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Summary/ Zusammenf assung

Summar 'y

Over t he pasor glerciade f r annmd @wd r k s ( MOF s) an

frameworks (COFs) have undeni ablrete maid qae d

materi al s, demonstrating considerable pot
chemical engineering, biomedical engineeri |
nature and processing challenges associat e

i mpeedt heir prasMyceowbarmpptocdevehop met hods
reticul ar COMPFE s | msttca nsle \dfg me t svioo n a | -(2D) an
di mensi onal ( 3h)p emamorngrees eddiffednmia hgr i al s

with hierarchical porous structures, me c h ¢
t herexpectwn otcdk new possibil stMoasofer, th:
recoveri ngafftreameusstshhsdi ng membranes and spo
as powdebe m®mbpaealedfhiamgirgettte¢y cl i ng efficiency
effectiveness, makinfortfTheemdroe esud-thaei nskel d
standing MOF and COF objects in water puri
recyclability possibility in a collaborati:
Il nitially, my efforts wassifoeudsepd oersdevio
porou-sfasdl hg COFThe mhatam®dz @«d ect rospun po
membr ane as a sacrificiimlt he nfpilaagjee owtheed e @A
I n the second step thestemoplat dyelsodtvread p e
t ® ealvaer ge di me n sg toaan dpionrgo waetnsberlefinge smade n | y

COF These COF nmdngbhr acrrefssatrbaped B anciet yag®a (1153
and notable mechanical stability and f1l ex
withstand bendi nBuiolvdeirngl 0o, n0 OtOh itsi mpersaundwor |
adapted to fabricate fathzndiompal MORbmamltr ame

effectiveness of functionadpoMOEamemideanesc
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over mul tiple cycles has been demonstrate
coll eague, Ms. Yingying Du

The i nnovative as-pest stoefd tfhriasmetve mg |l astyent |
i mmobilizi MOFO®Okkre coimpbhents on the templ ate
me mbr anmisxiibtyy i nt o the el ectrospionfnitnige sol t
el ectrospumn o meéierMoEEO&ENddcomponent under ap
conditiemngu tthamemwor k growt hCombt hengempt h
framework components from the start wi t h
solution,elfedt roovemisieng unegasth astod ipdol ymer i zat i c
el ectrospun tempdray et alrleismueé tgar o ns aomg@ani c
This framework was wutil i zuepdt ebkye Parmd .g a&Ss nskeepr
anal ys/idand@Q@H. ThweptCalke was recd(@edCat 3.
1 bar) o Gé éhe€tOi vity approximately 20 (0 A¢
S3hperddonges, with their hierarchical poro
pore volume compared to 2D membranes, enhail
in achieving a pmeafohaame (WdOlkl/ ySOFEd)ragd ,e t hi s wo
successfully developed a composi tsei tsuponge.
growth of (MO&mh&wmdrnak sl i ghtcwedil ghstk,e Inegiden s p on
from polyimide (Pl )uséalnagc tprod syp uanc rsyhhoorati tfrii b e
work al so demoasdrraecgtlitthlreuéti ypdryges as ac
filters, exemplified by the removal of org;
The resul ts are pelvliiewkraed jiouwr Adiven cpeede If 0|
Functional 20Malt 81 ({ 4D}, ChamCas @wem, 14(22) ,
e20220MiOc4rOoporous and MzG2DR29uAdNVMEEEBd al s,
Functi onaPORRa3t0e9r9i3d8tsanced Energy and Susta
20223300218.
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Zusammenfassung

'ber das |l etzte Jahrzehnt hi nweg haben sic
( MOFs) und kovalente organische Gerg¢gstver bi
Kl asse fortschrittlicher net derttrizgerrt | Mah e
Potenzi al I n Umwel t wi ssenschaften, Energ
Bi omedi zintechni k und anderen Bereichen ge:
Natur und die Verar bei tunngds hNeQRFawesrfrorearelr ailmlgice
ithe praktische Anwendung. Mei ne Arbeit ziel
von netzartigen MOFs wund COFs zu selbsttr
dreidi mensionalen (3D) Membr anen und offer
Diese sel batéeragkendenmMt hierarchisch por?®
Stabilit?at und funktionalen Eigenschaften
Anwendungen erschlieCen. Dar ¢ber hi naus

Ger ¢stverbindungen naclsel bhs etrr avgeeanwkeen d Ma b

Schw? mme, anstatt al s Pul ver, effizienter
Kosteneffektiwvit?at verbessern, was Ssie zu
macht . Daher wird I n einer knodoupnegr atd e v e n

sel bsttr ageardd e ODFMA&R e i n der Wasseraufberei
der M°glichkeit der Wi ederverwertbarkeit g

Zun2chst |l ag der Fokus mei ner Bem¢ghunge
templ ateunterstg¢tzten Prozesses Zur Her st
Me mbr anen. Di e Met hode nut zt ei ne el ektr

opferhaften Vorlagengerpemraehmeern &Schrdéemn
einem zweiten Schritt wi r d das Vor |l agen
L°sungsmittelextraktion entfernt, um grogC
Membr anen vollstandig ausM&EObhe @muweii ndrerdiarse
hohe Kristallinit?at, edneumd oEen®©bbemk? Ebe
mechani sche Stabilit?2t und Flexibilit?2t au

10. M@0 gebogen zu werden. Aufbauend auf di
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angepasst, um funktionale (saMembruannde nbasi
herzustell en. Di e Wi rkdembeiathn evno ral fsu Klatt iad ry
fer -TEBEKmskadenreakti onen cber mehrere Zy
Zusammenarbeit miegmei ReaulL¥¥bogkiong Du de m
Das innovative Mer kmal di eSsyenrt hteesmep Ibaetsd Lertte
eines derKovm@pFdnCeOFft en auf den el ektrogespon
zu i mmobilisieren, indem es in die Elektro:
der el ekhkneogeas pMembr an auf -Koime o zevreti ¢ e u rMtOd
geeigneten BedingunhgeRabemginwat hdas mi muf de
die Kombination beider Rahmenkomponenten v
Pol ymerl ®°sung, gef ol gtungvonundderansEklhd ki terCc
Feststoffpolymerisation auf der el-ektroge
kristallines por°ses organisches Pol ymerge
von Prof. SAnkemahmhegr ulCdD Gasabsikclendlungsan
CQ/ CH genut zAuf mateme&€Owur de'( mi AC3, @ mmp) gem
mit eipnelCOKti vitat von etwa 20 (0 AcC, 1 |
3D offenzellige Schw2mme bieten aufgrund i
h°here Porosit2t und PoMeemmbvrod nuenme nu ndn Werr lgd <
den Stofftransport. Trotz der Herausforder
Rahmen/ C@B&Fhwamm zu erreichen, wurde in di
Ver bundschwamm ent wi ¢ k e-$ t-Waichni setsu nw uvrodne QGleurr ¢Cs
( MOF/ COF) auf ei nem |l ei cht en, of fenze
el ektrogesponnenen kurwemdBobhyivimind fPad grarc r iy
Bindemittel erreicht. Diese Arbeit zeigt a
di eser Schw2mme als Adsorbentien und Filt
organi scher Farbstoffe aus Wasser.

Die Ergebnisse-revnewed Zegintf scphereirf ten wie
Advanced Functional Materials, 2021, 31(49)
e202201040; Mi croporous and Mesoporous Mat
Functi orniadl sMat2023, 2309938; Advanced Ener
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2023, 2300218.
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1. | ntroducti on

1l ntroducti on

1.1 Motivation

Il n recent decades, t he rapid eacnodn ognys thaaisn e
intensified soci al concerns about energy s
causing many scientists in academia and i n
wor |l d, especi all®yAnpoonrgo utsh gnsaetzelrliianes por ous

framewor k material s const r ucrmetaarl gtahnriocu g h
frameworks (MOFs) and covalent organic fran
Their swift advancement has broadened the
appaltiicons ,ass uscehp aarsa tgli ®/n saehrti§losrosor @a@lid®2¢ t r oni c s
catalYd siesnvironment4dPl meé menkidatciad ¥’ &@mayi neer i

enekblFY

MOF s are composed of orognasniccl ukit ek er st ha o d

coordination bonds, while COF are formed b
bonds. Compared with traditional por ous mé
surface areas, hi gh porosi tky,stdacxcitqmrealsl. e Da

sevdraalouprabwpser tMIO&s and COFsdiameensuoumal | y( 1d&
mi cro/ nano powders synthesized through sol
in the common organi@reoésentandndrhecatrfyc
practical applications. Therefore, in ord
materi al s I n real i f e, it i s necessary
mechani cal |-yt asntdaibnlge , mosneolIfi t hi ¢ MOF- and COl
di menlsi on(a D) fil ms/ membrdainmesnsi amall t(h3 L
aerogel s/ spétHfesésfoamseshe aim dhemyanrmriesesr
di mensionality COFs and MOFs would be high
(Fi gule 1
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FigurlelD,1 23 DarMdlOF and COFtmatrerapbéti aatdi o

demonstrated.

