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shielding effectiveness, EMI SE) >& 37.03 dB, H
F#0 51.4 S/cm. Lai 5§ B F FH L 27 22 TR Uk
il B = A L PAN (i, H EMI SE i 55 dB,
It HE KPP EE N 8.3 MPa. AfFFHL S
T BEW B T2 22 B 4% T2 20 Ao A o 3 1l
AW R R S O AU AR, BE
U B SR A W R B b B 2 F 2 R IR
4 2% 1) 55 W AR FUIEORHE 25 B A S R H
WG A MR Ma 55 O DLAF YR 9K £ 4R 2
&, K& 2L 8 7kl & T CNF/MXene/
FeCo@rGO & 4, H EMI SE 7F X i Btik 3|
T 45.2 dB, H¥This® N 26.2 MPa. Ren 55 7] F
FKMER AN SHRIR)Z LY mH& T Ag/NWF/
WPU &4 #E, H EMI SE & 72.5 dB H$ififisi
JETTIE 12 MPa. 5AE S 5 35 ol 5 e i Ak
FHLE, 526 0 S LSRG e W B A e IR g 2
RELF . AR, Zn T RS s C ) iz
SERBH. BT RAOY, B EMBER RS RN
PIEURH s A A ) R, IR AR I &
FH SEURE LE anse g oK A5 5101 A sl 103 R gk
2 W10 g Z W W TS E A R EREAY
FAL T4 R A L

TEA T AR, DLBARERRANKAE SR Tk IR 0 e
JoRE, SR i 25 22 BOR i 28 1 5% Tk 5 IV Jg v e,
E— 23 ) LA S B DR A O VA S T SR R 4N
KA /R TE e 52 5 TS PR T BLBE R 9 KA 1Y
TN, ff 2R T 5 Tk ok S Jhig v J5E g - P i 22 174 ] L.
(] 38 Ao B2 A8, SR TR IR TV e 2T 4 B A 1% 4z B e
BRACKAEZ, INTs/N 2 Z A fLB. A T4k
PRGN A IR, G AR L AR i e 2
THRTE. TR R TR ok I Y R v A 2L R, AN
AT DA R () SRR R AN KA OB AR SR 1T, 87T L)
i 2 [BE BOR SE  ALH. YFREIE A TR 2 A
TR TS, A IR Ak S A AR A %o P R U8 ke 3
— AR R VE . TR) sk A2 A W ) ) 2 i
Tob S THT A 1 5ER A5 LA R BB Bl 48 K A 22 ] ) A
YEHILAR 3 T 380R. 2l i G M i
A LLIAE)] 1866 S/cm, 1 Ku Bt HL % 5l fig
e Al ik 81.83 dB. MAb, B A A 2 ELH L
PR T (28.52 MPa). X SUAJ 5 fi 5 PR BE RS 4
KA SR BRIV e 52 5 W A SR G ) B LG B i &2
AR EAT BRI ).

2.1 SEIgdrd

T Wk W L% (polyetherimide, PEI) Iy 3K F
Sabic Innovation Plastic(USA) /> F]. N-H JEfig
Leli (N-methylpyrrolidone, NMP) KT € 241k
2 A BR 2 AL BLBE Bk 40 0K 4 (single-walled
carbon nanotube, SWCNT) 3L T OCSiAl Trad-
ing (Shenzhen) A FRAF]. + hi AR (sodi-
um dodecyl sulfate, SDS) W3EF RESECE BHE A&
JRAT R .

2.2 SRk
2.2.1 PEI &4 %

W ATTE 60 C B A4 K m AL FE 12 h,
PEI JUki 9 34 51 43 HUE NMP ) F SRR AR5
25% (FiH /40 B PEL . 76 i 25 22 () 3 7
i, ¥ 25% 1Y PEL W AE £ 3k 22G . {9 2 B
20 mL/min, HLE 12 kV R 10 cm . R4
# R 300 rad/min B SR T LY PEL 274
. Y252 U, ¥ PEL ZF4EBA 60 °C ISR
HERE T, T4 12 h 55 PET Hif.

2.2.2 SWCNTs & kg o4 %

TE R MG M SDS A —E 119 2 B K
i B U BEFE 1 h B R RE RS R
SWCNTs A4 1) SDS vk b, kst pLmidn
1 h. 3 A 6 7 U0 200 AT A AT P 5 3] ) R A0 2
MY 3 MERR, 1K 0.5 h, NS R 588 E
#) SWCNT K.

