Oct. 2020 FLAX AL T F40EH10H
- 196 - Modern Chemical Industry 2020 FE 10 B

SPEEK/ Mt MWCNT E6 R FXIRER

ab

|

&5 EgE

W RBREE,F AR OR,K T, KEeR, kK
(R IRFHFEHIFIR, LT 102488)

FEE B4 T A A DUEE 1 B PEBR AN K (MWCNT -G ) |, 3T 5T fk SR LR ( SPEEK ) IR 4115 8 A 08, 3 i
(SEM) 43 Hr45 3], MWCNT-G L5 s MWCNT 7E SPEEK H 4 4], 78 1% 38 42 L F % L4347 T SPEEK/MWCNT
i S SPEEK/MWCNT-G i i) Jii 1% 53R oK 3R kB MUMOMERE b2 fa e v e S, SPEEK/MWCNT-G A R A%
WK FRENEAR T MR FEDUR B R A e e 3 Fr 4 85 . SPEEK/MWCNT-G i85 1-4% 33 L 7 BE AR, 60°C I Lo 14 SR
75 0. 086 S/cm, 2 SPEEK/MWCNT [ 1. 46 15 . SPEEK (% 1. 72 £% . %57 4 MWCNT 5 SPEEK A 251 22 AR D045 AR 32

FERR) T 5 BRI KA 5 A R ik ik T

hES%ES.TM911.4 XERFR RS A

DOI: 10.16606/j.cnki.issn 0253-4320.2020.10.041

X E4HS :0253-4320(2020) 10-0196-06

Preparation and properties of SPEEK/modified MWCNT composite proton
exchange membrane
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Abstract: A kind of composite membrane is obtained through blending sulfonated polyether ether ketone ( SPEEK)
and modified carbon nanotube (MWCNT-G) with flexible organic side chains. Analysis results by SEM indicate that
MWCNT-G disperses more uniformly in the matrix than native MWCNT. Under a doping ratio of 1% , SPEEK/MWCNT
and SPEEK/MWCNT-G composite membranes are compared and analyzed from their proton conductivity, water
absorption rate, swelling ratio, mechanical property, strength, chemical stability and thermal stability. SPEEK/MWCNT-G
membrane remains unchanged in water absorption rate but has a lower swelling ratio, and exhibits a higher mechanical
strength and a higher stability. Moreover, SPEEK/MWCNT-G membrane shows lower proton transfer resistance with a
proton conductivity of 0. 086 S/cm at 60°C , 1. 46 times that of SPEEK/MWCNT and 1.72 times that of SPEEK. This
scheme improves the compatibility between MWCNT and SPEEK.

Key words : proton exchange membrane; carbon nanotube; sulfonated PEEK

JF A8 4 B ek L Tt A Sy — I 3 L A R
R BN S st K TR S
M, R HL AR B 2 — R AT
(PEM) 2 H—A B H A, #E 828 Al ) Nafion JEAE
Sy —Fh ML [ 4 GR A IR ( PFSA) B kA6 . 4R
1M, PFSA 5 B Ak 4% h 51 & AR 58 ST #2 2k 1)
fig, WAL, Nafion B (1) &5 pAS e fRHF T/E& T
B 0 AR 1 35 3 R & W ik
REWEAG e fh SRR IR ke 50 SPEEK Y 454
NHA TSGR Z 5, Hof SPEEK [H
HUBGR BE U | BT 1% S i mivg 5K Sk,
BffEALRE (DS) 35, SPEEK JE K Jin e | i DA 45
Repgae'™, 5 4&E S kY™ Sk
M ThRRAE Si0,' - TR IR R IR AN gk

