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Preparation and properties of PVC-PVP composite high temperature proton exchange

membranes reinforced with PTFE for high temperature fuel cells

DAI Yu, ZHANG Dongbin’, ZENG Zehua, YIN Xianglu, LIU Tianhao , YUAN Xinran
(Ansteel Beijing Research Institute Co., Ltd., Beijing 102211, China)

Abstract: Proton exchange membrane fuel cell (PEMFC) operating above 100°C can overcome the defects of low
temperature operation, improve the ability of platinum catalyst to resist CO poisoning, accelerate electrode
kinetics, simplify hydrothermal management system and improve heat recycling. In order to achieve both high
proton conductivity and excellent mechanical properties of phosphoric acid (PA)-doped high temperature proton
exchange membrane (HT-PEM), we prepared a series of polytetrafluoroethylene (PTFE)-reinforced polyvinyl-
pyrrolidone-polyvinyl chloride (PVP-PVC) composite membranes. By adjusting the ratio of PVP and PVC, the best
composite membrane was found, and its physical and chemical properties were tested and characterized. SEM
results showed that PVP-PVC was uniformly filled into the pores of PTFE membrane without bubbles and holes.
The results of proton conductivity and mechanical property test show that PTFE enhanced membrane has good
tensile strength and dimensional stability, and the proton conductivity increases with the increase of PVP content in
the composite membrane. As a result, the proton conductivity of PA-doped PTFE reinforced composite membrane,
i.e., the mass ratio of PVP to PVC is 4 is as high as 0.161 S-cm™ at 160°C, and the maximum tensile strength of the

membrane at room temperature is 15.6 MPa. At 160°C, the peak power density of the composite membrane is about
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359 mW.cm™. These results indicate that PA-doped PTFE-reinforced composite membranes have the potential to

be used as HT-PEM.

Keywords: high temperature fuel cell; high temperature proton exchange membrane; polyvinylpyrrolidone;

polyvinyl chloride; polytetrafluoroethylene
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] Ak 7K FAAE B L % g 8 0 AR TR sOR R 2, T
22 (PEM) E M = J (HT)-PEMFC 1Y H, fiff it ,
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I HNHL A 55 i AR e ME R 2 AR e e, DA R
SRS (R HILAR S R B . O T R X BB EER
FHOEN U T8 2 %3 J5 il 7 PEM 78 100°C |
200°C 11 T/ I B v [l A0 22 R aE B, B H mir ok
1, WEER (PA) 45 2% 11 R 2K Jf- wkmk (PBI) M HiAir A=
Yy RS A SRy — o B BERE R AS B T Iz AR
PN 2 B A 1T 19 HT-PEM 2 — 57 fH 5 58
A B PBLIN T2, I B A a0k 8 Bk
TR RS H R AW R T AME, Wik, A%
R B PE BE O 8 Y HT-PEM.,  f5 52 WCi Y 5 1
PEARJE PA, BXFPl ARE Y R T DL 7E IR B & F 100°C
HEARKWERT, #EEEZEAT, HEmiE
JEAR. Bk, Wtk $EVE SN HT-PEM BT R &4
— R PA S FHA S GER D) . i, B
mt 1% Be (PVP) 5 % fiw 9L £ s (PVDF)™ o 2 ik i
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HXTFRES /N, PVP H & A 1 N Ze IRl 5 B A
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BN REHE A TR B, B R KEE MR . A T
1 [ B L2 R o 5 F T ARG S R TR 7 ) PEM,
N PVP 55 HoAl 3R & W R IE L4k PVP 19 5 4>
il & B G A AL ME RE A BEAORE . S T [R5
B PEM K i i F 5 MR RO SR A ke, B
GPNGE T N L S R F i LN -Fa 7/
U £ 3R DU 9 £ M (PTEE) 3 5 &2 A Ji 202
S T7 %8 R B A R 45 2% PA T A R B SRR AR T . 1
un, PES-PVP/PTFE-5 I i 7 1 77 bb H U PES-
PVP JEEHE =2 5 MPa, {H X MFh 27 (1 5 7E 180°C
B L SR AL, 2928 0.24 S.em™ P,

AR B TR R A A 2 R M E AR Y

PVP 5 R 2% (PVC) 3L, Z L PTFE 4k HIfE
MESE, DLk — P42 5 5 & A5 . PTFE 1Y 3R (1Y
PVP-PVC R & W IE1E 48 A PA J5 A B 58L& i 1
SRR S A AL RE