The v
MOF a
| b he
appl i
chall
and i

nanof

Retic
Ainkt k
mol ec
hi ghl
desig

frame

ersatile method of electrospinning 1is
nd COF porous membranes and 3D MOF an.
foll owilngr eaveieetw aetbhlee knowkgdgbesegamaid

cations of MOF s , COFs and other or ga
enges faced in practical applications.
ts characteristics and advantages 1in
i ber monolithic materials are also ini
Reticular chemistry: MOFs and
ular chemistry, derived from the Lat.i
e o, and involves using strong bonds t
ules and clusters) in a desighed way

y order b?®tTaki agg MO&Est snd COFs as exanm
n of reticular chemistry and using di"

work structure and chemical cempositi
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them properties such as defghnedr pace area ¢
st abli*f Thgse unique properties make MOFs an
such as catalysi s, environment al remedi at i
energy and biomedicine engineering.

MOFs are the first type of porous <crystal/l
chemistry, composed of organic l'inkers ar
coordi na,itFigu-2adtds anllsyintétesalzed rectangu
MOFs in 1995 through solvothermal process |
raw mat ersi &lhgwd. emlhe way in which the organ
are connected through strong directional b
exceed that of al |l porous materials known
organic and inoegahtedchemM®OFEsybbBaeming t he

of crystals (Imblre than 20, 000).

Metal center

+ —

Linker MOF

Fi gur2éschemati c structure of the MOF.

o N
AN
(a) Cubic Diamond (b) Cu(4,4"-bpy), - PF, (¢) Cu(4,4"-bpy),s- NO:(H,0), 55
Fi gur3eSchemati c il lustration precegnmni ngd tF
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bet wkiemmond and tbwopynme whioGhuelddsn.gt hhebfi kehe ro
4 -Bi"pyrliidgiamed (shown asfdemiktionesj apbows$r
b and ¢ that arco draciemdatoinon edfr aGwe(dlr)al The C

and @i sariengui shed as open and dark spheres

COFs are the second type of reticul ar fra
entirely of molecular organic ,§iguédeudal ul
Synthesis conditions need to be carefully
bonds micrreesveeamsiicdhdlel,y t hereby achieving cry
are porous crystals composed entirely of 1
|l ow density and good chemical stability. S
COF&i guH)d n1 2d@5yariety of connections hayv
synthesis of COF-bki nk®& | iudni m&*&d oa-ixn med

[3%8] hydt amk*dbket oedamikhdé pheniank*@d
tridzinik®d ardasSPonk®d However, compared to

number of known COFs is rl¢Platively small (.

Linker 1

e )

Linker 2 COF

Figufdé&schemati c structure of the COF.

18



1. l ntroducti on

(a) Hc;(.‘gu E

R -3H,0 )
o0

boronic acid boroxine anhydride

(b) @ @

Q, ,,,@r“ “@f o “CL,. iej

L = Swd O

diboronic acid

BDBA /@z“ ﬁ\@\s’” r@/ \CLB-« s@’ \@\

HO. . OH
3 @ +
HO OH
boronic acid hexahydroxy triphenyvlene triboronate ester
HHTP
(d) HO  DH
H(),B.l‘-'ll %
(E " -H,0
HO™ H HO oM
diboronic acid hexahydroxy triphenylene

BDBA | HHTP

Figubéatal Condensat ibomr orned ac taicondss aufsed to p

mol ecul es and extended COFs.
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The solvother mal met hod i spaomegoff ramewoo ks
refers to a synthesis method in which the

organic solvent and the reactants are react

pressure of>®%nhe isoltihtei cena.r | i est met hod usec
COFs. However, in order to comply with the
in daily producti on, scientists have deve

synt hesi s of M@Rss amme COFst. heJimost common N\
usually used as tlse Fhgaé®¥mdoasv’cabael 40

green solvents with | ow cost, l ow toxicity
Ui-©66. Gao' s Russeeadr cchhoglirionuephek babrudeoi( €Sagt o p
(HFI'P) linked deep eutectic solvents (DESs)
crystalline COF particles without the neeq

changing the molar ratio ofelCmCledaCDFBEF WPt

high crystallinity can be synt hevsoitzheedr.maTlh er
synt hesis of MOFs and COFs is an i mport al
Al t hough sol vother mal met hod is the most ¢
of high temperatur e, high pressure and | on

| a'scal e production of MOFs and COFs.

Zr.‘+ *
LX) s P
%0 8P Mg
DMF * : *
— = - -
] !
O, d
COOH 120°C : ‘
“ate @ 0
b C
. ® * Zr cluster
COOH
1,4-dicarboxybenzene Ui0-66

Fi ed-6 Schematic storoucture of Ui O

Mi crooawgasiested synthesis has been widely wus
mat ePPiBlass.ed on the ability of the materi al

into heat, the materi al I's heated rapidly
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and dipole polarization (for dipoles), wh i
speed, high thermal energy wutilization rat
As a result, the resulting partiiccllees seixzhei b i
di stribution. As many theories and experi me

of MOFs and COFs <crystals are tadhegimotdegd ami
synthesis can accelerate the nucl eati on an
synthesis ti me. BackPFsiymt R@®95zedChammgo neitu ma
(designatl1®®)aswi MhL mi crowave assistance for
yield of the product synthesized by this m
traditional electricyhehheésing s$speedd diasys20 a
Subsequent!l ywoCHdpwtraiamBdi@Omi cr owave heat.
minutes with-98&%oaddyiae hidesgl6 R 0%Ha mewhairceha ( ¢
i s 200 ti mes faster t han conventional S (
mi cr cavaviested synshmple opuldnb&orm enhanci

efficiency of MOFs and COFs.

Anot her step I n t he direction of green s
mechanochemi stry, which i s themgemeaemriaddlon
action (grinding, extrusi on, shearing) to
and chemical properties of suUPdbiafnfcersentand
from ordinary ther mochemical reactions, me
products without solvent or with a smal.l a
concept of | ow ener gfyr eceo ngsrueregpnt i cone ernsdt rsyo.|l vi

it has been widely used to syntardiQ@F$.0orou
I n 2006, Jaméddwama tchod | feiargsute st @) pirm dlu®@ emiMOF
by mechanochemistry wusing a dry grinding
monohydrate and isonicotinic acid (I NA). T
acid) can be captured by the micropores an:i
showed that a rapi d a(s%0d "MQOFSE) s E@H) ©si s of
grams was possible at -asowins tteedBEmatdjiremy .5 i
grug®?f i rst syntblkedioraldi nmkheede eCOFs Dby room t «
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sol fyemte mechanochemical grinding in 2013.

be clearly detected during the grinding p
process, -t h&egtagpbenef COF can be obtained
sol vot her mal synt hesi s of COF. Therefore,
synt hesi s, mechanochemi cal synt hesi s i s e
convendtemad nfsccral learsggent hesi s of MOFs and C
potenti al in industrial scale producti on.

The shape and size of MOF and COF particle

t he modul ating agent s. Il n the process of s
of modul ating agent can | ead to theedeprotoc
the nucleation rate of crystals. Secondl vy,
the organic ligand for the coordination si:t

down of the reaction kinetics,ofr ediuflftemeanti
shapes BH¥ usid’e@mported an acid/ base (aceti
modul ati on method for t-bassegnMBEBEg( HiA@fet man
acid is used to regulate the shape of t h
coregul ator to acfontthheolcrtyhset anlu,clsemtasont o acc
size and d6bBectraglhi' UEdesedrami Igirmeupas a n
inhi bitor and a competitiweaeinesguloatsdrowofdoan
nucl eation and growth of c¢crystals. At the
formation and error correction process was
(CEF00, -3OQGFE -79ZU andl1DZWBingl e crsygteasl o fwittem s
of microns were obtained.