2.2.3 SWCNT/PEI & 469 %) &

¥ PEI W1 T 5025 40 B ook i ke & S g
JE, TR SWCNTs Bl frad S 4 s,
TR BN 25 B F /K A JGK £ B B E 3 L
ZBRERAHY SDS. KRR E A HEE T 80 C 1Y
HXHEAR T 12 b, 14 3] SWCNT/PELE &
IR, 7 AR 43 0] 8 T BRURE Rk 44 K A8 T B R
1, 2, 31 4 mg/cm? K SWCNT/PEI & & ¥ il |
43 94 40 1-SWCNT/PEL, 2-SWCNT/PEIL, 3-
SWCNT/PEI #1 4-SWCNT/PEL [[ i}, & T %t
It SWCNT/PEIL & & w5 1) 25 5 PR, 72 1 &5
il Bh 3k R R R A FLAR A 0.45 pwm 1Y JE TR Uk
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Fig. 1. Schematic diagram of SWCNT/PEI composite film

preparation.

2.3 RIES

SKH SUS020 #4414 Fi + W B 7F 15 kV i
JE N T AR E &R AIES. RAH JASCO
FTIR-6100 % 48 B i A5 460 21 F) 5l 33 4300 1 4 v
JIT 54 16 B RE AT 0 Rh 28 HEAT 4 AT, RS R R
500—4000 cm L. SR TA Q800 %I 5 25 HAL I 43
M T 5IA SWCNT HijJ& RS 727 R REAY 28
B 7, SR RTS-9 2 XCeE ) DU Sk 38 SO R
HEATHL TR I 18] SR 3656 D RUK &2 M 4551
Br G T RE S i EMI GERSCRE A4 s v fE, il
TR A 12—18 GHz. 3 Tl &y S %%
(S11s o1y Sogy Sio), 3E AT LUTF A AT LATHE Y

SRR (R) B RE(T) SRAHRFEALAE (SER).

WSRFERIRE (SE,) FLE R BEFFRLAE (SET) PV

R =[S1|* = [S2|?, (1)

T = [S1sf* =[S |, (2)

SEr = —10log,,(1 — R), (3)
T

SEx = —10log, (ﬁ%) ; (4)

SEr = SEg + SEa. (5)

3 #ER53b
3.1 H#HHl5ESE

P 275 22 713 38 1) SR P P IV Je R AN ] e 6
AFFEDT 5 J3E /N AR )R, 30RE KRS Wi ST B

F. A TAERE ] T BABEGR IR AV O}, 2o
22 A0 e 20 R SR P IV 3 5 ol i 52 5 WS,
AR T bR R, 3R A5 1) 25 WA OULE 3
LEANIE 2 PR,

Kl 2 SWCNT/PEI & & # &y SWCNT )2 K 1l SEM
K (a) 1-SWCNT/PEIL (b) 2-SWCNT/PEL (c) 3-SWCNT/
PEL (d) 4-SWCNT/PEI

Fig. 2. SEM images of the surface of SWCNT layer of SW-
CNT/PEI composite films: (a) 1-SWCNT/PEIL; (b) 2-SW-
CNT/PEL (c) 3-SWCONT/PEL (d) 4SWCNT/PEL

ML 2 ATLAFE H, 25 OBERR A A 14 T 285 L 44
/NI, AR BN S SRR A AL T e R TR 1 3R AL
FREER I H R 78 FLHr 777 A i i 0 KA 2 T
(R BRI A5 . > LRE IR AN (1 1 5 AR
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F14 B BE i 2 K A T4 1 S TR PN AR B 5, D IR R
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P 3 hy 53 VS 11 2R I I IV J = 1) Jmy e
KSRNCREIIYENTRE 3504 9= R PN i
T L 97 22 ) SR T T e 2T AR AL X S 2T 4
RIMFEPLELE—E BB, HAZERIRA
KA B P B 2 G BB B AN DK A4S T 8 R Y B T
B, A 2R I I S e 2 24 W] K52 18 0 g
Bl S SRR ) AR REA RS T

3.2 LI5ME

M & 4 7)1, PEI # A1 SWCNT/PEL £ &
TR 5 AP B I R WS R
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T S fiig B o e LB (C—NN) B W WU . 1276 cm !
Ak FYAREAE W ST, 2R P VO A B 385 A o7 Tk e 22
783 ! QbR Tk S B B T 1) A5 i A1 B R AU
A1, SWCNT /PEI & 4 i[5 I oK H 38T A i
WU, 56 B BRLRE Bl A K A8 1 I AR 5 R ik 5
g 7 Ak MRS e A I . DRI, 3 e S i Bl U