1 KEWMBEAE
1.1 KEHE

(1) [ He 1 Y PVP-PVC 18 5 14 1 45

53 S FR BUAS [] 5 4 L 3] 1Y) PVP Rl PVC B3 K,
JIACN, N-ZH5E F e (DMF) #5500 v, o 20400 4
HEMRTZEEM . RIEH LR REE T T
FIILF, FRkRTE ILE T 60°C HLA] (WHL-25AB ,
RHETT 2T AR A B A A]) b 2 7 4 i 2%
R, G E LR, (TR T8 S IR AR 2% 1
P4 N, PR RS KR, L
4 JHL 3 T 1) 24 S5 DA R 2% b ) R T
R B IR S T 30°C MEAE b T4 4-8ho BT
£ 1 TR B %) iy 44 DA B HLAR R EL N6 1 FT o

F1 AEILHIRZEYUERER-BRZE (PVP-PVC) iR
Hy R EE
Table1 Raw material ratio of different proportions of
polyvinylpyrrolidone-polyvinyl chloride (PVP-PVC)
composite membranes

Membrane PVP : PVC (w : w)
PVP-PVC-4 4:1
PVP-PVC-3 3:1
PVP-PVC-2 2:1
PVP-PVC-1 1:1

Note: w : w—weight : weight.

(2) PTFE 458 1) PVP-PVC & & 51 41 45

5B Ak 9 2 £ PTRE ) ) /g, 9F:
TETCK CBEP IR EYE, Hh gl by £ L PTFE
BB FEAR S HUE B AN 2 i . b T 34 PTFE &
5 PVP-PVC ) DMF i W A2 1, 1% & &35 Uk
T¥ 1 PTRE IR 7E =l P il T Io K B e H
It HE WL R] R 0 T 48 h, 3 T ¥R T Ik
W) PTRE R B 4 43 1) 332 0 T A [A] LL 46 /) PVP-
PVC 1) DMF % i, 3= o i [a] [ BEAS 2> F 48 h,
Hor RS [F] B 5] B9 PVP-PVC 19 DMEF ¥ ¥ 10 He 5
0.12gmL™", EAKAECE LB a0 3 irm . K Lik
12 B T PVP-PVC ¥ Wi (1) PTFE 4 4 I B H 54 2
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Table 2 Basic parameters of polytetrafluoroethylene

(PTFE) membrane
M Thi
Membrane Poriness/% .ean aperturj 1§kness/
diameter/(10°m) (10° m)
PTFE 80 0.15 10

%3 A[ELFIR PVP-PVCN, N-— R EREEZ (DMF)
RiRRAIE R
Table 3 Raw material of different proportions of PVP-PVC
N, N-dimethylformamide (DMF) solution

VP : PVC DMF/ Concentration/
Membrane (w: w) PVP/g PVC/g mL  (gmL?)
PTFE/PVP-
PVC.A 4:1 240 060 25 0.12
PTFE/PVP- o 225 075 25 0.12
PVC-3
PTFE/PVP- 2:1 200 010 25 0.12
PVC-2
PTFE/PVP- | 150 150 25 0.12
PVC-1

TEPEIEHESE |, SRJG7E 60°C 1Y T-#4f (WHL-25AB,
K e e A s A B A ) it . PTFE 34 5%
B9 A IR 25y 20 pm,  FoR & B9 AR a0 1
FE s o

Ethyl alcohol solution Pure PTFE® membrane

e
'
PVP-PVC solution PTFE/PVP-PVC membrane

& >

i . PVP-PVC
I:PTFE+PVP-PVC
- “PVP-PVC

1 PTEE 35 PVP-PVC & & A & AR FILsF 1
Fig.1 Schematic of the fabrication procedure and structure for PTFE

reinforced PVP-PVC composite membrane

1.2 X RAE
1.2.1 MOREA TR S0R AR A

FH SEM fe XL JEAY: & 1) T ANk O &,
TR R P i R 22, T UG S A R
e — 2R N 10~20 nm 14 FHZ . T
71 % 1% %5 (AFM, DIMENSION ICON, i [# fji &
i) X RS AR 2 THT 1 OV 25 R E AT A o R FH A
JeH AT (TGA) Wl KA Wi dae 1k, FHl
HORN 10°Comin ', I I O 2= 7 21 800°C
WA, KRR E T 100C B TR A R, fEIR
12h, BRI K.