Surfactants are anot her class of modul at or

COFs. Il n solution, a certain concentration
| ayer -wifzendandbroplets is formed at®%®he inter
Zhu awdr kdsygnthesized the hierartthsedl mes

MOF (-mM0 1) wi t h vari ous mor phi sms (micro
nanofl owers) using cationic surfactant cet’

strudituveagemtg. Compardd lwi thh eb@lrlc hMiclal me s
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101 showed a faster adsorptilb’huseadt e fo
dodecyl tri melkrhoymhiadremo(nDTUAMB) as a modul ating
COFs mi crospheres t hrough emul si on inter
mi crosphere serves as an effective host f
excell ent adsorption apgédarofnorrmarecd oand ertamicdy
Il n addition to the above modul ating agents,
used as modul ators for the synthesis of MO
can be changed by controlli%i*ng the growth r.
The highlighted extensive work shows that

for synthesizing MOF and COF particles. Th
di verse, with different plkrepienalt h&@ndndle mit
of their properties, characterization of m
charge is required. Sever al met hods are r e

combination for a precisesFi(hpuTpkftleri zati on

_:;“,.z: ----- - Surface
. % charge Porosity

'\L—-

Size

Diametre

i . 2

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

Fi guT@hdracterization met hbhles fodl INEMa maid aof

TRPBSC A&MIE@rnanopatr ac ki algyuit asstelse pu li v e
sens,dn@gferential stamhcmifor adewomipzyee terxycl usi o
chromat ogsppbRepvreilnyt.ed wi th .g78]rQ@ua myriiogwhtf r o
(2020)VQOMH .l ey
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1.12D MOF and COF fil ms/ membranes
Il n recent years, the size and ebapeolof edOF
through different met hods, but powder ed MC

requirements of many ™*pTrhaect powasi caappl pcap e«
mi cro/ nanoparticles make it easy for MOFs
during separation, catalysis and other i ndi
processing performance Ilteyadisn tmoe dyycel ipnrgo,b | &
material | oss inevitably occurs when f1l ush:
hi ndered the devel opment and application i
rapid development of emomemyneamd asecimat e, i
devel oped, both in indust’”FEsl p edceivaellloyp meintth
rapid development of | ow e # arpgeyr actoen snmuenmpbtriaonr
separation processes, various polymer memb]
UTpolyet her sli¥pfoo nyes uBHEBBgenp(IPy (vi nyl i dene f |
(PVDEP) However, compared with MOFs and COF:
nanopores and high por omatter,i adhitcrha n ssp onrott.
processing MOFs and COFs into membranes cart
but also have help stimulate more research
mat er isadish.edDebel ow are some | iterature ex

MOF/ COF membr anes.

a)lssidal vot her mal met hod

I n sokwot her mal met hod of making framewor Kk
growth met hod. I n this process COF/ MOF i s
substrate i s put in t he reaction solutio

sol vot heggnad ofy nithamd w®Pskusa.cessfully synthe
first cont H Muoewsg4CnBdly QO F&OH) membr anes on a |
substUAEte tthrough a solvothermal method. An
can be adjusted by controllingwdarkdrmrsacti o

reported the growt h-59f farlimeinaogers2@rglpetire N eC C
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i8itu sol vot her mal met hod. Mor eover, comp

synt hesi zed COF powders, COF fil ms exhibit

l3itu solvother mal met hod is the most dire
COF membranes preparation. However, it is
bonds with the surface of the substrate, r
MOFs and COFs, and not easy to nucleate a
substrate. Many studies have shown that f
surface is an effective way t ol ®pHueapnagr e den
and colf®8¢sgoesessfully modified porous al u

aminopropyltriethoxysilane (AXPZI EES90 AlnF s u
membr anes with hi ghl rsetphairsats tound yp,e rtfhoer neat nhcoex.
i nteractOH wint t htehesur f ac eNMat atlhuemiontah e rwhe nl de
with the aldehyde group in the organic | i
alumina and MOFs, allowing the MOFs to nucl
compl ete membrane.

I n anot ARAP TESUdvpa,s al so used to modify an a
functional grionpestl ZBOHEI| aynesheahe dh AlCD¥er
were sequentially growrmidm tshod vsou bhstrrmeatl e mnie
for medC OFORK o mixlmemposi t e membrane has a stagg
has excell ent gas separation performance.
Il n addi MOeEnco@®PBsite membranes can be obtai
Qiu e saduentially -3oew M@OMmbr(a@®@F-8)nd MOF
me mbrane on the smodiafcieedd §8ipdt yp aMDiBIr imn eCOF
composite membMQF ecso.mpTohsei tCcOFme mh/ir&G@@a&s have

mi xXture separation selectivity than indivi
Thereforsetutseol vot her mal met hod i s one of
preparing MOF membranes, COF membranes, an

b).nterface synthesis
|l nterfacial synthesis means that t wo highl

mutually incompatible solvents, polymeri zat
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phases, and B®YMil msi shhommedrized by | ow r
relatively simple process equipment, and i
fil ms. I n recent years, it has also been u

Zhu's reslBfursdile yzoeme eHBAY hasolan organic |
preparedd 2cbonjugatedBTMOFfi(lGu through I i
(dichl oromethane/ wateHBTi it ¢ mf acse croanpotsiean
oriented nanosheets and has a .5r800nm§ tcentmper a
which was the highest value repbanedj d®r c

andol | fgyrshesi zed fsotuanddiinfgh e$cemitf ff rbeaes e (

room temperature via |liquid/liquid interfa
And fttlhey be easily transferred to various
permeability for selective molecul ar separ
MOF and COF films can also f od%dewe¢l opedgas.

pol yaresi ste€«dnkpaed strategy andéareacdezeseful

standi ng-CNMDF ti&L£sed 4ilgmi dti hhe%Phaed. thai e

gas/ I iquid inter taarceea tC00OFs ymmetnhbetshinzees gl gougd eh i
organic solvent nanofiltration.

Il n summary, i nt ey hatkeet alkag eyn tMCeFs i asn dc aGOFs f i
room temperature, but the | ower reaction t e
preparation of the films too |l ong.

c). -bdywegrer stacking
Laykeyyrayer stacking was-afeasgrapbdntoopregpap

fil ms. Il n short, bul k materials are first
such as wultrasound, mechani cal griamei ng, a
then stacked | ayer by | ayeaseosnstae fpolrbbuat

higlemperature evaporati-anea&®PkTthmm aned dirotdi n

is also suitable for preparing conf®i nuous |

used met hanol to destroy the interlayer [
nanosheets, -prnap aandoslordre dt me sur face of t he
prevent their aggregation. The nanosheet d
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weeks. Finally, the nanosheet di spersion i
form-10 srub t hick MOF film in a high temper
film exhibitGxepaehteonn Herforman®e. Jian
deposited 2D COF nanosheets and 1D <cel l ul
polyacrylonitrile mamisi snedthiddghkt ivarc uu
di mensi onal assembled COF composite membr at
COF nanoshlewltess aema cefipr ove the stability o
Moreover, the COF membranes exhibit excell ¢
d) . Miax eMé& mbr anes

Mi xed matrix membranes (MMMs) are made of r
consisting of the interaction of di sperse
pol ymer phase (matrix material). The fill
pol ymespectively, which makes MMM s have t
i norgani c membrane materials at the same ti
betltteri.s usually used to prepare reverse O0S

membr BEW8¥sing powder MOF and COF materials

t he
i mp
i s
t he
nm

ran

ir processability, but al so integrates
roving the per #5%Mhacei spet BeoNMMME . il | ¢
one of the main ephearlfloernngaensc ei nMMise p aBrai she

ory of simil &% eriescctiebd lappyr,opfrii-e@te agal yn
thick polymer | ayer on the surface of M
dom di spersion of MOF particles in the

uctures and areshaestbywptbhbpgoed aemp@Bbt nt
ce the fi thsaatserdepMdMiMs dfos@@BS aci @wti €0201
S with various structures and functions
e achieved surprfif®89ng results in separa
El ectrospinning process

ctrospi aAdnoiweg mp$ eaanhdpeffective met hod

of i ber architectures. |t has been al so v

rgaoaiganiaadi nor gani cl%APRIeenreiraall sl)y nsepnebarka me
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preparation of MOF composite fiber me mbr ar
divided into two methods: 1) direct el ect
mi xed sol-sttangro®) hiof MOF pa¥PiWwalngs on el
et PH¥i spersed four-8ki-W@BE7 40f -IND®BF (aBIGBIF Ui O

N H) particles in PAN solution or PS sol uti
series-loadihnghMOF composite fiber me mbr an
which showtedpexftelt m@nce in air filtration
B jrst dissolved Cobaltz(liin) PAdNesatlati enr, a
Co( ACHAN fthbewgh el ectrospinning, and then
solution -menhwnl inm@iveg &4)2woll ieg ad nd t607 /pPrAeNp afrieb eZ | |

me mbr anes. Compared with embedding MOF pa
particles grow in situ on the surface of p
sites and exhibit better mechanical proper:
Yan eltd%dails.per s@@UI1COgarticles in PAN solut

PAN@CGSEUL1 nanofibers through el ect? ospinni
prepared a series of PAN@COF nanofiber men
aligned COF na#amlcati enadmnzeci edbectrospun F
show in the present readea@arddmgmetued €Odf mman
descrn btelde il ater section. The method is e

membranes in coLbhbboaanodorgncwlitbagye Yingyi:

1.2.2 3D MOF and COF monolithic mat e

I n today's society, with the rapihdeadveyvel opr
met als and organic pollutants to aquatic ec
of i ncreasing concern. Among many wat er

adsorption method is one of the most i mpo
pol | utoanm tvea sfit ' WMarey .porous materials have b
adsorbents for pollutant'd osoaubs asgpoiroupot

