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Preparation of Polyimide Fiber Membranes by Near-Field Electrospinning
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Abstract: To address the challenges associated with the poor processability and low hydrophobicity of polyimide (PI) , this
study employs fluorinated polyimide (FPI)as the matrix polymer and utilizes a novel site-specific deposition technique—
near-field electrospinning (NFES) —to fabricate FPI fiber membranes (FPI FMs) with microscale surface roughness. By syn-
ergistically regulating both molecular structure and microstructural morphology, the hydrophobic properties of the FPI FMs
were significantly enhanced. The prepared membranes were systematically characterized using scanning electron micro-
scopy (SEM) and contact angle measurements, and their surface wettability was compared with that of commercial Kapton
films and FPI casting films. The results demonstrate that NFES technology enables precise control over membrane pore
geometries and allows for the fabrication of fibrous membranes featuring square, rhombic, and triangular pore structures.
Moreover, the pore size can be accurately tuned through programmable parameters. Among the various structures, FPI FMs
with square-shaped pores and a pore size of 0.4 mm exhibited the highest hydrophobicity, achieving a water contact angle of
up to 121.4°. Furthermore, the surface hydrophobicity and long-term stability of these FPI FMs were markedly superior to
those of both Kapton films and FPI casting films, highlighting their potential for applications in functional hydrophobic sur-
face engineering.
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Fig.3 SEM images of fibrous membranes with different pore shapes and corresponding fiber diameter distributions
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Fig.4 Spinning path diagrams of fibrous membranes with different pore shapes
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Fig. 5 SEM images and corresponding fiber diameter distributions of fibrous membranes with various pore sizes

40

d=(78.0+10.3) um
30

20

A%

:

56 64 72 80 88 96
24t A% /um
(a) 0.30 mm
40
d=(82.5£10.0) um
C.\\°
K
0 . . . .
64 72 80 88 96 104
274t AR /pm
(b) 0.35mm
40
d=(91.5£8.2) um
30F
=
M 20F
K
l B
0 1 1 1 1
78 84 90 96 102 108
2F 4 H AR/ pm
(¢) 0.40 mm
40
d=(83.0+11.5) um
s
K
0 1 1 1 1
63 72 81 90 99 108
214 FA%/pm
(d) 0.45mm

AEBEFLR~F F4RER) SEM B RAHERZS T

65.5°, FIET 17.6°; FPI Wit filf B 87.4°K%

Kapton J#fii , FPI Jii 4B )2 FPI FMs (IE AL, & 75.6°, FFET 11.8°; FPI I 4E [ B S AL S 1
FLE2 0.40 mm) Bk ARG R SRR INIE 6 Bk PERE . X — i EE AT FPI 414 i U5
B, B4 T AR S K e AR 7E 300s 19 FHMRIETZEDER T HA WS E#EEN C—F 4,
WL E A, Kapton B K Mt 83.1°F% %  C—F HAREW A RUMFIL FPI i AEME A K 1E AE , WA



T2 .

FPI 435l W AR &R A9 JRUR - =22 0] 4778 5 20 %) e Hi HE
JRBONE, AR SR I ZE FPL 2+ 4% S8 0ER
A, PR RSEE 308 1 0 B 4 1 5 45 40 AT BELAS
I3 B AR5y F- B 5 , D R R 3R
TR, PRI FPT I 40 i Jo 2 L SRR S (R it 7k 4 R
KRR E M. BIE 2(a) 1B 2(b) ) SEM AT,
Kapton T FPI i 4E B i A F 4%, n]f ok B
MUEAR T, RN TS AR O T —
ARSI K TP g PRIS ALA . 24K FE Kapton 78
JEE K FPL it 4LE FEE 3 1A A B RS IR AR, A0 -
W5 [ AR R ) Z [ A T AR . e A
AR AR AR I ETER T , BRI AR REH BY
T 1 VTR E R SR T A Al A, DA T 39 i B 1 i /K