1.2.2 PERBERR 15 24 it A ik %

WK E A A 45C FHET 2h, AR5 &
Hpma, WM, ZEHE 4 RESR TR
T 85% MBS W T, JiRi2ah, HE A
Tl TR YRR R S S D i A AR R T ) R
Vo R T R A T O F O R L R L AR BRI AR
A TR RR 45 2 i (Acid %) 2 W U B iR 45 2% i
PP E A BRI (F0) it EA k. 246
I 1) A R K 3 (Vo) LA B T AR ik % (A%) 43
MR B R 15 2 b 7 vh &2 6 JRE i) A BRI i BR AR Ak 3R

(F=) iR kR,
Acid % = 2= Wo 1009 (1)
W,
v = Ya= Yo L 100% 2)
Vb
Ag—A
A% =220 5 100% (3)
b

Hr: w,. V, fl A, J& & & e B 1w B2 A iy 5
HLORBRmEE; Wy, Vi MAy BEE A EAERR
TRMBERR W 24 h J5 B . RBURTTH AR
1.2.3 A I K 3 RN ik

W 2 G AR BT TR, 7R 45°C THET
2h, SR 530 5E S G A A A T AR (Agry) . 1K
B (Viry) FUBTER (Weary)o ZJ5 852G AR T 7E 2 I
T EB KRR 24 h, B K MR 4
FE S DR AU TR 9 25 85 7ok, sl e &2
AR S TR (Ayer) « R (Viger) FIBT I (Woged) o
A T 2 SR o ) W K 22 (Water%), JF R4
IR ) A% B V%,

Waet — W,
Water% = — "9 100% (4)
dry
Ager —A
A% = 2T 100% (5)
Adry
Vet =V,
Vo = 2 Y 100% (6)
dry

124 FERFFH SR

524 BERE O 1Y BT R 3R (o) FE AN I 1Y 4%
ERWE , a2 i R BHAX (W% 2 kHz, JLDZ-3,
Fin 3t BB A PR 2w ) I A A BELRE Y BT L
R, IR A G BERE ST S XU T ]
TR o AR N 25 A R A i T R R

L
7= Rdw (7)
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K. L(em) BERFHRSFENESBEKE; R
(kQ) R E T TSR E AR HEME; w(em)
F1 d (cm) 43590 > DU 5 Jo - FEL S 238 1) 52 5 HEE 119 9 B
FRFE
1.2.5 FEAYHLMERE

52 G BRERE b 1 BL AR PE BB R I = R
CMT6502 HL L4 ] it 547 il g HLEA T A o
Y W B0 Rl T P S MR R B S A 1Y) I 4%
B, Hh B G HBERE K EES 25 mm, 58 4mm,
DR B2 2 & 0, B 20N 5 mmemin', B2
B2 5 A TR 5 B9 P 5% B (Tensile stress, TS)
(MPa) il l¥; 241 K % (Elongation at break, E) % T

Fi
F
E(%) = Le=Lo 1009 9)

Hrr: F(N) MREFE S B ey BT AR Z i K1 A
(mm?) Jy 5 AF i ) 4 B8 BT AR, Ly (mm) F L,
(mm) 53 51 Ry BEAE i B 000 6 < B8 TR0 A et b7 28 1 1Y
KR,
1.2.6  JEE AL L vt P RE

FE AT B R b M BE DU, 3 R R A T
FAAR Y R A 20 2 U FL B (MEA), R 5 2R 4T
R PERE AN, FEA SR, SARY E R R
ik fk B (GDE, Shanghai Hesen Electric Co., Ltd.,
China), PFHM 5 B A AR BB ARAHTR], AR
i 3G MR 45 57 O Nafion, 465724 Pt/C M1k
#), H Pt 3 M 0.6 mg-em™, MEA X H#UE K
T 4%, £ 100°C A1 2 MPa () 2 {4 F #4% 5 min,
FEL I P 3% P T FRCR 4 em® A - S H Tt O K 2 1
L AR AR IR E 43 5 120 mL-min!
60 mL-min' . AR} HL It 1 B Ak it Ze R H I BR AT H
L3 AT A

2 #RE5iTi
2.1 ERERENFER

& 2(a)~2(c) 4> % 4& PTFE i . PVP-PVC-1 & &
[ F1 PTFE/PVP-PVC-1 & & B S i o &l 2
Fiw, 4y PTFERE R ZL A6, @ UIRA; PVP-
PVC-1 & &R Tt E A5 1fif PTFE/PVP-PVC-1
HAEBRBZRILEEWN, X & HF PVP-PVC-1 &
ST RA YA IEFLE] PTFE LR .