BUand Bl Compared with other traditional p
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have the characteristics of | ar ge sur f ac:¢
framework structure. They are perfect mater
has beeéed*?*ddHbevever, MOFs and COtF@Sr meces susual

powders that are difficult to separate and

remedi ati on process. Processing them into
and f oam) I s taon sedlfwectti lvies waryobl em. Among
mat er iealtsh eh acvh ar a edtee riinsetdi chsi eafarwelilc al stru
and good mechanical stability, which are c¢
and reuse of adsorbents. Therefore, proces
mat er inmdts ocmlny i mprove their processability
with the characteristics of the monolithic

perfor mance.
a) . Pure MOF and COF monolithic materials

MOFs and COFs crygygmhlisessinsscbeatue andthe sol

solvent is removed throdghwi egpeoctfotimcplr dr
COF monolithic mi&##ir s ablv eatica sdk ieatmede iticraoln. ni t
et hanol, ®dkatsaidn eMRIFO-B(e Lg e | through vigorou
obtained MOF aerogel 2dhyowngh g tperccormbtiincas
mi cropores and macropores in the MOF aer oge
a possibility f eorasdeeds icgantiani gy sntesw oMOFcsat al yt i
col | ela¥gsuyenst hesi zed -Wdsed QOF iané megel s with
porous structures, |l ow density, agred hi gh
transition, solvent edchange, Fandhswupetbkey

t he COF aerogeisc al ementbEreannteismet &m d showed
separation pedf Clodr mriex efdofda®BE s. al so provi d
new path fostamepagi CPFs enlefmbr anes.

b). -MOFed abnads eClOFcomposite monolithic mater
Pure MOF and COF monolithic materials inhei
poor mechanical stability. By combining MO

graphene, and commerci al sbpacsnegde ) anadmeGhFa ni ¢
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composite monolithic laEtAedi alhsereamriee ushita:
met hods to achieve this: 1) MOF and COF po\
2) MOF and COF pewdeur sonarteh egrsouwnf aicre of t he
Yamauchi an'fddslplee sgue MOF powders in aqueo
(AG) and obtained MOBf AGnNna@aer MOEI 8Gbgaerfogel
excell ent mechani cal stability and flexibi
mul tiple tine¥uselonag seitmidlasr method to pr
aerogel s. At t he same ti me, Pd wa s | oa:
Pd@COF@chitosan composite aer ogeflf i awiha ctdy c
continuous flow microreacthat i vat emhhor obem
temperature.

Encapsul ating MOF and COF powder sbaisnedcarr i
and -B®fed composite monolithic material s, |
MOFs and COFs to be blocked. This problem
COF powdets on the surface of the carrier.
Wang's redeursed grnowmg wood aerogel as a
amount-MORF (Z&eN®) on its surf-aictuthrowtghs t wi
achieviaM®OF aerogels with high MOF | oading
itself has directional and penetrating tub
rapid trang’hi ¢ hicoa®Fd dUkOmposi te aerogel s ca
uranium from natural seawater. The surface
oxygemaining functional groups, which is <cc
surface. THhtbinsapserestedalgraphene oxide (GO) nc¢
solution of COFs. During the hydrother mal
reduced graphene oxide (r GO), and a | arge
COF/ r GO aerogel s weif ederfeyziet gh.er obt ai ned b
El ectrospinning I S empl oyed aberdfhoerper i mar

fundamentals of electrospinning are elucid.
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1.3 Electrospinning

Fi ber has al ways been present in nature. Sj
to capture food. Sil kworms wuse cocoons of

make natwural fibers into fabrics, ¢lothes .
1353%i t h the advent of the industrializatior
of polymers and processed them into chemic:

have wide sources of raw materialsThkygh vy
have gradually replaced natural fibers and
life andfProducti on.

With the rapid development of nanotechnol o
attention due to their smal/l di ameter, hi
mechani cal properties, and have been appl
environmentedden c eq atsEloswiesv.er, t he di amet e
prepared by traditional methods (wet, dry,
of 10ma&anAB cannot fTohremm enfaonroef,i bsecriseent i st s hav
nanofi ber fabrication techniques, incl udi

stretching, template synthesi-assémielrymal dayd

el ectroldPtmaknngg into account the control
process, ththeoepuiexmeérnyt ofand the cost, el e
simpl est, most effective, and the only met
on a | aMgreasvcal,e.el ectrospinning can be wus
shapes (curl ed fibers, beaded fibers, a
aerogel s/ sponges) and materials (metals, <c
whiltdhve huge applicatiod? potential in varic

1.3.1 History of electrospinning

El ectr osegpn nmeé ntigr aced back tol4Fdaast whremnrCte

the application of an external electric fi
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the prototype of the electrospinning proces
Mor f!é6%fapplied for two electrospinning pate
electrospinning deVfftert Sebsesgpuehemgnt el el

It was not unti |l 10%p4u btl hi asth eAdn tao npiant eFnotr nihoarl
equi pment for producing cellulose acetate
years, he applied for a serieguiodmert enwlsi &

promoted the devel obpfMemtl DF6llédbMpmriticersd pif omi
patent fandtam@wsntst ed mel t el ectrospinnin
Rozenblum and Sokolov used electrospinning
for use as ai-pr ofdiulcteédPSihaeord tmhens, as scier
gradually deepened their understanding of

1964 and 1969, Geoffrey Tayl or prdoeplosed t
through systematic research on the shape ¢
during the el ectd¥s pi nrhiengf odrlooondsnsy. 20 ye
published many articles on the application
much atlt>®IAMi itdin.t he devel opment of science a
intuitively observe nanoscal e materi al s

el ectrospinning has been furt h®e% bdeadienl oped.
more than 20 types of pol ymer nanofi bers

changes in fiber di ameter. Since then, el
devel opment . Scientists have conducted ext
anaggqui pment types during the electrospinni
characterizat P Nowadapsfi bkeestrospinning |
the most commonly used methods for preparir
rests in WPEAYnd iteHedsnumber of publications
i ncreasing YyearFibgyu-8yeadir-1¢ idsst ss htohwen dienv el op me

of electrospinning.
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Tabl-BEAlcomprehensive account on the advance

Year Nature of Advancements Ref.
1887 Under an external electrfield, Charles V. Boys pulled ;4
fibers out of the viscous fluid for the first time
1902 Cooley and Mortoh pgblished patent on the (144145
electrospinning process
1914 John Zeleny discovers jets at the tip of metal capillari  [*48
Formhals publishes patent on electrospinning equipmr
1934 for manufacturing cellulose acetate using acetone ¢ 147
solvent
1936 Norton Company publighes patent for rfeltmed air (148
fibers
19381940 Rozenblum and Sokolov ug&gctrosplnnlng tomass (149
produce air filters
19641969 Geoffrey Taylor este}bllshed a mathematical mo‘del of (159
ATayl or coneo
1971 Baumgarten invents fjevi.ce to electrospinning acryli ;5153
microfibers
1978 Annis preparegbolyurethane pads fgr qse as vascule (15415
prostheses by electrospinning
1996 Darrell Reneker et al. obtained more than 20 polyme ;54

nanofibers through electrospinning

Research on process parameters and equipment ty
19972005  duringelectrospinning, synthesis and characterizatior 57159
nanofibers

2006 Now Electrospinning is used in many fields [160-162

1.3.2 Principle of electrospinning

The basic principle of electrospinning is
of iviog h age el ectric field and f or ms con

el ectrospinning device wusually <consists o
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(including a syringe pumpv,ola asgyer ipnogwee ra nsdu pap
a coll ectoFjgaBae showhhenprocess of electro
l iquid is extruded from the spinneret by t
formed under the action of surface tension.
a |l arge amobmatgef wel ecaccamaol ate on the su
the charge repulsion on the dreplbat ¢shefa
spherical dropl et changes shape, transform
pol ymer jet. The polymer jet experienced st
instability. I n this process,ythehei ameven
evaporates rapidly, forms sol jal $§hoemnsiand
Fi g u-9bd! 9
a) b) |

Syringe pump Eni:g;;tc:itgm §

Syringe

Spinneret

High-voltage
power supply

Collector

Half angle of
envelope cone

Onset of the third
bending instability

Onset of the first
bending instability

Trajectory of an
element of the path

Onset of the second

bending instability

|Axis of straight segment, extendedl

or

R®@1 i Gd peydr iwg htth

Figu®éal The basic device f
an electrospinning jet.
Ameri can Chemical Society.
1.3.3 Parameters affecti
One of the major advantages
mor phol ogy of the fibers <c
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during the electrospinning process to meet
three influencing parameters, namely sol ut
and procesls®®®ar amet er s.