10 pm

Kl 3 SWOCNT/PEI &AW PEL /2% 1H SEM E  (a) 1-
SWCNT/PEI, (b) 2-SWCNT/PEI (c) 3-SWCNT/PEI; (d) 4-
SWCNT/PEI

Fig. 3. SEM images of the surface of PEI layer of
SWCNT/PEI composite films: (a) 1-SWCNT/PEI; (b) 2-
SWCNT/PEL (c) 3-SWCNT/PEI; (d) 4-SWCNT/PEL
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Fig. 4. FTIR spectra of PEI film and SWCNT/PEI compo-
site films.
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FIFPERE. WP 5 BT, SR Tk Bk 0 ey 55 A 7 fif
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4-SWCNT/PEI & 4 1 155 5 H A 5 1 nl DLk 5
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Fig. 5. PEI film, 3-SWCNT film and SWCNT/PEI composite

films: (a) Tensile strength and elongation at break; (b) stress-

strain curves.
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Fig. 6. Conductivity of 3-SWCNT film and SWCNT/PEI

composite films.
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EMI Gl PERE 23], BURERRANKAS /R BEBEN e 2 &
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BERR KA HA 2 L 5%, B A i
LSRR SR K 6 R, fE—EuFNE S
VT (1% Hh, S 29 i o FPLRE Tl A KA T %5 B2 1 3 KT
Bk 24, 3-SWCNT /PEI 3 JIE 11t i, 5 0] L 35 2]
1866 S/cm, {N LU AR [m] IF 25 1Y) B RE Rl 44 K A5 1 g
Y HL AR 1.22%. X AR FL 2 SR Tk I IV e 4T 2
(| NSRS 52 5 VB 11 P 3 ol 5

3.5 ERHIFEWIERE

g X PR Tfie A KA R T T P A T AR
HEAT HL RS AR I 65, R FEAN [R) Bl 40 KA T 285
J3E X A 5 TR L R I PR RE A S . BT 7(a)—(c)
J&/RT SWCNT/PEL & & # B fl 3-SWCNT
HEAE Ku % B F G R R R H BT T(a) WD,
1-SWCNT/PEI—4-SWCNT/PEI & 455 i
FERLRE SER {EIEFI458 14.29—15.20 dB, 14.37
—16.40 dB, 14.08—16.42 dB # 15.38—16.36 dB.
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Fig. 7. 3-SWCNT film and SWCNT/PEI composite films: (a) SEg; (b) SE,; (c) SEg; (d) the value of ¢ of SWCNT/PEI compo-

site films.
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Transmitted 1

waves

\! arsamars
SRR inat:

Dipole polarization

Interfacial polarization

8 SWOCNT/PEI & £ i R i) HL 1 Bt A bl B 7R 2 1
Fig. 8. Schematic diagram of electromagnetic shielding mechanism of SWCNT /PEI composite film.

HH AT, FE—E T N, G WY SER (RIS
Il e A PR Rl A DK A5 T 285 B85 ) B4 T 38 A, 177 >4 5
BERRANKAE T KT 3 mg/cm? B, &2 A WK
SE {HA A FF&. tiE 7(b) Al %0, 1-SWCNT/PEI
—3-SWCNT/PEL & £ . JE 1 W U FE AL TE SE
L B B RE B 4 K A8 THD %85 3 38 K T4 K, H: SE
{895 BBl 23 59 49.48—49.86 dB, 52.90—57.36 dB
F159.36—67.74 dB, {H 4 HURE fie 49 K 45 1H1 %% & hy
4 mg/cm? B, A HME SE, (B A BT TR, H SE,
{E 5 BN 54.07—59.07 dB. X & i T Bl & TR
YK T % BB HTHG O, T 2 B TR AN B 1 B R
ik T IV Jie 2= v, B KA 5 SR BRI U e £ 4k 2 )T
BRI TG 22, 33U AR R B FE Ak B
i 5 5 TR R A A0 R 185 KT B 291, 177 24 52 v
EEERE AV e 2 T ) BRRERR AN KA SR TG 22 15 iR
KAE ST IR — 2 B 11 /N 5 i P 4%, 34 S e K]
28 AH 24 3R Bk T 0 B J2 R B T LR A S rL
W) BB, S B A5 T 1 R A RE R B A 201,
M 7(c) &1, 1-SWCNT/PEI —4-SWCNT/PEI
02 MBI S PR B WAL RE SEp th S B
ISCHRFEAL REAH R k%A, L2 PRBE AR AR A4S IH 25
R 3 mg/em? B}, & A R R R ORI R R B
£, H SEq {ff 5~ 81.82 dB. 3-SWCNT HifE 1)
SEg, SE, il SEr fHIYEESMIA 14.63—14.86 dB,
50.38—55.13 dB, 65.19—69.81 dB. 7& A [F] 1Y HkE
WY K4S % ¥R, 3-SWCNT/PEI & 4 Y
SE, Al SE¢ {Hi KT 3-SWCNT i, X2 F
02 A THEIBE v 7 A R B e 49 A A7 R 2R ik T IV
LR YIRS, B A R W SRR R
KT HURERR AR, I 525 e R S L
L RES B4 . SWCONT/PEL & 4 IR
LB () BEATR AL IR 7(d) s, e”