RYENTT MWCNT! ") A5 SR R o IR L ol ot A 3k 42
Z—o Hr  MWCNT AU F B 5 B = i RE A iE B
B ST ARl ) A2 G . {H MWCNT W7
FEAE TCHL—A AR T AH VA PR 25 A Bl 25 55 [
25 2T 45 ] £ B g f 25 MWONT LA Bk 3% 5 1 AH 25
PEPOT MWCNT 3 56 Ak Ad 1 DL k38 o ik
R Sy rhEORE B AR AR ALAR 1 1 T A% 0r
Mo AP 15 55 158 SPEEK JEZR &
PERE, 28 & WA AL EE B T MWCNT Die s S0k
Sy, MWCNT M55 55 56 W 6t 8] i 4 28 | 8 i
M EHAE A AT R sE A IL—JC ML A AE L I
FR&IR G EE A 3, MWCNT-G 16 i Hk A
REAE I o L 28 A7 i, A AT F— 24 & 7
3%,

s HEA.2019-12-18; & E H A . 2020-08- 11

TEFER N 1R (199%4-) , B 0584 BT 7 0 okt o it BT 1 38 ), 497762924 @ qq..com; R iE(1958-) , 55, i+ #d% , iF 58y m oA

MLA BB AR rL b T3S e S TR RN z¢j@ bit.edu.cn,,



2020 FE 10 B

1 SCIEEy

1.1 ##

R kLR ( PEEK) , 450G Victrex, ICI Corpin 4=
FE AR (NaH ) | =3 LS e N- S N 3
ZHE(DIEA) B AL 8 | o S AL & B iR 4K L2 -
(7T-FAHIF =5 M) -N N, N, N' = U T LR 7S 58
BEIRER (HATU) VR BRER (98% ) MRS IR . — H 3L
(DMSO) . 1,4-T HEFR NG 57N BE N, N- 1 3
FH kI ( DMF) |, K 7 R A A B PR W) A=
P MWCNT (K 10~30 pum, #M% 20 ~30 nm, P42
5~10 nm) , PEREEBERAEA DA ATBRA R A,
1.2 SPEEK HI& R

VBRI 25 mL WRBRRR , IR IMA L ¢
PEEK, ¥ PEEK 5¢ 4 % fift J5 , JHil 2 70°C 2 i
1.5 h, BRAEWEBRTA L8 T K IE BLEF 4k
SPEEK, HIZEBEF/KREBEEZ M, 60°C T T4
24 h,
1.3 HBENLHEMAEZ (MWCNT-COOH) B & L

FH A B 7R R ¥ ) %5 MWCNT - COOH'™' | ¢
100 mg MWCNT 12 mL ¥R A8ER 4 mL IERER TR &
WRE S AL 1 b SRS AR 60°C It 3 h, TR
Ko 28 = e 25 8 /K R, B O I B IR I =
IR 24 h, 14 MWCNTs—COOH,
1.4 MSEEHEBRMKE (MWCNT-N) &K

] B A 8 mL DMF A9 B il A 50 mg
MWCNT-COOH K 5 mg =2 R 3 H ke, B k44
G 5.17 mg DIEA,#7 4 h, FKR FhIA
15.2 mg TAHU #7554 h, 7508, 5 R 2 35+
K EZ VeV, il T T4 24 h, 45 MWCNT-N,
1.5 BUEENBRAKE (MWCNT-G) AKX

18 mg MWCNT-N 7£ 4 mL DMSO H#E7 4 h,
Ar {343 F, A 8 mg NaH, #4£ 4 h, WA 0.1 mL
1, 4- T AR TS, BEFE 24 b (8008I W i % e 85
TR E Ve, F T4 24 h, 14 MWCNT-G, H
BAG AT R NE 1R,

H,S0,,HNO, NH,
DIEA,HATU
HO R
% P NA _%/R
- HoO NH ij RO NH
NaH
=MWCNT R=>g~~-50,Na

K1 MWCNT-G 4 kit 4277 & A

B . SPEEK/BIE MWCNT E8RFRIGIRIVEIZ S514RE <197 -

1.6 RFZHRENFIH

FHVE W 0E 5 15 il % PEM'™ | % SPEEK % T
DMSO, H- A 2 Teflon Hiz,80C F EZ T4 3 d, 1%
SPEEK i, LA E /388 1% 17 SPEEK A3 5148 A
MWCNT, MWCNT - G, 75 SPEEK/MWCNT f#
SPEEK/MWCNT -G fi, Jir A 5= A 2 mol/L
H,S0, "' 24 h, BB G RAE T KB F KT,
SPEEK Ji . SPEEK/MWCNT Ji& . SPEEK/MWCNT -G
PGNP 2 iR,

