthui Dang Ti mm, Rol and Mar schal
Templaaséested PrespamaiMOdgn 2dfmbSelnfes f or Appl
Cascade Reacti oh®G22 ChEean)a,t Ch2m2201040.

Specadntcri butions by authors

I n this pubynchesionsggr &IP&kr epo WHOF cat al yst
characsemplF@sR, ( aadr i edacebudts ealclat alsyt i c re
ChéaunDi @ nductmaa SSErMa mRDKe st i ngamm asewe | |
asdi sadushsce rdsulhted pedbdicimvi ng during MOF mi
prepamati ddrana PTioRon aanndd Mar schal | were resp
measur ement 0 farBE& TRmM@kwmmas Agar wal ,dedi gned,
super vi sed tohreg apnriazjeedc ta.l | the data and wr o

then reviewed and finalized by al/l aut hor s

Il n this wo-aksi at ¢ e ngpd tad befidours eeldes preparati o
di sfiumct i-ehah2d®M®Ef me mbUiaghes @Ha n d -6J&N BGh.

These MOFs wearee spyrne praersecdd afdruomand hZIrp@rli i t dhe

2sul fobenzenedi car boxsyal(itBDE@\ai)d amotin mvodi um
tereplatcif{ @8IDXCEY) r e s pecFtoirverhayki ng them in the

membr ane, -ad st smmgldapeoceddurdeidsi nEieguhbdat i
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25 First, the template polymer polyacryl oni
Next, the r esmdmhbrnagnes ewerreo spaumadS&@tiae& |l vy | mme
and -BB€ol utions containing acetic acid as
obtain PAN/ MOF composite membranes. Finall
removed through SoxhisetmanextinmgaMOIFo BEMPIraneis!
SEGH with a t Wil@k rce osfeedtdenr@ 4608NGwi t h a t hickne
of NBGBN, respectively.

I
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b A P el
L Vi o 8 >
In-situ growth -3 Soxhlet extraction >
Hv e N e
m @ . H,0 + CH,COOH S i Nty
\ g
3 — s
PAN/ZrCl; membrane PAN/UiO-66-X membranes UiO-66-SO;H/-NH,
(-X=-SO;H,-NH,) membranes
SOsNa NH,
120°C, 24 h 120°C, 24 h
ZiCly + HOOC—< E}—COOH T zZrCly + HOOC—-< i}-COOH "H,0 + CH.COOH
4 H,0 + CH;COOH SOH 3 4 H,0 + CH3COOH NH,
Ui0-66-SOH UiO-66-NH,

Fi gubdheempdsatiest edt proeakeducatacdd2D M@ OB el f
membr InO®BSEH and6@®DHOt op) and the reaction s
corresponding MOFs (bottom).

SEM character iFz gu-6,enr2e vsehaolwend itnhat t he MOFs
on and fully enveloped the PAN fibers. Once
fibers maintained the randomlybludi ¢ hotwreuwlct

a holl ow structur e.
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Fi gub6&S&ERM mor ph@) o dAMNEBRUIGHQDb PAN/ BHiaOH, (c )
Ui -6 GH,(d) 46 iaNd3, Csessional SEM(eino B0 | ogy
SEH,(f) -@8NGme mbr anes.

Addi ti omhi hgd wiat haenXdRIBRT anal ysi s met hods, t
prepar ateisaMOddt r uct wroemd | W ag R7af b)7. T-he N
physical adsorption iIisotherm provides the
area of t hseespgfawmdie rm ga Md F a mme sbFo egn2ere@d) .