ad . Solution parameters

Solution parameters include concentration/
surface tensi ofP¥9ared meod lewaurdtart ywed .ght of th
affects the viscosity, surface tension an
i mportant parameter in the electrospinning
t he mol ecul ar chamepsenhahbbkedpl uhcorabieng
solution and solidifying into continuous n:
sufficient molecular weight. When the mol e
concentration alnydmevri sscoolsuttiyom fartenei mpcor eased
concentration of the mol ecul ar chains is
reduced, which is conducive to the formati c
nanofibers,Figufdehdwrei néf oenhd athat continu
smooth nanofibers could be o-bhtatchedewhPhbhAj}
|l ectrospinning solution was 5%. As the <co

e
di amet e

=

of the sBandMboirkeveral shedet heasol!| u
is less than 3%, the fiber diameter furthe
spherical beraadpe drbesgpdsnnddre t he nanofi bers.
During the electrospinning process, the po
higlbltage electric field to form nanofibe
pol ymer solution allows the jet to be mor e
s@mal |l er diameters. Some inorganic salts are
of the polymer §&688 uMdg@in AL cailt Glls GR EC I

KHPQand RA@HI2] Reneker ' slTtheddeead chha Qlr otug i ncr ¢
conductivity of the polyethylene oxide (PE
prepared nanofibers-l wahe seducéedreawdst hesb
The properties of the solvent, such as su

interaction with the polymer, wi | | affect
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di fferent shapes. Generally speaking, the |
polymer into a polymer solution, and the s
needs of the polymer. Secondl y, ftfhec tc otnildeuct

conductivity of the electrospinning soluti
it can stretch the jet and form nanofibers

of the solvent Sshould be modersast e.exRersisngy

volatility wild!l cause the solution to sol
bl ocking the outlet, making continuous spi
cause the jet to be incomplveetrel y asucsliindyi faideho

bet weet™ i memsdditi on, when the-cmpampyomemti s
solvent, the volatilization rates of di f f e
phase separation of t he opcoelsysmerf ojrenti ndurai n

structure on the fiber surfackldiasnsdo | ovbetdai n

polllygdti de) (PLLA) i #€4aDMii xteod fsoorlnv eannt eolfe cGl
solution. When the nxXhiod i basy toevaelodtidlifz
porous PLLA fiber me mbr ane. And the porou
adsorption capacity for dyes and excell ent
TTT I [ ]]) ."
0000 ....
Increased viscosity
Fi gu-d0eEflf ect of increasing polymer solutio

mor phol ogy.

b) . Processing parameters

The process parameters that affect el ectro:
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the flow rate of the solution, the distanc
type of spinneret (needle). The polymer sol
affected-viby ttalyee rRilglct ri c fi el dceoaadctoumart
el ectrost aAti ct hree pud ma omni. me it overcomes |
transf or ms into ATayl or coneo, which furt
nanofi bers on the collector. Thitee edroopel, ett he
transform into a ATayl or coneodo is called t|l
When the working voltage is | ower than the
force cannot overcome the surface tension
nanofibers cannot be for med. When itclaéd wor |
voltage and is within a reasonable range,
form nanofibers. Moreover, the diameter of
operating voltage. When the worokii ncgh awralet ag
accumul ates on the surface of the droplet,
which | eads to the instability of the jet,
nanoflier s.

The flow rate of electrospinning solution

When the working voltagéhessblyedoandst hoec
out fl owing polymer droplets wild/l not be en
interruptions in the electrospinning. When
operating voltage i s vienrstuftfhe ilearnge on uwnobreprl
flowing out simultaneously into ATayl or <co
beaded fibers ®Whdnevbhba dolppioag. flow rate
di ameter of the nanofidfertshe Mfidf®wasrest avi t h
The di stance bet ween t he spinneret and 1
el ectrospinning distance. When other par am
di stance is too short, the solvent wildl n o
anaddhesion wil/l occur between nanofibers. \
|l ong, the whipping instability of the |jet

unable to collect enough nanofibers. There
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i's an i mportant parameter in the electrosp
coll éé&tion.
A single needle is generally used for el ec

directly affects the diameter of the nanof
the |l ess polymer is delivered perr kuinnigt ti m
vol tage, and thus the smaller the diameter
mu kctoimponent or different mor phol ogy nanofi
coaxi al needles to pesadepdde sna mwafyuibdee sanwi t
structure. Mor eover, holl ow fibers are for

t he -schoerlel structure fiB8RaddddaPyPs andsdaara

i sopropoxide ethanol solution and par af fi
respectivel-yyhealol froamo fciobreer s i n i ndependent
and removed the paraffin oil tluypesal Momatoivan
through the design of the coaxi al needl e,
numbertso o5 @an be obtained. Il n order to in

mu Inteiedl e el ectrospinning devices have beer
designed8aabrnagBi meletddreeous melt el ectrosp
producti orhlf atvhi oh @GBemtly i mpHF88ved produc:
Il n addition, bycoclhlaencgtionrg, tdhief fteyrpeentofpr oduct
as wowen fabrics, aligned fibers, honeycoml
c). Ambient parameters

Ambi ent parameters are mainly temperature :

wi || reduce the viscosity and surface tens
movement of molecules, and make the et ea
di ameter. I n additi on, the increase in tem

the solvent and further r edult®™ s utnide tcdiaa metn
increase I n temperature would | e&dd tthe a d
nanofibers during the electrospinning proc
pyrrolidone (PVP) nanofibers.

Humi di ty, as anot her ambi ent par ameter,
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electrospinning. Simply put, an increase I
speed of the jet, causing the fiber di amet
too high, the diameter of the fouméacreanof |
is rougher, and even beaded fibers may be |

Kocbek and@% oubdeaduebe effect of humidity o
polyvinyl alcohol (PVA), polyethylene oxi de
(PVA/ HA), and polyethylene oxide/ chitosan
humi dity incoe®&9®éd themd4d@meter of PVA nan
667 nm to 161 nm, and the diameter of PEO
nm. When the ambient humi dity increased f
PVA/ HA commd s ibtee shnalecreased from 231 nm to

the PEO/CS composite nanofibers also decr e.

1.3.4 Materials of electrospinning

Il n early research, people basically master
influencing parameters by studying the el
further developed mgelt electrospimmimg. akhd
reali ze the i mportance of composite materi a
simplest and most effective methods to prefg
and is widely us®¥d in various fields.

a). Organic nanofibers

I n the early stages of the devel opment of

mainly prepared by dissolving polymers 1in
To dat e, more thabeerOprpeodarmed si rhtaov enano-
el ectrospinning, i ncluding some natur al po
and synthetic pol ymer s (polystyrene, pol vy
al cgmbals)hdavb li-.aS@ me s mal | organic mol ecul es
el ectrospinning. The key i s that there nee
smal | mol ecul €% 0 b tLaoinnge detphalsphol i pid nonw
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membr anes through electrospinning for t he

p

hospholipids is | arge

enough,

cylindrical, and st-acke

wi tdhi amet ermrmotan be 6bt ai

e

n addi tdomponmewultt ipol ymer

| ectrospinning, and
ther. The preparatio

|l echmios@) i n which a

t he

n

m

their mi c el

amadnerndsoi hhat pel

ned.

composite

properties of dif

et hods

mai nly incl

variety of polymers

ertain proportion to

i fferent polymers ar
o fatrmyrer composite

i fferent pol ymers ar

nanof.i

obt-hayercoempesit es mial

e deposited on the <co
nanofibers; 3) electr
e placed in different

ogether through electrospinning to form

| ectirosspi nni ng, t he

bt ai-ashelolrestructur e
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Tabl2eColmmon polymer nanofibers.

Polymer Solvent Ref.
Cellulose LiCI/DMAc (188
Chitin lonic liquid (189
CS CH.Cl, [19
Gelatin Acetic acid [197]
SF H-.0 [192
SA H20 [193
CA Acetone and DMAc [194
PVA H,O [195
PAM H>0 and DMF [196
PVP Ethanol [197
PLLA CHCIlz; and DMF [199
PS DMF (199
PAN DMF [200
PC CHCl3 [207]
Pl DMAc [202
PU DMF [203
PVDF DMAcC [204
PA Formic acid and Acetic acid 209

42



1. | ntroducti on

b). Organic/inorganic composite nanofibers
|l norganic nanomaterials are dispersed in p
composite nanofi berdsi.viTdheed manitno nheytbhroidds ealreec
soeglel electrospinning.

Hybrid electrospinning refers to directly
(including <ceramics, met al s, met al oxi des
di spersed in a polymer solution B® prepar
di spersed rGO in polyimndeomhiamerfs bprepanad
excell ent mechani cal properties, with the

single composite nanofiber up to 4. 2GPa an
Sodel el ectrospinning i-gelt) idn sapepaley mdire o
prepare organic/inorganic composite nanof il
during the electrospinning procesandthe pr
converted into inorgani %dassmhatvedi atlist.an
tetraisopropoxide and -shWh icnomptolsane@l ntamob
el ectrospi-mmumagconpesiatse nanofi bers were ¢t}
ensurtei ttahmitum t etrai sopropoxi de wasutbmpbet
t he for matdi BWP odompio®i tTeab h-@ r dlfsitlser s o mmo n

organic/inorganic composite nanofi bers.
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Tabl3eColmmon organic/inorganic composite nan

Inorganic Polymer Ref.