(-

(a)SPEEK J

(b) SPEEK/MWCNT Ji#

(¢)SPEEK/MWCNT-G i
K 2 SPEEK f# SPEEK/MWCNT f¥ |
SPEEK/MWCNT-G fi&

1.7 RAESNE
FFH Horiba FT-720 U L 75 6 56 135 A A 1
MRlgEf . R Varian mercury —plus 400 S %Y
I R A4k 203 ("H-NMR ) , DMSO-d, YE¥# 5.,
FIF SHIMADZU SSX—-550 4 L+ i il ( Jinsg i
JER 10 kV) AR P 1 Ak . N, fR R, A
Fi TGA-Q500 #4843 A A I st B P i i 26 FILH
SHINADZU ASG -] $ J7 3 56 AL 52 J5 g 2% 1 R
FIFH A 2 T4 3k ( CHIG60D ) 32 B 14 i 1 1% 5
R, FEEIRA 80°C IR AR 1 b2 i A sk A
Jo ek o DS 1) IO A L DA R B AR At ROKOR
(WU) IR (SR) TN
WU(%) = [(W,, - Wd,y)/Wd,_y] X 100%
X w,, AT IR, mg; W, AR me,
SR(%) = [(Ly, = Ly)/Ly,,] x 100%
XL, ISR mm Ly, TR mm
I T T B 1) 5 T AR ¥ R i (IEC) o
32 A 30 mL 2 mol/L NaCl #1124 h, I ELIE SR T,



- 198 - A AL T

E405E5 10 H

H10.01 mol/L NaOH i&5E , 715 IEC KEH(A) .
IEC = (Cyon % Vyon)/ Wy
A = [H,0]/[80;] = WU(%) x 10/(18 x [EC)
K Cyon M NaOH (R, mol/ Ly Vo 72 1 22 T
#E NaOH FfAF, mL,

2 HRE5HM

2.1 SPEEK ¥ MWCNT-G HIR1E

SPEEK 1 'H-NMR & Bl 4ni&l 3 frs, mE 3
T DU 13 S AU TR LA R E AL AR 1A
3 v 4% e FH 43 1T FR tmﬁﬁzﬁ% SPEEK 1 DS #5°h
70%'*! , SPEEK f¥ FT-IR iKW 4 s, K
4 LA H 3 400 em™ b Y SE I R SR A K )
O—H, 10201 080 cm™" Ab 4 M UL hy sk 122 56 A1 R AIE
W ) 1 650 em ™" A i IR AT S pl B R XU £
51, 1220 em™ IR IHF Ar—O0—Ar [
545, 1600 em™ 1 1 470 em™' 2 5B 4R B
B, 55 46,2 350 em Ak IR BE T CO,
B

L H, (") H, H, 1 H, H, 0 H,H,
ID 13 SOH 3 13 12

H

13 1,2,3,4,5,6,11,12,14,15

=

7,8,9,10

80 79 7.8 7.7 76 715 74 713 712 71 70 69 68 67
DL /(x1076)

B 3 SPEEK # 'H-NMR i

1650

3400 2350 16001470 %020
: : i mo

frizuE

4000 36IOO 32IOO 28IOO 24IOO 20‘00 16I()0 12‘00 800
BB /em!

W 4 SPEEK #y414h kit

MWCNT-G K H P FT-1R &40l 5
o MRS dt<k 1 TRIE 1,1 5801 620 em™' Ab
2 ANEEESHIWL I S MWCNT 1 C=C P45 R Sh1E

W P S ik 2 PTRLE Y, C=0 $RAE R i
HILLE 1 720 em™ b, REREL KT 5] A 2 MWCNT
. HES g 3 FTLAE 1,1 450 em™ AR A I
W C—N 51 2 920 em™ 2 2 970 em ALK
SR C—H PR BH4FAEIE )1 050 em™ b HIBL T
Pt S A 0 | 3R BH =3 P R S W e B R L T
AR S 2k 4 aTLIE L1 380 em ™' Ab HH B T A iR
FEPA AR R 0> 0 e Ah, 1 160 .1 050 em™ &b )
WS 2 O—S—O 114X FR -5 AN X B A 4 I 3 110 245
LT R MWCNT-G #4831, 54,2 500 cm™
AT AR AL T3 CO, WAL TS,

B/ %

[N
2970 2920

3200 2800 2400 2000 1600 1200
BB/ em!