Using BET (Brunauer Emmet Tell er) model C C
mi croporous materials, memér gpes&ii c330lr f ac
m’gl WeeH: 8&d!) mwas calculated to be signif
the powde(rUit@mpl e5’lgl, m Wbie®GH: 53 m Thi s
reducsubphace area can be explained by a par
surface ten6bomavbéerithk Ur@Pstals, which can

widening reflectsed in the XRD pattern
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The fiber maebrapsheon atgiydamds mbdul ari ty of t he
enabl e it sstuespe cians caadtewa eacsomet twiindhi ny mi cse
chall enging due to the mutual i n-Aambvati on
t ype slcie moasgiod .-sttemo r eld0-6 S@Hme mier anes cat al yz
the conversion of benzal de hwhHidl he@ i-60& tOhy | ace
NB membr anenul t acaba&sbktyhyee Knoevenagel conden
benzal dehyde with different active met hyl et
cyanoacetat e arnRi gdu-BaptTHel smgalnemzt ¢ at ed exce
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aproducaD9.iM¥%rde avheeed f a nde mlpshoem t he catal y:

all owasfyowaercd viegtt varso no si gmiaftiad gnnti cl @$$ i c|

after (F5 gcuyBopl e€2s
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Fi g u-8e OPepot cascade reactionatalyzedoy acid and basefunctionalized

2D seltstanding MOF membrang®) Recyclingperformance.

Il n summary, t hi 8 e wped kg iesstteadb | fi ssthréiscraatsieolnf pr
g an®DMOF membThenemembr ane showed excell eni
achi awi ntgo 99. 9 % -pyite lcda sicra tha ILTamreb c )it iygm d (

mai ntained its eff iThiremseyreven egpfrteeasre pliss cay c
t owdrhcdeevel opmentise -soafzemacMOdF membr anes as

catal ysts.
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2.3 Sustainable HierarchOcgahiyc Pol
Framework Sponge as a Heterogeneo

Filter for Degradation of Organic

Colll) gy fjf
. / | | | PMS

PI/PAN@ZIF-67 Co(IN) ‘OH + SO,
< [V
: ‘ T o 4
g o k‘Af ;‘b\k,
H—io N k; aa T d «
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water Co, ¥

Rh B

Yi ngyi,nggheDidujSeximag AgaSusatlai nabl e Hi erarch
Reusabl-@r gveentiacdc Fr amewor k Sponge as a Hetero
Filter for Degradation of Organic Dyes. Ad\
20253 2B00218.

Specific contributions by authors

Th@oncepts awdar ¢ ecohyrciReisof ed Se&€dmar hAig a rDw anlg.
and | dtbei grxeedri ment sPr.bSfeedaau iviprade p ame dvi t h
andhar actthe@li&Zze powder , Pl / PAN sgdngep,0ongred P
and cofdluRatned mpr essi on expewkilnmedngies degr ada
exper iQmedoniDs cgonduct mdasSEMamdEREsesti ng on th

sampl esanalyzed the experiment &k oSkkaetma and

Agardviagscussed the experiment al scheme and |
final ma agiosnepr lieptted wi th -abehbebp of all t he
This study introduces a simple and scal abl
porous zeolitic 1 miédgzoldmtxepofnrgaense woy k g rl Zw il

77


https://onlinelibrary.wiley.com/authored-by/Du/Yingying
https://onlinelibrary.wiley.com/authored-by/Ding/Chenhui
https://onlinelibrary.wiley.com/authored-by/Agarwal/Seema

2 . Aim and Overview of t he Th

t e
cu
Th
w h

s h

s p
L =
di
Pl
pr
gr
67
gr
cr

t e

mpl ate electrospun short fiber networks.
tting of-wpwdry meirberon prepared by electro
ese fibers are then dispersed in water/o
hcis-dimde zer eate a 3D porous sponge with

ort fiber sponges serve as a matrix for

key challenge in this work was achievin
onge with strong adhesion between the po
owt h offr eae ,d edfcerctti nuous MOF | ayer on the s
perniame o n, a reproduci bl e procedure was ¢
ort pol ymer fibers, a pol ymer binder, ar
ekrzieed to create a stable template spong
ecifionppepaesa$iigu-9.«hRoMnyiimi de (Pl ) short
NB3xm), polymer binde)6@BPAN),e aidpEocNad
met hyl sul foxiddr (IDMBEO) o ahdr mhraezZeneycao
| PA°Nd ICionge. Th%¥spPdddPANI Ben was i-Gnimer sed
ecur sor sg¢ol 6681 ande(tehoy(INOniMed 2ml)e -@ah d Z 1 F
ows in situ on the surface of the templ at
was deter mi ned batsheed PInf & phdbeh gea sé tcehra nZyleF
owth. A |l oading capacity of wup to 72 wt%
eatetanseling, mechanically stable 3D MOF

mpl ates were unsuccessful

C02+

PI short fibers

PAN as binder

;