[¥] 3 /& PTFE ¥ . PVP-PVC-1 & & Ji& fil PTFE/

€2 PTFEJX (a). PVP-PVC-1 EA X (b) Fl PTFE/PVP-PVC-1
AN (o) Wit R
Fig.2 Photos of PTFE membrane (a), PVP-PVC-1 composite
membrane (b) and PTFE/PVP-PVC-1 composite membrane (c)

PVP-PVC-1 & & 1 SEM K14 . & 3(a) 24 £
fL PTFE B3R MY SEM K&, WEIFR, Z54d 30 000
fEEITOR,, PTREBELF4RIR, JF HHA Z L4,
[ 3(b) /& PVP-PVC-1 & & R I 1Y SEM K%, H
R AGECH 5000 £, WEFT7R, PVP-PVC-1 2 &
MRS B, WA fLI . Kl 3(c) /& PTFE/
PVP-PVC-1 & & B 1 i) SEM 1%, HUR A5 5K
/& 5000 1% . WK frx, PTFE/PVP-PVC-1 & &
Ji5 2 T HL A A PVP-PVC-1 E &R RINIE S, B
W5 BB JCFLIA , U B PTFE 34 3% 19 &2 & I 11
F MY PVP-PVC-1 M- T RAEWRHE, MYk &
THE 1MFE L5 . E 3(d) & PTFE/PVP-PVC-
15 A T 9 SEM BIR , Hs R A% 50k 1000
%, WK TR, PTFE/PVP-PVC-1 & 4 I (1 #% I &
¥, B PVP-PVC-1 B T B &YW 70
M 3] 7 PTFE WALBR 45, Jf H PVP-PVC-
1 & TRA WML L PTEE B 2 () 2 E R 3 4,
Al DL 2 A — ] . Bl 4 & PVP-PVC-4 Fll
PTFE/PVP-PVC-4 &£ & I K TH ) AFM E 1% . an &l

10 um

10 pm

&3 PTFEJ (x30 000) (a). PVP-PVC-1 i (x5 000) (b) Fl PTFE/PVP-
PVC-1 fi5 (x5 000) (c) #1fifi SEM [&{%; PTFE/PVP-PVC-1 i
(x1 000) (d) FIFL I SEM &l {%
Fig.3 SEM images of the surface of the PTFE membrane (x30 000) (a),
PVP-PVC-1 membrane (x5 000) (b) and PTFE/PVP-PVC-1 (x5 000) (c);
SEM images of cross-section of PTFE/PVP-PVC-1 (x1 000) (d)
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Thickness/nm
W
o

&l 4 PVP-PVC-4 E 43 (a) Fl PTFE/PVP-PVC-4 & 41 (b) Y
AFM 1%

Fig.4 AFM images of PVP-PVC-4 membrane (a) and
PTFE/PVP-PVC-4 membrane (b)

fii 7%, PVP-PVC-4 Fll PTFE/PVP-PVC-4 & 45 I 2% 1fi
PG MR AFM EIMR , X2 K i PTFE/PVP-PVC-
4 ARG R =R 45K, R m ) & PVP-
PVC-4 REWr, FrLAAATT R 1 ROW S5 8 2L .
2.2 EGEMABEN

K TGA i, T PVP-PVC-2 & 4 I #11 PTEE/
PVP-PVC-2 & & Ry AR E M, 45 Rl 5 s
M & 5 AT, BT A A i 52 A BREAE 180°C LA Y
EHFEE R, I H PTEE/PVP-PVC-2 & 4 I il #4
B Mg & F PVP-PVC-2 2 A I, fEIREM T
180°C B, & A & > 8 Rhm & & ih
THMNESGKESRTRAERW. RE®T
180°C Af, RAY PVC I C-Cl 4 it 380 T i Y
WD, YR R L 400°C BY R A TR R R
J& PVP-PVC L4/ 3800 .

100 Heating rate: 10°C/min™!

N, atmosphere

80 -
60 - PVP-PVC-2

PTFE/PVP-PVC-2
40 +

Mass residual/wt%

20

0 1 1 1 1 1
100 200 300 400 500 600

Temperature/‘C

[§]5 PVP-PVC-2 fil PTFE/PVP-PVC-2 & &K TGA i<k
Fig.5 TGA curves of PVP-PVC-2 and PTFE/PVP-PVC-2

composite membranes

2.3 SAENHBRBEEMAERME

& 6 Sk A [A] e 491 i) PVP-PVC 2 45 i Fll PTFE/
PVP-PVC & & EAE 45°C T 85wt% (1) PA I I H i
MW 12h 5 PAE 248, WEFTR, BEERE A K
1 PVC FE RN, Wt PVP SR IMRIL, &
G PAS s B TR, flan, PVP-PVC-4