1—MWCNT ;2—MWCNT-COOH ;3—MWCNT-N ; 4—MWCNT-G
E'5 MWCNT-G K H # [a] 7= 4 19 41 41 o8 % 1A

2.2 FREEMAER

SPEEK/MWCNT fi£ | SPEEK/MWCNT - G Ji5 fi§
Femm R AR OISR N E 6 s, it 6 il LIE
H AT SPEEK/MWCNT i SPEEK/MWCNT -G
ITNEIPNE AT IR o S I e Wik STk A
B/b o AHUMEE ) HE R P S T MWCNT 5 SPEEK
FET AR A A A A Ay, XA T
MWCNT-G A HLM &% I/ & A 5L 4 (—OH . —0—,
—S0,H ., —COOH) 55 SPEEK % |7 /it £ [ 2z ] &

(a) SPEEK/MWCNTSs iK1 (b) SPEEK/MWCNTs—G R

5 pm

(¢)SPEEK/MWCNTs R i (d) SPEEK/MWCNTs—G A

Me ZAMELwR#EESEM A



2020 FE 10 B

VR, B T AL O LA m AR AR
2.3 WRIKZE AKE JIEC KEH(A)

BN WK A KA TEC A SRR 1
o M 1 ] LUF i, SPEEK/MWCNT fi 5
SPEEK M 7K 3R B A — 3, SPEEK/MWCNT -G fii
WK 2RI e — 2L, X & K MWCNT -G $2 Y %5
HMith R K& A 3G 5 T WK P, SPEEK K5 SPEEK/
MWCNT B RK B AR TR, 358 12. 7% , Ui BB 4%
MWCNT JC % i ] SPEEK ¥ JiK, 1 SPEEK/
MWCNT JE 5 i 26 K RAR TG & (LR 4. 2% , W]
MWCNT-G 58 A9 £ 5551 10 A 5k A9 AH BLAE
L6 T REW T HsERIE 8, — 5, SO
MWCNT-G 7EE & B A B35 A R F 3/ 5K
FHAT BSOS TE 1 5 93— 5 TH , MWCNT-G FEf
HAS AR 3L P (0 DL BERE 58 T A B S R A

FUTHAR A
F1 BEMWKE BIKEJIECABE
i Wk, WkE, IEC/ A R/
% % (meq-g') pm
SPEEK 33.5 12.7 .63 1.2 79
SPEEK/MWCNT 33.7 12.7 1.63 115 74
SPEEK/MWCNT-G  35.5 4.2 L70 1.6 72

SPEEK/MWCNT-G iy F 30k T 5] AK# iR 5L
I T G MR sS AL, H IEC R XTI
{H R TSR 2% LU B8R, IEC e A 38R F 2
SPEEK i e, SMARE L IEC S A A,
2.4 RFESE

SPEEK i, SPEEK/MWCNT [, SPEEK/
MWCNT-G JEFEA R B N 19518 SR Wl 7 B
7No FHIEL 7 AT BT S A5 L S R
B, 5 B IE R R AR A R i TR T
HE AT B R kS M bk T SPEEK i,

0.09

% 0.08f //3
& 007 //
% 0.06f _ .2
ﬂ’; oost . .1
\EE 004 — -
003 —35 45 50 ¢
BEE/C