FE AL RE i DT AE. N [R] SR RE R K A T 285 B 1Y
S TG & (B 24 Bt 2 A0 38 A 338 KT R ARG. 7203
)y 12.4 GHz &b, 3-SWCNT/PEI £ 4 MK
{Hh 4488, J&[H—MiF F 1-SWCNT/PEI £ &
JEERY 3.38 £, HLRERRANIKAE /5 Bk I W g 2 45 TS
{14) FiL T R A LB /R R PR A R 8 s, 5 AR S
BARE AR AE TR AL T LR IR 2 A W R £
G FE 27, [ IR 9 K AE 5 Rk Tk IV Y 2T 24
TE B4 S Tt A — o 9 L P A5 A 5 TGS ) B v
WAL BFERE SIS 242 5.

4 % b

AR T AR 1 i 27 24 R L2 i Bl et g A O ik
il £ 1 BRRED 0 K4S / 5 Tk Tt STV e P 10 5 i vl P
I G R R BB Tl 0 K A 8 S IR Tk T IV Y &2 4
|, RBAE IR MG SR A G T 2 VERE R RCR,, B
BARE R N KA TH 3 B K, 5 TR A hr A i B
FEZ AT DLAF] 28.98 MPa. FABERRAN KA 1E B mEE
EREEF2E PR T KR S, ATl 52 5
ISR Bt P 5 0 52 5, U HZ 3-SWCNT/PEIL
WG e 2R AT LA R 1866 S /cm. T L G 5 ik
i, 2 THE I P BAURE BN A TR ik P IV e 2T 24
oK & 51, Bl 52 A Wi ) FU R B i R e —
S T A5 30 S S v R [R] R B 4 K A T
JEF, 3-SWCNT/PEL & & # I H A 5 = 1 SE,
H1 SEq, T 3-SWCNT j#i .
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Abstract

In practical applications, flexibility, lightweight, and high performance are the characteristics that polymer-
based electromagnetic shielding materials should have. At present, it is still a great challenge to prepare
polymer-based electromagnetic shielding materials with excellent conductivity, electromagnetic shielding
properties, and mechanical properties. Therefore, in this work, single-walled carbon nanotubes/polyetherimide
composite films are prepared by electrostatic spinning and vacuum-assisted filtration through using single-
walled carbon nanotubes and polyetherimide as raw materials. By regulating the surface density of single-walled
carbon nanotubes, the conductivity of the composite film can be enhanced to 1866 S/cm. For the electro-
magnetic shielding performance, the total electromagnetic shielding effectiveness of single-walled carbon
nanotubes/polyetherimide composite film in Ku band (12-18 GHz) is in a range of 75.78-81.83 dB, which is
higher than that of pure single-walled carbon nanotube film (65.19-69.81 dB). This is attributed to the
formation of interfaces between the polyetherimide fibers and the single-walled carbon nanotubes, with more
interfaces consuming more electromagnetic wave energy for a given range of single-walled carbon nanotube
surface densities. For the mechanical properties, the maximum tensile strength and elongation at the break of
the single-walled carbon nanotube/polyetherimide film are 1.13 and 1.5 times higher than those of the single-
walled carbon nanotube film, with the values of 28.52 MPa and 7.91%, respectively. As the surface density of
single-walled carbon nanotubes increases, the interaction between single-walled carbon nanotubes as well as the
interaction between polyetherimide fibers and single-walled carbon nanotubes at the interface plays a role in
enhancing the mechanical properties of the composite films. The single-walled carbon nanotube/polyetherimide
composite films, as an excellent polymer-based electromagnetic shielding composite material, can be used in

fields such as the protection of precision electronic instruments and wearable electronic devices.
Keywords: single-walled carbon nanotube, polyetherimide, lectrostatic spinning, electromagnetic shielding

PACS: 81.05.Lg, 81.05.Qk, 81.07.De, 81.15.-z DOI: 10.7498/aps.73.20240822
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