Fi
Co

r > Freeze-drying 2-Melm ¢ ; In-situ growth

,1

PI/PAN@Co?* sponge PI/PAN@ZIF-67 sponge

gur9% Pr2eparati on of 67 hesp®idc@ANGZI Fr om
( D6.B; -MB | m-mest hay | i . mi dazol e

/8



2 . Aim and Overview of t he Th

SEM analysis of67t hsepbhig/eBANMQ@Y |1IF0cveal s t hat
surface of the Pl short fibers6ivspaompteesl
The in situb@rowtthhefPIZIsFhort fibers ensur
t he-6Zl Btructure are weldn ptrestes vefd: -t lKCeg cPIi/c

67 sponge indicate that it has good mechani

of 28. 1 kPa under 50% strain and a height r
cycFegag@te.

254

cycle 1

cycle 100
cycle 200
cycle 300

20

Compressive stress (kPa)

T T T
0 10 20 30 40 50

Compressive strain (%)

Figuil®d( &)he phot o of67PIs pPANNgEE M ( ibsmafg e

Pl / PAN®ZI §pofRygel i Edy ompgtersasiinec srtwvessat 509
PI/ PAN®ZI §ponge.

The nanoports, otfha hnei cZridFpo#d e s kleelt Wwe ers htolme ¢
and the regul ar honeycomb macropwirtls of t
multilevel andmihcro@atobrcdarc abe macsed as a cat e
act iPWeStee degrade omRgaB) capod!| mbdgli-isip ¢2 1 ut an
shows t he degusadnagt i emeonf &&otdBhey tRIlc/ BAN@Zel nks .
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67 sponge/ PMS system, the degradation rate
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Abstract

Zeolite imidazole-based framework (Z1F-67), a notable class of metal-organic frameworks
(MOFs), shows promise in activating peroxymonosulfate (PMS) for pollutant degradation due
to its uniformly distributed cobalt ions. However, its nanoparticle form and the leaching of
cobalt ions during use result in complex recyclability and the risk of secondary pollution. In
this study, a magnetic core-shell hydrogen-bonded organic framework (HOF) on the MOF
(HOF-on-Fe;04/ZIF-67) was successtully prepared. The porous HOF shell not only protects
the active sites and mitigates cobalt ion leaching but also reduces mass transfer limitations,
ensuring sustained catalytic performance. The magnetic FezO4 core enhances electron transfer
between cobalt ions, boosts catalytic efficiency, and facilitates easy separation and recycling.

This present core-shell structure effectively activates PMS, achieving 100% removal of
Rhodamine B, a model waste water dye within 10 minutes. Furthermore, under the protection
of the HOF shell, cobalt ion leaching is minimized to a negligible value (0.14 mg L") afier five
cycles of use. This research offers new insights into the development of core-shell composite

materials with improved performance and recyclability.
1
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1. Introduction

The sulfate radical-advanced oxidation process (SR-AOP) can effectively decompose highly
toxic and refractory organic contaminants into low-toxicity small molecules, inorganic salts,
water, and carbon dioxide, positioning it as one of the most promising technologies for
wastewater treatment.!] Compared to hydroxyl radicals (- OH), sulfate radicals (SO4') exhibit
a higher redox potential (2.5 ~ 3.1V), a wider pH range (3 - 9), longer stability, and superior
reaction selectivity.?] Sulfate radicals are typically generated through the activation of
persulfate (PS, $:0s%7) or peroxymonosulfate (PMS, HSOs7).®! Due to its asymmetric
molecular structure, PMS is more easily activated than PS and is environmentally friendly,
making it widely used in industry.*! Transition metal ions (Cu®*, Ni**, Fe?*, Co®" and Mn®),
metal oxides (Co304, Fes(a, Mn3O4) ultrasound, ultraviolet irradiation, and electrochemistry
methods are employed to activate PMS.F] Among them, cobalt-based catalysts (especially
Co?*) are thermodynamically more favorable for combining with HSOs™ having lower Gibbs
free energy values, and are considered the most ideal PMS activators.[¢]