1—SPEEK Ji ;2—SPEEK/MWCNT Ji ; 3—SPEEK/MWCNT-G fI&
B 7 SPEEK f# SPEEK/MWCNT % SPEEK/
MWCNT-G & B @ E T o i 71 5=

B . SPEEK/BIE MWCNT E8RFRIGIRIVEIZ S514RE - 199 -

SPEEK/MWCNT f5 5t % 5 %4 it 412 e {5 I B A
K, 1M SPEEK/MWCNT - G i I 7 45 K i B 412 7t
SR N AH T MWCNT, MWCNT -G A 5 SPEEK
B B RIE ], SPEEK/MWCNT JiErp | B4
PR R AR B 1 W 1) B 1 3 n] 4 g 7 4%
FEF UK AR A T A5 3, A R AR T 1 % 3 FH
J712) ME R RS 60°C I, SPEEK JEFFHE A5 .
2.5 REHW

SPEEK Jii, SPEEK/MWCNT fi, SPEEK/
MWCNT-G JERY R E S Hrth e &l 8 fios ., I 8
] LUE 3 FPBEER AL 2 S i B B, 5 Sk
[34 ] HRIESE R —F, 300 ~350°C L2 X [a] i
B RRAR R Fr TR FRJE A () 20 g 5 | /2, 500°C TR
HIREAR I S e T SPEEK T4 A IR, SPEEK i 5
SPEEK/MWCNT R it 4 JL 7 — 2k, Uk %48
AR, MWCNT K k28 SPEEK B9 #EE M, 1
SHAYW AR L, SPEEK/MWCNT-G Ji i i B 5
HAri e, W MWCNT-G (B AHH T 5
SPEEK #4f4 i€ M, SPEEK ~-MWCNT Ji& 5 & F PEM
BRAL L

100 200 300 400 500 600 700
HEE/C

1—SPEEK JI{ ;2—SPEEK/MWCNT J# ; 3—SPEEK/MWCNT-G J

B 8 SPEEK f£ SPEEK/MWCNT % SPEEK/
MWCNT-G f# 9 3 & o #7 dh &

2.6 HUHGRE LFREM
BT 2 A LR 5 b2 R
#2 fin, i 2 n] 1, SPEEK/MWCNT fi5 (1) F7 T
5 = T SPEEK AR, X U4 KT MWCNT 1) /= HLAR
BELL B A BL - 6 AL A B AR Y, 5 SPEEK/
MWCNT JEAH ., SPEEK/MWCNTs =G JIE B AL 5 5
#*& 2 SPEEK % . SPEEK/MWCNTs % .SPEEK/
MWCNTs—G BEEIHLA R E LR

ENAGIE:YE VAN U VAN oie PN R

i

MPa % %
SPEEK 15.07 35.67 96. 2
SPEEK/MWCNT 23.16 27.44 96.5
SPEEK/MWCNT-G 27.23 32.46 98.7




- 200 - FAX AL L

e, —J7 i, EEEE DL L MWCNT-G
AN RN RR S 5 SR A PRI 2 (Al A L4 s T
EAARGRE 55— 5 1, MWCNTs -G 5% 5 R 5
TR gLV E BRG] T B8 B 8l

PEM 2352 3| F fh 3L I0E MR, 80°C F &3 5%
WHAFRUL 1 h 5 SPEEK £ SPEEK/MWCNTs fii |
SPEEK/MWCNTs—G fi5 i 5 4 B3 SR 7 95% L) I
R R f2E AR . SPEEK/MWCNTs Jii 5
SPEEK fii it &t & B8 & 8¢y 4% i, M SPEEK/
MWCNTs=G A frie s, & 5%, MWCNTs -G 785
Fa A ORI s) . A X ARIH T MWCNTs-G
Y5 SPEEK =5 4% fiff i 5 A1 [A] 0B/ >, MWCNTs
=G MBE B 7K B e 6350 7t ] TP 40 ik 17 3 1] 4
Z S5 Bk

3 #ig

il 2 7 A AL 4% 422 A O ) MWCNT -G I 5
SPEEK RS & & B+ s i, ol 125G
PERE

(1) #H lt SPEEK/MWCNT Ji, SPEEK/MWCNT -
G JErRSEDRL A BN IA 5] FHIRARZS PR AT

(2) 5 SPEEK/MWCNT Jii A b, SPEEK/
MWCNT-G B EA B = 1R AKR K IEC, BPEE Y
BURHR AL AT %156 037 15, SPEEK/MWCNT -G i
R AR BT F AL S B 1, 60°C B, SPEEK/
MWCNT - G Jii i 7 & K 2 0.086 S/cm, fH H
SPEEK/MWCNT 5 T 46%