SiO, Cellulose Acetate [208

BN PVP [209

TiO2 PVAC [210

ZnO PVA [217]

Al203 PVDF [212

CuO PVDF 213

Cds PVP [214

ZnS PVA [219

Ag PAN [218

Au PVP [217

Cu PAN (218

Ni PU 219

CNT PAN [22q

rGO Pl [208
c). I norganic nanofibers
Il n recent decades, I norgani c nanomaterial s
to their excellent physical and chemical pr
t her mal , el ectrical and magneti c propert.i
elcerospinning is one of the i mportant meth
And inorganic nanofi bers can be divided in
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nanofi bers, carbon nanofibers and inorgani
Luk as?Zdbtbtaali.ne/dP\ZR OCdnofi bers by electrospi.l
them in air or argon at a temperature of

nanofi bers. Further, the met al oxi de nanof
BognitZ4¥o be¢etai hmd e@u composite nanofibers th
and converted them inttemPe® arn aim @&f ichentby sun
the CuO nanofibers are treated in a hydro

nanofi bers.

Carbon nanofibers are wuswually formed fron
carbonization. To avoid the shrinkage of ¢
entire process is usually dividedP#nto a s
I n addition, inorganic nanofibers can al so

as BTiFF? ZnOoPHu/at dOs¥cFoemposi t e nanofi bers.

1.3.5 3D electrospun fiber sponges

3D porous materials find extensive applica
energy, environment al remedi ati on, t her mal
owing to their attributes such as | ow den:
robust mec han3?€%Ty psitcaablillyi,t yt radi ti onal el e
assembled into 2D fiber membranes, and the
certain fields, such as tissue engeseering.

into 3D fiber materials proves to be an ef"
fields of electrospinning.

Currently, the preparation of 3D fiber mat
categorized into two methods: direct el ec
reconstr uct??®%®rmh emedtihroedc.t el ectrospinning met
fibers on a coll ector and directly f or mi
el ectrospinning par ameters. The 2D fiber

encompasses embedding i-foamyadgogedalng,i hYRegei
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Notably,dthengrmezbod has gained significar
controll able shape, aner mi ago sntert theotdy r ea 2 |
membr ane is cut in a solvent to crpaamte a fi
fiber sponge i s -droyrimmegd. tThhrroouuggnhhyofuntg etpheeo cferses
the solvent transitions from the | iquid ph
Subsequentl vy, it directly sublimates to t|
resulting in the formation of a porous stru
structur al framewor k, ensuring the mechani
sponge. Furthermore, the manipul gtei conf of t
the 3D electrospun fiber spongedriysi ngasi |\
procedures and [mdidhifsyi agpprmodcds . demonstr at
performance i n di verse fields, i ncluding
purifaondtdesal ination), energy application
engineering (e.g., drug delivery), el ectrc
engineering (e.g., catalyst suppoffis, ther
The unique characteristispy ovfi d&D aelseodturto op
chall enges of processing difficulty, recy
encountered with MOFs and COFs. Consequent
the fabricatil@orofushiCOFarsphingals wutilizing
sponges as <carriers. Coll abYirmag Yigggwwei t h m)
successfully extended this approach to the
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catal ysi s. However, theirelitn @l whialriatcyt eirn d
network structure makes their processing
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catalysi s, wat er purification and energy
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provide versatile preparation meMBOBdgs to p
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Section 2.4
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Overview
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with high crystallinity, | arge surface ar ¢
applicability of -atshsel se setda bflriasnheendo rtke npprleaptaer e
studied for the preparation ofseacctiiyloonan2d. 2b a
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high thermal/ chemical stability are used as:s
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2.1 FIl exi bl e, Mechani c&ltlaywdi Sitga b |
Mi crofi ber Net wor k Membr anes of
Frameworks: Preparation Method and

Chenhuj B®angon Breunig, Jana Ti mm, Rol and
Agar Walexi bl e, Mechanically Stabl e, Porous
Me mbr anes of Coval ent Organi c Framewor k

Characterization. Ade®drRRd8d (BWnct 2dm&I50Mat e
Specific contributions by authors:

I n phblilsi,cmds onhe | ead author. I carried oui
preparatimostamd t he character i DaMaroingn and
Br eumargf or med and anal yszteadt et hNeMRX Rile masrud e sne |
gui dance of PrDadanad ¢arngdeamP ¢sostdaremrd Mweerrsec hal |
respon SBiEbheea sfuorre ment s B n dS eaesnmab yAshiees iwgand e d
guided and superAdils eeaditthtog sprcojnegati but ed t o

t hhreanuscript.

I n this work a highly versat-stanpgiragar &t ean
and crystalline COF membrane i semlemé abl i she
basedphoennyl enedi amimrda f(oRany lapnhdl olr,03g,I5uci no (-
as shbwgu?aa PZhe met hod i sasmamddcdad rtaenapvloa tk

preparation process as the framework i s g
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2 . Aim and Overview of t he Tt

membr ane made of randomly edariid np oplryonseerd ufrieb

divided into three steps. The first step i

t he framewor k, i . e. diamine (Pa) on the t
el epumr omembrane. This i s done by el ectrospi
di ami ne. I n the sprmoRAN/sSRapfi hdere mdmlxctame

dichlorom€i)hasmwme utCkwn of the second reactan
contagnacetic acid as catalyst. I n this st
fiber is startdee dtast2GtAR@P, the template p
sol ewentr gdtviimmrg psotraomudcsi nsge |GG+ Mm@Obmia)oeon t hi
The complete TAFFpgokhesS8Sever ahosxpeéemi ments

out by changirea@canompreteshegt epspi nning condi

removal method to estrabflarsholithei mipng moerc lpan
sedtfanding flexible rameds.crystalline COF mer
()
NH, Ox
HO OH
+ —_—
_O
|
NH; O OH
Pa Tp - TpPa COF
(b)
PAN removal
|
> 2 Tp
‘ PAN/Pa fiber : ® TpPa COF PAN/COF fiber Porous COF fiber
« — l_
p—
1 = In situ growth
SHEIS —_ 1l
’\' 1

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

Figuk2ecefier al stThRmaC.PE ey at i onstodnagiom@us
COF fiber me enmp-dasmdeiss theyd f r a me wobr)k PAN AE) pr
pol yacryl ophenyl eneBaa#sirpd,orinp/ | 9 hl , 03,0991 uci
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2 . Aim and Overview of t he Tt

Scanning electron microscope (SEM) was wuse
the fiber FmguomB)e.arlets i(s obvious from the S|
nanoparticles grow both on the surface and
removing PAN, the poroushe&€IlOF $tbect droe meTdh d
exhibits a hi eucatrucrhei camd piogs ouempased of I
nanoparticles; the outer shell is composed
a densTehewasltlrructur al characterization of t|
using a combination of dif¥f¥&®ramd NawRal yti c
techniques (coll aboratTlhe amalhy PR Rby SHMR ¢
spectra and XRD patterns showed complete r
anfdor mati on of highly (Eirys4a&)Npg mhyes iCOFr pnteimbrmr
i sotherms were conducted to examine the sul
the cumul ative pore volumes of TpPa COF po
of t he TAFiI gou#oe).eZ3Bhe pore size distributi
me mbr anessnax mab ibtelt . w& emm,1 .mMat chi ng the pore
COF powder and the ones determined from th
membrane is a%sglbkghedbsndglB8em that obtaine
powdEBlme r emoval of the template pol ymer l
hierarchically mocooapbomasergptiewstal B COF 1

accessible (including in the bul k).
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Fi guf36SEM i mages of PAN/ Pa fiber (a) and (b’
COF fiber Pholt ogmapht) of PAN/ Pa fiber membi
membr ane ( h), -satnadn cci)n g 0C @RI sf iskedrf membr ane (
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Fi gurded€eal)N,( lOP MAS NMR,cs)Felct r um( eppadt tXeRD s
ofPa, PAN, PAN/ Pa fiber membr anesN. COF me
adsorngpddompti on i s otmeaenbmsa rGeadEmPA M/ef@OF COF
powder t(he)ir pore siumel it stvei porieonwpol ameé ob

guenched solid densifftly) functional theory m
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2 . Aim and Overview of t he Tt

The highest tensileishrenlyob& kiRg@m-®R MPe mbr ar
Al t hough the value seems | ow but sufficie
applications as shownA iln0-cthBeD el abteenrd ipnagr tt eosft
compression of 50% was carried out to stud
Excell ent bending stability, and flexibild@
remain unchanged af t(firgukida J0DWe beardp ing ttlkeas
underwent a bending cycle did neitgshe w2 any
5b-c).