The zeolite-like imidazole framework (ZIF-67), a significant subclass of metal-organic
frameworks (MOFs), is constructed using cobalt as the metal source and 2-methylimidazole (2-
MelM) as the organic ligand. This framework features an abundance of divalent cobalt species
uniformly dispersed throughout, high porosity, and excellent chemical stability, attributes that
have attracted considerable scholarly attention.[") Studies have demonstrated that ZIF-based
catalysts can effectively activate PMS to degrade organic pollutants, highlighting their potential
as promising cobalt-based catalysts.®) However, the practical application of ZIF-67 in PMS
activation is impeded by its nanoparticle form, which complicates recyclability. Additionally,
the leaching of cobalt ions during use raises concerns about secondary pollution and poses risks
to both the ecosystem and human health. [* Therefore, it is imperative to design catalysts that
enhance both service life and stability to address these issues.

To overcome these challenges, the development of core-shell composite materials has proven
to be highly effective. For instance, Wu et al. created a FesO4(@7Zn/Co-ZIFs core-shell structure
and achieved 100% removal of carbamazepine (5 mg L.™!) within 30 minutes.!'%! Similarly, Wan
et al. synthesized a core-hetero shell magnetic composite material, ZIF-67/vanadium titanium
magnetite (VTM), which effectively activated PMS and achieved a 93.3% removal rate of
levofloxacin within 60 minutes.!!

However, in traditional core-shell structures, the shell usually does not participate in the
reaction and primarily serves a protective role. This limits the full potential of the core-shell

structure. Furthermore, the shell coating can hinder the exposure of active sites, leading to

2
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reduced catalytic performance. Consequently, selecting appropriate shell materials is crucial to
enhance both the protective function and the catalytic activity.

Hydrogen-bonded organic frameworks (HOFs) have emerged as a promising class of crystalline
materials, attracting widespread attention from scholars due to their well-defined structures and
multifunctional properties.I'] Notably, HOF-102 demonstrates excellent stability and chemical
resistance, with its porosity facilitating the enrichment of dyes.['*! This characteristic enables
dye aggregation on the catalyst surface, effectively shortening the degradation path and
accelerating the breakdown of organic pollutants. Consequently, HOF is considered an
excellent choice for shell materials. However, to our knowledge, there are currently no literature
reports evaluating HOF-on-MOF materials in SR-AOP.

In this study, we developed a magnetic HOF-on-MOF-type core-shell catalyst (HOF-on-
FesOu/ZIF-67, referred to as HFZ) using ZIF-67 as the core incorporated with magnetic FesOa.
The inclusion of Fe;OQs enhances electron transfer between cobalt ions, thereby improving
catalytic performance and facilitating the quick and easy separation and recovery of the catalyst
after use. The porous HOF shell minimizes mass transfer limitations and protects the active
sites, effectively reducing the leaching of cobalt ions during use while maintaining strong
catalytic performance. This unique core-shell structure makes it an ideal catalyst for PMS
activation. The catalyst efficiently activated PMS, achieving 100% removal of a model dye
(Rhodamine B, Rh B) within 10 minutes, and demonstrated effective degradation across a wide
pH range (3 - 9) with minimal Co ion leaching (0.14 mg L! after five cycles). This research
strategy not only broadens the application of HOF materials in water treatment but also provides

new insights into the preparation of core-shell composite materials for use in SR-AOP.