(3)MWCNT -G 4540038 T B RO e
PR, S T HUGR EE DL R A, SRR e Mt g A
sk, TE A FEACE  K R B % 5T, SPEEK/
MWCNT - G i 1) % Ik AL 4. 2%, T SPEEK/
MWCNT i} 12. 7%, 5 SPEEK/MWCNT JEAH L,
PR B L 22. 16 MPa $2 7+ % 27. 13 MPa, {H1)
TEA PRI

S 3k

[ 1] Wilberforce T, Alaswad A,Palumbo A et al.Advances in stationary
and portable fuel cell applications[ J].International Journal of Hy-
drogen Energy,2016,41(37) :16509-16522.

[2] Olabi A G.Hydrogen and fuel cell developments; An introduction to
the special issue on “ The 8th international conference on
sustainable energy and environmental protection (SEEP 2015) ,11-
14 August 2015, Paisley, Scotland, UK” [ J ]. International Journal
of Hydrogen Energy,2016,41(37) :16323-16329.

[3] Patel H A, Selberg J, Salah D, et al.Proton conduction in triger’s

540 B2 10 B

base linked poly ( crown ether) s[ J].ACS Appl Mater Interfaces,
2018,10(30) :25303-25310.
Thepkaew J, Therdthianwong A, Therdthianwong S.Key parameters

—
~
fa

of active layers affecting proton exchange membrane (PEM) fuel
cell performance[ J].Energy,2008,33(12) ;:1794-1800.

[5] Peighambardoust S J, Rowshanzamir S, Amjadi M. Review of the
proton exchange membranes for fuel cell applications[ J].Interna-
tional Journal of Hydrogen Energy,2010,35(17) :9349-9384.

[6] Bruijn F A D,Dam V A T, Janssen G J M.Review: Durability and
degradation issues of PEM fuel cell components [ J].Fuel Cells,
2010,8(1) :3-22.

[7] L33 C H,Chen S H,Wang Y Z,et al.Preparation and characteriza-
tion of proton exchange membranes based on semi-interpenetrating
sulfonated poly ( imide-siloxane ) /epoxy polymer networks[ J].En-
ergy,2013,55(55) :905-915.

[8] Singha S,Jana T,Modestra J A et al.Highly efficient sulfonated po-
lybenzimidazole as a proton exchange membrane for microbial fuel
cells[ J].Journal of Power Sources,2016,317:143—-152.

[9] Yue Z, Cai Y B, Xu S. Phosphoric acid-doped organic-inorganic
cross-linked sulfonated poly ( imide-benzimidazole ) for high tem-
perature proton exchange membrane fuel cells [ J]. International
Journal of Hydrogen Energy,2016,41(24) :10421-10429.

[10] Robertson G P,Mikhailenko S D, Wang K, et al.Casting solvent in-
teractions with sulfonated poly ( ether ether ketone) during proton
exchange membrane fabrication[ J ].Journal of Membrane Science,
2003,219(1-2) :113-121.

[11] Hande V R,Rath S K,Rao S, et al.Cross-linked sulfonated poly (e-
ther ether ketone ) ( SPEEK )/reactive organoclay nanocomposite
proton exchange membranes (PEM) [ J].Journal of Membrane Sci-
ence,2003,372(1-2) .:40-48.

[12] Jin X,Bishop M T, Ellis T S, et al. A sulphonated poly (aryl ether
ketone) [ J].Polymer International ,2010,17(1) :4-10.

[ 13] Eakkiya S, Arthanareeswaran G, Venkatesh K, et al.Enhancement of
fuel cell properties in polyethersulfone and sulfonated poly ( ether
ether ketone) membranes using metal oxide nanoparticles for proton
exchange membrane fuel cell[ J].International Journal of Hydrogen
Energy,2018,43(47) :21750-21759.