M-ak26
r Hlﬁ[ ]o
105
P .
90
— - Ny
o S
= st ST ~e—a_,
& \°\§—a\
& 3
2 60F
\_<’
45 | ‘ij:s
T R
30 L= \ \ \ \ \ \
0 50 100 150 200 250 300
i a)/s
(a) Kapton 7%
105
L2 £ £ £ £ £ £ £ A D
90 |
F—a—
= :\°\°‘°\e\
< 75t e —a—g
&
=
=
# 60 |
.Z,
~N
45 »
1 AT
30 1 1 1 1 1 1 1
0 50 100 150 200 250 300
I [1l/s
(b) FPI 4L
150
nloaooooanaaan
3 120 3—3—a@—o0—0—9—9—0—a—9—a
g 105
i;i‘(
2 90Ff
sr Wenze 57
60 L \ \ \ \ \ \
0 50 100 150 200 250 300
) [8]/s
(c) FPIFMs

B 6 AN[E)EaR Y 7K F2 il F B A iE) 2R 0 B il 2
Fig. 6 Curves of water contact angle with time for differ-
ent samples

AEHEAREEE Fak F20

FHLETF , NFES £2AR 641 FPI FMs J 3H 5
FEMBKERE, HA ik mTis 121.4°, HfE—
FERFIR PR R RS E , HA S B KRR e P o XS
T FPI FMs IR ARE LS A8 (5 7K 3 5 21 4 i
FETHT 1) PR H2 T AR S 25 K 1 B8 V- 2 1T (Kapton
VRS K FPL R AERE) (422 Ak i A, a0 i i B T /K 5 £F
Y52 1) BRI 7 BT MR Wenzel #5159 42T
7K 3 TEHLRE B RT R i Ak, I, NFES $iARH
R MOR SRS S F T 1G98 FPT FMs IS P K2
KA REE

() 7E PL - F4sF g | A SRR e, v ISy
T2 AL PU RETRE , A L THEF - B i
KM

(2) 5 Kapton FFEF FPI i 4E B AH Kb, )
NFES HA 25 H 1 HA OKR SRS LS ) FPT FMs
JEEBR S A S s K B g K AR s T, kAT R
Pl WL FICH e Bl A B b i L 4R T HGE 1T
FaE k.

S 3Bk :

[1] HE X X,ZHENG J,YU G F,et al. Near-field electro-
spinning : progress and applications[J]. Journal of phys-
ical chemistry C,2017, 121 (16) : 8663-8678.

[2] NAZEMI M M,KHODABANDEH A,HADJIZADEH
A. Near-field electrospinning : crucial parameters ,
challenges, and applications[J]. ACS Applied bio mater-
ials,2022,5(2) :394-412.

(3] Zpelbel. il B 2R IR & 0 22 FL B A K O
[D]. KHE: KH RS, 2019.

[4] KISANNAGAR R R,LEE J,PARK Y,et al. Develop-
ment of a PVDF/1D-2D nanofiller porous structure pres-
sure sensor using near-field electrospinning for human
motion and vibration sensing[J]. Journal of materials
chemistry C, 2025, 13:5700-5710.

[5] LIUX,GULL,ZHANG Q P, et al. All-printable band-
edge modulated ZnO nanowire photodetectors with ultra-
high detectivity[J]. Nature communications , 2014 ,
5(1) : 4007.

[6] CHENHL,MALHEIRO A B F B, BLITTERSWIJK C,
et al. Direct writing electrospinning of scaffolds with

multidimensional fiber architecture for hierarchical tissue



2026 4% 4 A

XIEEE,

S YL 97 22 R LT AR 1 ) 28 L g K PERIT Y

<73

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

engineering[J]. ACS Applied materials & interfaces,
2017,9(44) : 38187-38200.

LUO G X, TEH K S,LIU Y M, et al. Direct-write, self-
aligned electrospinning on paper for controllable fabrica-
tion of three-dimensional structures[J]. ACS Applied
materials & interfaces, 2015, 7 (50) : 27765-27770.

GUO Y C,ZHANG H N, ZHONG Y M, et al. Triboelec-
tric nanogenerator-based near-field electrospinning sys-
tem for optimizing PVDF fibers with high piezoelectric
performance[J]. ACS Applied materials & interfaces,
2023, 15(4) : 5242-5252.