88



4 . Publications

WILEY-VCH

2. Results and discussion
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Figure 1. a) Synthetic strategy scheme for the preparation of HFZ. The SEM images of b) Fe;O4
nanoparticles, ¢) ZIF-67, d) Fe;04/ZIF-67, ¢) HFZ. The TEM images of f) FesO4/ZIF-67, g)
and h) HFZ. i) EDS elemental mapping images of HFZ.

The preparation strategy for the HFZ is illustrated in Figure 1a. Initially, Fe3O4 nanoparticles
were introduced into the precursor solution of ZIF-67 to achieve in-situ growth of Fe3O4/ZIF-
67 particles. Next, these Fe3O4/Z1F-67 particles were dispersed in an acetone solution, to which
a dimethylformamide (DMF) solution of the HOF precursor was added dropwise and stirred
overnight. The final HFZ particles were then collected using a magnetic. The morphology and
particle size of the materials were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Fe3;O4 nanoparticles maintain a consistent spherical

shape with a particle size of 23.8+1.92 nm (Figure 1b). ZIF-67 exhibits a typical rhombohedral

dodecahedron structure with a particle size of approximately 823+75 nm (Figure 1c).!"*] The
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average diameter of FesOy nanoparticles and Z1F-67 were calculated with Imagel software by
randomly selecting 100 positions of particles in SEM images. HOF showed a rod-like structure
(Figure S1). The overall morphology of the synthesized Fe;O4/ZIF-67 (Figure 1d) maintains
the rhombohedral dodecahedron shape, with numerous FezO4 nanoparticles distributed on the
surface and within the bulk of the ZIF-67 particles. The TEM image of Fe3O4/ZIF-67 (Figure
1f) confirms the presence of Fe;04 within the ZIF-67 core. The surface of the HFZ particles is
distinctly covered by the HOF coating while preserving the rhombohedral dodecahedron shape
(Figure 1e). TEM images of HFZ (Figure 1g) reveal two distinct regions: a darker core,
representing the Fe;O4/ZIF-67, surrounded by lighter regions indicating the HOF coating. The
enlarged TEM image (Figure 1h) clearly shows an interfacial layer of rough HOF shell around
the Fe304/ZIF-67 core, with a shell thickness of approximately 44 nm. Overall, the SEM and
TEM images confirm the successful synthesis of the magnetic HFZ core-shell structure.
Additionally, x-ray energy dispersive spectroscopy (EDS) elemental mapping of individual
HFZ particles demonstrates the presence of C, N, O, Fe, and Co elements in the core-shell
particles (Figure 1i).

The x-ray diffraction (XRD) patterns of Fe3OQ4, HOF, ZIF-67, and HFZ are shown in Figure
2a. In the XRD pattern of HFZ, 2 theta corresponds to the (1 0 0) crystal plane at 3.6°, which
belongs to the characteristic diffraction peak of HOF.!'* 7.4°, 10.5°, 12.9°, 14.8°, 16.6° and
18.2° correspond to the (0 11), (00 2), (11 2),(02 2), (0 1 3) and (2 2 2) crystal planes, which
are highly consistent with the ZIF-67 crystal.l'®) And 30.5°, 35.6°, 43.6°, 57.5°, and 62.8° are
attributed to (22 0),(3 1 1), (4 00), (5 1 1) and (4 4 0) crystal planes, which are highly matched
with the characteristic diffraction peaks of Fe304 nanoparticles.'”) These results confirmed the
successful preparation of HFZ, and the addition of Fes(O4 and HOF had no significant effect on
the crystal structure of ZIF-67.