[14] Xu L,Meng X, Shi C,et al.Facile preparation of well-dispersed GO-
SPEEK composite membranes by electrospun for fuel cell applica-
tions[ J].Mrs Proceedings,2015,1735.:5-18.

[15] Zeng J,Shen P K, Lu S, et al.Correlation between proton conductiv-
ity , thermal stability and structural symmetries in novel HPW-meso-
silica nanocomposite membranes and their performance in direct
methanol fuel cells[ J].Journal of Membrane Science,2012,397—
398.92-101.

[16] Jliang Z,Zhao X,FU Y, et al.Composite membranes based on sul-
fonated poly ( ether ether ketone) and SDBS-adsorbed graphene
oxide for direct methanol fuel cells[ J].Journal of Materials Chemis-
try,2012,22(47) .24862-24869.

[17] Zhe G,Jiang G,Ma P.Preparation and performance as PEM of sul-
fonated pre-oxidized nanofiber/SPEEK composite membrane [ J].
Fibers & Polymers,2017,18(6) :1025-1030.

[18] Feng P,Peng S,Wu P et al.A nano-sandwich construct built with



2020 FE 10 B

graphene nanosheets and carbon nanotubes enhances mechanical
properties of hydroxyapatite-polyetheretherketone scaffolds [ J]. In-
ternational Journal of Nanomedicine,2016,11:3487-3500.

[19] Ding M, Ling X, Yuan D, et al. SPEEK membrane of ultrahigh sta-
bility enhanced by functionalized carbon nanotubes for vanadium
redox flow battery[ J].Frontiers in Chemistry,2018,6:286-295.

[20] Yu L,Lin F,Xiao W,et al. CNT@ polydopamine embedded mixed
matrix membranes for high-rate and long-life vanadium flow
batteries[ J |.Journal of Membrane Science,2018,549.411-419.

[21] Shang Y, Liu Y, Wang Z, et al. Functionalization of multi-walled
carbon nanotubes and their effect on the tribological properties of
poly ( ether ether ketone) composites [ J].Polymer International
2017,566(12) :1897-1905.

[22] Firkowska [,Boden A, Vogt A M, et al.Effect of carbon nanotube

[

surface modification on thermal properties of copper-CNT
composites[ J ]. Journal of Materials Chemistry, 21 (43) : 17541-
17546.

[23] Hande V R,Rao S,Rath S K, et al.Crosslinking of sulphonated poly
(‘ether ether ketone ) using aromatic bis ( hydroxymethyl )
compound[ J ]. Journal of Membrane Science,2008,322(1) 67—
73.

[24] Tagizadeh M T, Vatanparast M. Ultrasonic-assisted synthesis of ZrO,
nanoparticles and their application to improve the chemical stability
of Nafion membrane in proton exchange membrane ( PEM) fuel
cells[ J].Journal of Colloid & Interface Science,2016,483:1-10.

[25] Parnian M J, Rowshanzamir S, Gashoul F.Comprehensive investiga-
tion of physicochemical and electrochemical properties of sulfonated
poly (ether ether ketone) membranes with different degrees of sul-
fonation for proton exchange membrane fuel cell applications[ J].
Energy,2017,125.614-628.

[26] Liu D, Peng J, Li Z, et al. Improvement in the mechanical
properties , proton conductivity, and methanol resistance of highly
branched sulfonated poly (arylene ether)/graphene oxide grafted
with flexible alkylsulfonated side chains nanocomposite membranes

[J].Journal of Power Sources,2008,378:451-459.

(L% 195 1)

7% 3Lk

ARAR IR ER IR 75 32 R FH AT IR S & T R [ 1] ALZE T

\k,2013,31(11) :34-38.

B S T 00 (0 5600 B2 RE RS AR [ M TS« I TR 27 B R s Al

#,2009:1-2.

[3] Ehffsm, T #A:  REZE AL FRERE - HoAR R[] AT
R ,2007,26(5) :668-672.

[4] Mk, S5HE ik ER  E RERAR A &K T2
FIRA 6}, 2011(S1) :37-39.