SUNJ C,ZHUO S J,ZHANG R B. Highly transparent,
temperature-resistant, and flexible polyimide aerogels for
solar energy collection[J]. ACS Applied materials &
interfaces, 2023, 15(31) : 37957-37965.
JIDY,LIT,HU W P, et al. Recent progress in aromatic
polyimide dielectrics for organic electronic devices and
circuits[J]. Advanced materials, 2019,31 (15) : 1806070.
WANG X H, LI X M. Simple preparation of UV-
absorbing and magnetic superhydrophobic membranes by
one-step electrospinning for effective oil-water separa-
tion[J]. Separation and purification technology, 2024,
337:126467.

WAN B Q,DONG X D, YANG X, et al. Rising of dy-
namic polyimide materials: a versatile dielectric for elec-
trical and electronic applications[J]. Advanced mater-
ials,2023,35(39) :2301185.

ZHANG Z G,REN X L,HUO G L, et al. Effect of free
volume and hydrophilicity on dehumidification perform-
ance of 6FDA-based polyimide membranes[J]. Journal
of membrane science, 2024, 705: 122876.

ZHANG X H,WANG Z J,LIU S, et al. Fabrication of
biomimetic lotus leaf film of ZnO by a two-step method
of nanoimprint and hydrothermal growth for superhydro-
phobic applications[J]. Journal of sol-gel science and
technology, 2023, 108 (1) : 73-83.

BARTHWAL S,BARTHWAL S. Engineering a robust,
multifunctional  superhydrophobic/oleophobic  micro-
porous aluminum surface via a two-step chemical etching
process[J]. Surfaces and interfaces, 2024, 46:103933.
SUN X C,BAI L Z,LI J,et al. Robust preparation of
flexibly super-hydrophobic carbon fiber membrane by

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

electrospinning for efficient oil-water separation in harsh
environments[J]. Carbon, 2021, 182 11-22.

WEN T,LIN J H,JIANG Z M, et al. Modifier-free sol-
gel preparation of cotton fiber@SiO, superhydrophobic
separation[J]. Microchemical
journal, 2024,202: 110808.

LIU H,FENG Y W,SHAO J J, et al. Self-cleaning tribo-

fabric for oil/water

electric nanogenerator based on TiO, photocatalysis[J].
Nano energy, 2020, 70: 104499.
YAO X Y,HOU X B, QI G C,et al. Preparation of su-
perhydrophobic polyimide fibrous membranes with con-
trollable surface structure for high efficient oil-water
emulsion and heavy oil separation[J]. Journal of envir-
onmental chemical engineering, 2022, 10(3) : 107470.
MEADOR M A B, AGNELLO M, MCCORKLE L, et al.
Moisture-resistant polyimide aerogels containing propyl-
ene oxide links in the backbone[J]. ACS Applied mater-
ials & interfaces, 2016, 8 (42) : 29073-29079.
WU T T,DONG J, GAN F, et al. Low dielectric constant
and moisture-resistant polyimide aerogels containing
trifluoromethyl pendent groups[J]. Applied surface sci-
ence,2018,440:595-605.
ADHIKARI R,DAO B,HODGKIN J,et al. Synthesis,
structures and membrane properties of siloxane-imide co-
polymers produced by aqueous polymerization[J]. Euro-
pean polymer journal, 2011,47 (6) : 1328-1337.
CHU F Q,HU Z F,FENG Y H,et al. Advanced anti-
icing strategies and technologies by macrostructured
photothermal storage superhydrophobic surfaces[J].
Advanced materials, 2024, 36 (31) : 2402897.
LIU T, LIANG R R, HE H J, et al. Nanocellulosic tribo-
electric materials with micro-mountain arrays for
moisture-resisting wearable sensors[J]. Nano energy,
2023, 112:108480.
DONG J C, WANG D, PENG Y D, et al. Ultra-
stretchable and superhydrophobic textile-based bioelec-
trodes for robust self-cleaning and personal health moni-
toring [J]. Nano energy, 2022, 97: 107160.
] Al A K 4 AR e S P REIEE (D]
KA H R, 2014,
JRf /ISR T PR g K K R T )2 B s e L g
WHFED]. 22 22 AR, 2020.

RERE: A2 F