()

08

~—®— COF membrane
—#— COF membrane-10000 cycle

<
Py

Stress (MPa)
=
T

DA
‘ l
0.2 { ‘aA‘ \

KA

Fi gufelTydi caibkt sarassurves of COF membrane,
10 000 cycl(a@aSEMTfi magesemgdr s&CaOFLQime mbr-ane
1000WcBending and recovery processes for t
bendi ngdstates

I n summamy,d Isuccessfulltyempdadiest etd &r anmad W
proresor prepageieng pstansli sagl trystalline CC
with high surface area, good mechanical S
chall enge in the field of COFs. The field
i s devel opi ntgh ev eerxyi sftaesntceamd COFs in the f
expected to open several new application a

and esher.gyge
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2 . Aim and Overview of t he Tt

The next ouwamdtiloond ican fal so be extended to
types of fr amewnrskesguleinkd yMORSf orts were de
preparati on ansdt gomrdipnreg miM@E&EEsn eosf wsilnfg t he TAF

described in the following section.
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2. 2 Teapsias eed PrepatrandioM@Fo2D Sel

Membranes for Application in Casca

Yi ngyi nhebthyi, Diam@ Ti mm, Rol aAdarMaals.c hal
Templastse st ed Pr esptaarnadtiMOgh 20 misedhies for App

in Cascade React2®@h314 Ch2z2)mCad Th22nQ1040.
Speci fic contributions by authors:

Il n whrnlke experiments for making MOF powder

by me and Yingying Du. Il n additionaycharac
was don¥i hgyimesg tChue | ead author and carried
for use of MOF membr anes as Jcaantaa ldynsthhins i n

Pr of eRsosloarn d Meerr 2ec ir eelslBdEnmseialsluer efmoernt Praodfd anal
Seema Agar wal designed, gui dée @amE@maduscpepwi
written Dby Yingwyisngcobu rarmdit@&ldl t@utdheacussi c

manuscript.

Il n this work, t wo-sdahdeneg H6M®EHU (athidd @ ad sel
N h) me mbwiatnfte saci d and b awseer ef upnrcetp aornead  ugsrion
process:66688@e ahid@ENHMOF powders are in gener
reaction wdt mdiiRiCbbenzenedi car-Mi)xy Bind acid
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2 . Aim and Overview of t he Tt

sul fobenzenedicarboxyl i-S@Nag¢ i d r mghpegurdev @my s
26a). For the pregptaamdiimgn mdmbdrhaeness, ft he t emp
i s edgenctwiotsh TEZhel resaphi mgmetacér os t hen

aqueous sol-NMBoonBSD® & oBfDGi ni ng acetic acid
reacted @wnbd @BOain the PAN/ MOF membranes.

extraction, PAN | s -steanmodvietdg -® O bda md nUit @ e s
6aNHmembr@meés knessn 260 Reh@b2 Nes pECHU-vel g

(a) BDC-NH,
coon
Q. g
NH ﬁ
/ : °
. oS
B Ui0-66-NH, oS
y > C
o @ Zrcluster
L - e
@ so ol
Loon
BDC-SO,Na Ui0-66-SO,H
ﬁ ".l"'_- 4 /‘,"',,
G 4 2 d
{ ol { ol
A (E¢ o
In-situ growth SNes Soxhlet extraction >
\ & H,0 + CH;COOH S N
:‘. @/ — ’ ’
PAN/ZrCl, membrane PAN/UiO-66-X membranes Ui0-66-SO;1/-NH,
(-X=-SO,H,-NH,) membranes

Fi gurbeGez2n esrcal e matio-e&S@H a6 eNRH()aStrategy to
fabricaseanbdem@eeHiaOn d6 DNB@e mbr @nes

SEM was wused to char act esrtiazred itnhge MOFH pnmeonh borg
before and after amaoawmntalofofM®PFRANcam barfgeund
surface of the PAN fiber and completely wr a
membr anes with randomly | aFdghokl avneMTROF i b
fibers disn dieserpbevi ous section showed sl i
COFownrg in the bulk of the template PAN fib
the surface of the template fibar ofl @dicki ng

template. The diftedende ifg aarseomoirlke d atra itcH «
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2 . Aim and Overview of t he Tt

Fi gUFTESEM i mages -©@8GHPANA U] OPAN/(WI)O-6 &Ji O
SGH (c)geNB(O) . s@rcas onal SE M 6b @ g(ees)-,ofuild O
6ENR(f) .

The combination of anal ytciocnafli rmeetdh ot dhse |siukcec
preparati on efeS @HrfNHmerhl ri @ree g @). 2

The:pHysi sorption isotherms indicated the p
(Figu8ea) 2The specific surfaceaelaueasedf ushadg
BET (Brunauer Emmet Tell er) mod el with the
materials afgf B8 ccLAMMDaAN B 46)68WQH respectively.
values are | ower than the spe6iENH c 10brlf ace
m’ghb Ui @68 GH: 5%HY mThis decrease in the surfa
by the partial change in the -668ymabérisal sc
which was already observed dtouédet XRDhepabht e@ad
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(a) (b)
Ui0-66-SO_H membrane
Ui0-66-SO_ H membrane 3
o = V‘—’\,—\/’\W\m
=S 3 Ui0-66-SO,H powder
© Ui0-66-SO,H powder S
< @
o
§ 5 UiO-66-NH, membrane
2 UiO-66-NH, membrane g
S @ Ui0-66-NH, powder
= Ui0-66-NH, powder s
-
UiO-66 Simulated
A
T T T T T T T T T
10 20 30 40 4000 3500 3000 2500 2000 1500 1000 500
A
2 Theta (degree) Wavenumber (cm”)
() 8004 o i0-66-NH, powder S,.,= 1051 m'g” (d) 0.8 o Ui0-66-NH, powder
2 .
+— UiO-66-SO,H powder Sger= 539 m'g 0.7 *— Ui0-66-SO,H powder
—'cn = Ui0-66-NH, membrane . UiO-66-NH, membrane
"E 1 UiO-66-SO,H membrane S_ =84 m’g’ _;U) 2 . #— Ui0-66-SO,H membrane
2 Eos] |
& E
400 04 ¢
: 1 5
£ WWWQWW 4 S 03] A M
< > -~ |
- ?999 " o 3 1+ |
4 L 00OOP J 24 o {
o - ‘,wvvw.rr.w\rr.raiw‘dth‘-‘“"""‘NU c:;? = lr\
s ,,,-;;"'3 01 Rla$
= SO
0 JROCIBAIIIINNN )J)»)t»ti)é“““""" 00 | o
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10

plp, Pore size (nm)

Fi gu8eXRD pattebb@ssiomulUa@deH b p dwdetreSGHJIi O

me mbr ané N hRpiovder &N nkintbr(aaffel R spectra of
Ui©66B8@H powdea8B@HJUIinle mbr at@&NHpObwder -&6d Ui O

NB membr(amfephysi sorpti on-6i6&@it hpeorwaseG® f UWIOO

SGH membr a-6 &NB pWiwWder HENHHNMENr(@mPeor e si ze

di stribution and cumud&GgGH vgo wdoergdsS Qbilu me o
membr aneggNhRBpgio@der -8 &ddmeimbd r(adn)e

Still, the fiber morphology in membranes, abidse functionalities and capability of

using the individual membranes in a modular way led to their use wstepocascade
reactionswithin aonepot. The use of acidase catalysts in one pot is not trivial due to

the WoltLamb-type character deactivating each otl#dso, 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 utilitya onepot cascade
reactionas a part of her Ph.D. workhe two step cascade reactions were: the acid
catalyzedconversion of benzaldehyde dimethyl acetal to benzaldelayde base

catalyzed subsequent retion of benzaldehyde with different active methylene

82



2 . Aim and Overview of t he Tt

compounds, such as malononitrithyl cyanoacetate, and diethyl malonalae
system worked very well for cascade reactions involvimglononitrile ethyl
cyanoacetata the second step withe yield of the produavasas high as 99.9%0 he

catalytic membranes were reusawighout any significant loss in activitfFigure 2-

(a) UiQ-66-NH, membrane ~ (h]I 00
NC/\CN CN T e
= d 80
0" 9 0 £ 604
©/l\0/ Ui0-66-50;H membrane ©) Ui0-66-NH, membrane = o~ h=]
Nc\/OL CN f 40
a b 0™~
c d,
20+
Ui0-66-NH, membrane ©/\(0025t [ JJ. S | S P 0§ S
Et0,C” CO.EL COEL 12345678 9101112131415
¢y dy Recycle (times)

Fi gufeOnd ot -haacsied cascade reactions were stud

Research on cat slupgptorrne mygc IMOFg mefmbg elnfes (b

I n conclusion, the TAF procedure has demon
preparatisoonandfi ng,el functi onal MOF me mbr ane
membr anes as sustainable capalt ysesupohasab
effetyi vshown. Thi s wor k signifies an i mp
preparation and wutilization of macroscopic
catal ysts

My subsequent research question explored
framefwormi ng companéeermpl aftieberl ezndospan in

framework formation simply by establishing
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2 . Aim and Overview of t he Tt

2. 3 El ect rwepwem, f inmer me mbr anes

polyimides with high carbon dioxid

O »wcc:': COOH N
y ) HoOC Q COOH \ ." / > X
OOO o NTCA [ e Nl o A

l

250°C 420 °C
= vV —=—

° \
&)
L" =S PVP
Mar i on Br eundhgen hdii,a nRiedntsRue, Si egel , Seema Adg

Senkkdre.ct r osvpwre,n rfarber membr anes of por ous
carbon dioxide uptakes and select2®22ies. |
329, 111519.