[5] skiehk, ki Bs  XIAR 55 & S IR IR B 9 5k = & U Rk A 1Y
AR D] WTAR T, 2008,39(2) :11-13.

[6] ERER, BRI, 155 —ifEH 7, 55 AR IE A& R 3R 5L H e
ZRRRER DRI EE R[] A ka4 ,2013,21( 1)  114-118.

[7] Wad&, XHR, ER2E, E I Hrkar o e TR iR f ik &

[

[—

2

[a

JELI] AL B

B . SPEEK/BUE MWCNT E8RF IR ENVEIE S51tRE - 201 -

[27] Daraee M,Baniada M, Rashidi A et al.Synthesis of TiO,-CNT hy-
brid nanocatalyst and its application in direct oxidation of H,S to S
[J].Chemical Physics,2018,511:7-19.

[28] Marianborkowski, Johngferraro, Renatochiarizia, et al. FT-IR Study
of third phase fprmation in the U( VI)/HNO;,TBP/ALKANE sys-
tem[ J].Solvent Extraction & Ton Exchange, 2002,20(3) ;313-
330.

[29] Gahlot S, Kulshrestha V.Dramatic improvement in water retention
and proton conductivity in electrically aligned functionalized CNT/
SPEEK nanohybrid PEM[ J].ACS Applied Materials & Interfaces,
2014,7(1) :264-272.

[30] Liu Y,Wang J,Zhang H,et al.Enhancement of proton conductivity
of chitosan membrane enabled by sulfonated graphene oxide under
both hydrated and anhydrous conditions [ J ]. Journal of Power
Sources,2014,269:898-911.

[31] Xu H,Fang J,Guo M,et al.Novel anion exchange membrane based
on copolymer of methyl methacrylate , vinylbenzyl chloride and ethyl
acrylate for alkaline fuel cells[ J].Journal of Membrane Science,
2010,354(1-2) :206-211.

[32] Guangwei H.Tunable nanochannels along graphene oxide/polymer
core-shell nanosheets to enhance proton conductivity[ J ].Advanced
Functional Materials,2015,25(48) :7502-7511.

[33] Kowsari E,Zare A, Ansari V.Phosphoric acid-doped ionic liquid-
functionalized graphene oxide/sulfonated polyimide composites as
proton exchange membrane [ J ]. International Journal of Hydrogen
Energy,2015,40(40) :13964-31978.

[34] Leong J X, Daud W R W, Ghasemi M, et al. lon exchange
membranes as separators in microbial fuel cells for bioenergy con-
version; A comprehensive review| J |.Renewable & Sustainable En-
ergy Reviews,2013,28.575-587.

[35] Pandey R P, Thakur A K, Shahi V K. Sulfonated polyimide/acid-
functionalized graphene oxide composite polymer electrolyte mem-
branes with improved proton conductivity and water-retention prop-
erties[ J ]. ACS Applied Materials & Interfaces, 2014, 6 (19):
16993-17002. 1

HR R YR T R 5 S TR IR R [ 7). 2> T4k, 2016, 30
(4) :297-306.
[8] Z=HlH , P a5t , MOV, 45 55 B TIP3 [F] CuO/TiO, —y - AL, 0,
ik CH, JBBR NO[J]. &A% 24l ,2008,29(7) : 1393
1399.
SRR ZERf AN AR, S5 BIAIXT Cu-Mn B2 & ALY i X
AT e AT v B2 VR e R 08 S P RE RS2 el [0 ] A AL 24,
2011,32(8) :1380-1386.
[10] Kundakovic L, Flytzani-Stephanopoulos M.Reduction characteristics

—
=)
[

of copper oxide in cerium and zirconium oxide systems[ J].Appl
Catal A,1998,171(1) :13-29.

[11] Wellner A, Lange F, Schmelz H, et al. Characterization of mixed
copper-manganese oxides supported on titania catalysts for selective
oxidation of ammonia[ J].Appl Catal A,1993,94(2) ;181-203.

[12] FEIAE, 8, R, 4, RS 2R AR R &L Ni-La—B E
RS AL R B 1] A K A RAE [T ] k27 4z, 2012, 33
(8):1374-1382.1