Fourier transform infrared spectroscopy (FT-IR) was employed for structural analysis ( Figure
2b). The peak at 625 cm™ corresponds to the Fe-O bond, and the peak at 574 cm™! is associated
with Fe;Ou, aligning well with the literature.['¥] The peak at 425 em™! is attributed to the
stretching vibration of Co-N in the ZIF-67 crystal, while the peaks at 1418 em™ and 1580 cm™!
correspond to the stretching modes of the C-N bond in imidazole.'"®! These characteristic peaks

observed in the FT-IR spectra of HFZ confirm the successful synthesis of HFZ.
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Figure 2. a) The XRD patterns of FesO4, HOF, ZIF-67, and HFZ. b) The FT-IR spectra of
Fe304, HOF, ZIF-67 and HFZ. ¢) Electrochemical impedance spectroscopic (EIS) analysis and
d) Tafel polarization curves of HFZ and HOF-on-ZIF-67. ) Magnetic hysteresis loops of Fe;O4

and HFZ. And HFZ has excellent magnetic separation using an external magnet (30 s).

The electrochemical impedance spectroscopic (EIS) analysis of HOF and HOF-on-ZIF-67
revealed that the Nyquist plot for HFZ shows a smaller semicircle compared to HOF-on-ZIF-
67 (Figure 2¢). This indicates that HFZ has arelatively lower charge transfer resistance, which
can be attributed to the accelerated charge transfer facilitated by the inclusion of Fe304.2% The

Tafel polarization curve analysis further supports this observation (Figure 2d). The free

6
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corrosion potentials for HFZ and HOF-on-ZIF-67 are -0.27 V and -0.18 V. This suggests a
faster electron transfer rate for HFZ compared to HOF-on-ZIF-67. These results indicate that
the addition of FesOy significantly enhances the electron transfer ability of HFZ which would
be beneficial for the rapid and effective degradation of organic pollutants.

Additionally, magnetic properties were evaluated using a vibrating sample magnetometer
(VSM) (Figure 2e¢). The saturation magnetization (Ms) values for Fe;04 nanoparticles and HFZ
were 50.3 emu g! and 27.6 emu g!, respectively. The decrease in magnetic strength for HFZ
is primarily due to the ZIF-67 and HOF coatings. Nonetheless, the strong magnetic response of
HFZ allows for easy separation using an external magnet, facilitating the collection, recycling,
and reuse of the catalyst.

As arefractory organic pollutant, Rhodamine B (Rh B) released into water can cause cancer in
humans, pollute water and soil, and harm the ecosystem. Therefore, in our study, Rh B was
chosen as a model organic contaminant to evaluate the performance of HFZ as a catalyst to
activate PMS. Before the actual experiment of evaluating catalytic performance, the dye
enrichment effect of the individual components of the core-shell structure was conducted
(Figure 82). The results showed that the adsorption capacities of FesO4 nanoparticles and ZIF-
67 for Rh B were low, with maximum adsorption capacities of 1.5 mg g™ and 14.3 mg g%,
respectively. This low adsorption is likely due to the large molecular structure of Rh B, resulting
in minimal interaction with the surfaces of these materials. In contrast, HOF exhibited a high
adsorption capacity for Rh B, with a maximum value of 265.3 mg g™!. This high capacity can
be attributed to the high porosity and porous structure of HOF.['*] These results suggest that the
HOF shell in the composite material effectively enriches the dye, concentrating Rh B which
might be promising for dye degradation. Next, the Rh B removal efficiencies of different
systems were evaluated and the results are illustrated in Figure 3a. Fe;O4 and ZIF-67 alone
exhibited negligible removal efficiencies (1.6% and 3.1%, respectively). The HFZ system,
however, achieved a 12.6% reduction in Rh B within 20 minutes. This reduction is likely due
to the adsorption of Rh B on the HOF shell of HEZ, as HOF alone also demonstrated significant
adsorption of Rh B. The removal efficiency of Rh B with PMS alone was only 8.6%, indicating
that PMS alone cannot be spontaneously activated to produce free radicals effectively. In the
Fe304 and PMS system, 14.2% of Rh B was removed, suggesting that FesO4 alone has limited
ability to activate PMS.

In contrast, the HFZ together with PMS removed 72.4% of Rh B within 1 minute, with the
removal efficiency reaching up to 97.5% after 3 minutes of reaction and nearly complete

removal within 10 minutes. This demonstrates that HFZ serves as an efficient catalyst for PMS

7
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