Speci fic contributions by authors:

|l n t hiMarwaornk Batehuenilge ae® spwtnisomwl e for the, d
making experiments regarding bul k fil ms a
responsi bl eevioregv, wrdaintdi mg, t hlki amandileaer &pd .
responsi berperoirmenhes establishing el ectrocs
components olt Wmetelsepslraatse® | pdl ymeri zati ons a
stability tests. SEM characterization of s
writing thBRem@auSacmemlpdt.ed writing the firs
Seema Axraldrwpdn dSernekcetred and supervised the

The concept of t he wdralndi sgt 6 r pmewar k b m
i mmobilizing arees sotnartshpen gpladogipreds t emp !l at e 1
foll owed by atke ppblymdri zation with the si
templ at e pol ymer by t her mal degradati on.
formati on by react-aomnndpehevewln) tmaitdm&kne ((1
naphtiialdg®eg Bacarboxyl ic acid R ANMYCAYy ! was
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2 . Aim and Overview of t he Tt

pyrrolidone) (PVP) was used as the templ at
The entire preparation process Fiagnu-rbee 2di v i
10 First, a DMF solution of aiokensd(TAaARMdI z
pol ymer (PVP) was electrosp@®hMi)pt &n ptrBeur ¢
secand dthepd the precursor fiber membranes
proftiol ef ir st start pol ymerizati on of TAPM
framework formation and | ater on to compl e
f or mawiitomm th mul taneous removal of the ten

degratdatobnain the porousPpMRY)mi de fi ber |

O o J o
a%sqYa NTCA l =/ O 0
0 & )
TAPIVI l
250 °C 420 °C
‘\
{
/ ‘l)\‘k‘ \
4%?&‘“? — P )
PIM_pre PIM_420

Fi gurleOP2 epar aftriaoome wofr k g mbnpd mdest ed proce:
TAPM= tetr@éamsnophmeentyhla)n e, NTCA -1=, 4-nap®t hal

tetracarboxylic acid, PVP = polymer polyvi:

The process was optimized by vempemngttuhesa
(3850 and B2 aMNC)PMAS as well as FTIR were u
incorporation of the two edcdwpwant PiViPeABM and

the formation of Pl framework and the re
programme@di peb®rd.2dnl i ke COF and MOF in the
the Pl framework i s amorphous based on XRD
area mfgiwa2s2 measured and membrane exhibits
with a high amoufrt go-l &).2t T haemi fcrr ompeowersk me m
are flexible adidoxphdadveu wh %AELOHaIn) and very
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Figusdéel'€2 (a)Napgtd) CP MASRNMBpeé&fTra of PI M

PI'M_350 andrAomM™M_#4220t her ms wie &s urheed sautr f&T e
calcul ated based on t heoMBEN_(@dgaRlt Me3)50 and
and PIM.420
TablleUp2t akes taken from individual | sot hern
= 1 bar.

COz/ mmol gt N2/ mmol g* CHa4/ mmol g*
Polymer

0C 25€C 40C 0€C 25C 40€C 0C 25C 40C
PIM_420 3.0 24 1.9 0.1 - - 06 0.3 0.3
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2 . Aim and Overview of t he Tt

Fi gufl2a2TiRe PI M_420 fiber membranes exposed t

include folding, twisting and curling and
stability of the membranes.

In summary, the feasibility of transforming
i nt o-stseendi ng, fl exible -membsteads pvbaesas tle

est abl iTshheesde porous polyimide fiber membr al

mechani cal stability, all owing for bendi
demonstrat eld2The RmRegqbren2s are thermally st
use i n gaBhesemam@atamwme .f abrication method ir

potenti adr feapplbircoaatdi on across various poro

of fering a novel approach to the processing
After establishing preparation procedures
applications in catalysis and gas separati

al so be extended to tThhee frodd arwdtnigo rs ecft i I

on research rvwdrspedges. 3D fr ame
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2.4 Qreeéth RobWNathowiOFe S8Segowoge& as

Sustainabl e Adsorbent and Filter

=
=
S
2
=
z
=
=
. 4
C © ©
© © ©
O MB QH,0 © SOy
Chenhui,Yilignyg ,5eema A@®PprwalCel | Robust COF 1

Net wor k Sponges as Sustainable Adsorbent ar
20223309938.

Specific contributions by authors:
Concepts and resourrPceod ceeona dddesatiee d by
experi ments i n consfé¢emai Agaprewdfllo r Red f @ad ¢
experiments, ¥inwngwipeed e dneddatfd.l t r antei on exp

The manuscript was written with the help o

Il t his wornkp,| ea scal able procedure is shown
compressible 3D crystalline COEIl haspwhnge. i
Utilizing the TAF process requires a temp!

research by the research groups of Greiner
and properties of pol ymer sponges made fr
el epunod i bers are continuously | ong, but

fi bers r anlgiOngnifcrrooms2G n | ength. These shor
water/ organic sol-genedmiaegt@ceemapdr0dbDpeaseru
(spombge)sponge's density is determined by
di spersion and the cdadalyimg Pptropxgedwsr i g cthh e
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promising candidates for use as templ ates
utilized as the template polymer in previolt
sponge prepared by the aforementioned met|

growa nQgOF framework on the PAN sponge and t

the collapse of the structure, failing to
Consequently, a composite sponge was prepart
higempestaablte and mechanically strong templ
templ at e. The preparation process compri Se

fibers-daati ”2RohenzeneSQ@H) oarne dics mper(sPead i n

sul foxide (DMSO) solution contai-IGHNg pol yz«
composite sponge i sdroybitnagi.n eHle rteh r oRilg hs Iif arete z
net work skeleton of the composite sponge,

a binder to endhtamerdtGh;es &gvoensgeds one of t
connectors i nf urhcet isaun & loir3 @H) aC@®AMH Eh@Brne | n

2213a I n the secédmd compositthe PpdPgqae i s soak
1,3 r5formyl phloroglucinol (Tp@H)anont herd4 or
di oxane and &cdtmnanawi des CFow on the Pl s
resul ting-S@Gh caonPplod/sCCFe s phinguwt 8bax shown in
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@ Q

S HN
SO5H N HO OH o | o
0 \H SO3H
| =
NH, O OH SO3HNH o \©
Pa-SO;H COF-SO;H

PI short fibers

2 Tp
@ Pa-SOH il
-
Freeze drying 1,4-Dioxane S wu E Insitu growth
—_— | —
CH,COOH & ‘ L
|
Dispersion in PAN- \" . .
DMSO solution PI/Pa-SO;H Precursor solution PI/COF-SO;H
Fi gurl8 Gener al s ClodSa3tH .c§catyfe mat i c il 1l ustrat.i

prepar aRli/o@GHodomposite(bPpgopgeygi mi de, PAN
polyacryl &t r=i ld8 ,aimiPmobenzenesusll f dnB¢5 aci
triformyl phloroglucinol gCCOOMESS G =a cdeitmect hayclisdu.

Thr oM it can be found that Pl shert fibe
cel |l structures, which is conducive to ma
nanowires are dens(Eil gu-he®ammp aorne d tSgeHtshu rd GiFc e
powder, -S&@H cC€Q@Qposite sponge exposes mor e i

conducive to dye adsorption.
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Fi gurlé PRot ographs and SBW(-dmagrd -F8aH COF Pa
(e-h )

Next, we explored the me$®a nciocnapl o ssittaeb islpiotny
and its dye removal Pefr d oe mESie e PrhiphdPsiatset e w
S posigse f-dreieedk, di ff er®@Htar @o ratdaedretds t®of fRaral |
series -8fHPAdMPCOsFi t e spongeSGMiotald i chigf fceornd retn t
The PiS/I@Ormpsesspdreggolmal mechani dalé@estganbti | ity
does not change signifrieclamadeg a@yfdleas 5(05 0%
Secondl vy, -86H Itohaed i BQF i ncreases, t he compr
def ormation recovery {S&itommasnceseadspdrge P
incr(Eagef5® 2ZThis i s-Siddnanewi COF serve as a
|l ayer to enhance the mechamical stability

@), M), ©
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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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