500

400

L

300

HH

Acid/%
H

200

100 F
0
™ ™
RN A A A N A
KSR SEIKS AT S AT S AR CAR S A
R R R R R R R R
AQ AQ AQ AQ AQ AQ AQ AQ
A S & & &
& &L L

& H S D

6 N[ LB PVP-PVC M1 PTFE B3 4 W B IE I it
(S5 B 85wi% MR 12 h, BALIIEN 45°7C)
Fig. 6 Acid doping content of the PVP-PVC membranes and PTFE

reinforced composite membranes (The composite membrane was

soaked in 85wt% phosphoric acid for 12 h at 45°C)

A ) PA B 28 5 2 456%, i PVP-PVC-2 &
A IEH) PA B2 8 25K 260%, F PA 5445 4L PVP-
PVC-4 5 A IR BRIk, BLsh, PTFE #4581 PVP-
PVC & & ) PA 5 4% it 3¢ PVP-PVC & & fi 1) PA
BB A T, #lhn, PTFE/PVP-PVC-4
HAMER PAB I &2 339%, HPABIELR
PVP-PVC-4 & & 1) PA4B R = [ K T 0 117%,
X EJE HF PTFE M A SE 58 T &2 & B R~
FeE PE T T PA B IR B 3t

& 7 J& PA 8 Z% 1) PVP-PVC 3£ 42 4 [l Al PTFE/
PVP-PVC & 45 B5 (1) T AR5 I R R ik, an &1
N, BEESE A B PVC SR, W& Pvp
TR, HEKE TREBE, X5 650
PAB i OEA G, filln, PA 4% PVP-PVC-
4 525 L %) T RRL ik 0 A RS iR A L Bk, 40 il
1 155% Fl 234% /& 47, i PA 13 2% ) PVP-PVC-2
O B FEE T T AR T R BRI R AR A BT R A, i)
A 120% F1 175% /47 . L5+, PTFE/PVP-PVC &
5 R 1% TR AR e N A BRIk 55 %z 9 PVP-PVC &
A FEAH L ES A BT AR, 0 H T B K R R B
4, PA B4y PTFE/PVP-PVC-4 & 4 I Y 1 X
7 K RN AR BRI B 4 5l R 28% AN 199% A2 A, X5
PA 8421 PVP-PVC-4 & 4 JIE i) 1o R Ak A AR B
JHAH B 8 3 R R . AT LA B PTFE 3§ 58 B A9 m A
XA RS R RS A AR R Bl .
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Fig.7 Swelling ratio of PA doped PVP-PVC membranes and PTFE
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Table4 Conductivity and activation energy of PVP-PVC-based composite membranes

Membrane Proton conductivity@120°C/(S-cm™) Proton conductivity@160°C /(S-cm™) Activation energy/(kJ-mol™)
PVP-PVC-4 0.151+0.032 0.218+0.033 13.1
PVP-PVC-3 0.138+0.030 0.198+0.028 14.5
PVP-PVC-2 0.081+0.018 0.115%+0.012 15.1
PVP-PVC-1 0.031+0.003 0.054+0.007 20.2
PTFE/PVP-PVC-4 0.121+0.015 0.161+0.017 13.6
PTFE/PVP-PVC-3 0.093+0.010 0.125+0.007 14.6
PTFE/PVP-PVC-2 0.066+0.009 0.094+0.004 15.8
PTFE/PVP-PVC-1 0.031+0.002 0.048+0.003 21.0
-15
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-15 b . .
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_20 L
i PVP-PVC-4 A w PTFE/PVP-PVC-4
- PVC- T 25+
E o5 | 4 PVP-PVC-3 g » PTFE/PVP-PVC-3
s 3
T PVP-PVC-2 T 30 | a PTFE/PVP-PVC-2
£ 30 F = v
73.5 -
=35 r
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T—Temperature; c—Conductivity
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Fig.8 Conductivity of the PVP-PVC composite membranes (a) and PTFE reinforced composite membranes (b)
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Fig.9 Schematic diagram of the direction of the PTFE fibers
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Fig. 10 Mechanical properties of PTFE reinforced PVP-PVC composite membranes at room temperature:

(a) The stretching direction is x; (b) The stretching direction is y
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Fig. 12 Polarization and power density curves of the fuel cell based on
PTFE/PVP-PVC-4 membrane fueling with anhydrous H,/O, under

atmospheric pressure, the Ptloading of the electrodes is 0.6 mg-cm®
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