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IR A1 T L 1 B IR 30T - A e AL ), 51 2
RETUALARS), BRI A B A0, KBRS A s
SIS0 | R % (PT)JE PEMs (AT fk
ANTCH PO R AR A AR RE . R 1
TR SO T2 A - LT-PEMFCI10-12),
TERTHAR AR, TRAT TR et ik 5 44 SR T AN R A% /R
BB R BN BIR A R, Hl% TIE
A TG FE R R E PR R 1 B B AL SR B %
J T A4 3,

ARG T — P AL Troger’s base (TB)
Z5KI TB-PBI-N, JELAZAEA3ERL, DAE PI-
TB-NUIE gL E, 435 BA PI-TB-N 55 TB-PBI-N
MR N T3, 6:4. 5:5. 4:6. 3745 1 5Fb
TB-PI-xPBI LR & & . % &2 & IR 15 4% At
71~ PraFRE . WU RE X T T HL 5 2 (0)
BEAT T RAE, A T TB-PBI-N 3k} %} PI-TB-N
JIE 1 e B S2 0 . K5 TB-PBI-N 3 RHA NS PI-TB-N
R A R T B v R B R P R RS AR E
[@ i, TB-PBI-N F ) TB bk i 35 [F] 0] DL R =

JECRE /K FNBEBR (R Bt e 77, AT R i B 1) o
FIT i) 4% 1) TB-PI-xPBI & & i 1] 7£ %8 I 38 (30~
160 °C)I B N A& 0.

1 SEIGERSH

1.1 KIeERIRLEE

3.3- AR (DAB), rbral, TR
FAER T B SA(TCL, HA); 2,3-258 8%
(NDOA). % R (PPA). A — % (P,05)-
BERR(PA, >85%). N-HIEMEIELEH(NMP, >99%),
T R T AE AR A A PR A F] . PI-TB-N
gt R A B R R E B TR, AR5
S R IN A T V5130,

Iy K F,  Sartorius-BSA2202S, Sartorius
Corporate (fBIE) A w|]; W )4iHE#s, TOP, i
RARF B AMRAA; HTFHRERA,
ZNHW-TIIEL, T PSR A IR AR HAT
FE46, DZF-6050, bilg—fERFAEARAF .

CH;
(a) o O o CHs <N
CH; O 0 CH,

PI-TB-N

H,N NH,
n 0 +  (mtn) PAAP,0Os
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Scheme 1  Chain structure of PI-TB-N (a) and synthesis route of TB-PBI-N (b).

1.2 TB-PBI-NHI&EL

K AT 2 mir 8 i 1 % 8 A % TB-PBI-N
OREET), FEN,TH T, K5 g P,0sM 105 g
PPA NN 7 A5 UL 100 mL =5k, 48
J&i ¥ 1.2855 g (6 mmol) DAB. 0.6090 g (1.8 mmol)
TB-COOH. 0.9081 g (4.2 mmol) NDOA JIN A\ J ]
A, 110 °Cm#6 h, FFHEZ 160 °CLRHF 12 h,

G T 195 °CHIFA 12 h. KBTS 2P T 40 S R
RINIK A, B AR 4RI R TTIEY) . FH 10 wi%eZ
AN E Y, B EPEE, 16120 °C
NEATER24 h, [FRREEOEILE, FE595.2%.

TB-PBI-N. 'H-NMR (700 MHz, DMSO-d, 6):
2.54 (s, 3H), 4.22 (s, 2H), 4.38 (s, 2H), 4.71 (s, 2H),
7.48~8.24 (m, 22H), 9.33 (s, 1H), 12.80 (s, 2H), 13.20
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(s, 2H). FTIR (v, cm™'): 3379 (WK M:¥F N—H {H 4
PR3N, 1650 cm™ (C=N AR 2N). 7> T 2= K H
B2 15 3% (015 1 (GPC, DMF): M,=2.74x10° g/mol,
PDI=4.61.
1.3 #1532 TB-PI-xPBI £ S & A #I &

% PI-TB-N fll TB-PBI-N 4% Jii & Lt 7:3. 6:4.
5:5. 4:6. 3:739R, #1455 Fh TB-PI-xPBI E A /.
PLER A 10 g ME A BOAAER, HpxRRT|
AN LR & 4 I o TB-PBI-N ) i & & & . L\ TB-
PI-3PBI (W(PI-TB-N): W(TB-PBI-N) = 7:3)[J & &
JE & RN B SE, AE 80 CCHL I HiHE T,
# PI-TB-N (0.21 g)5 TB-PBI-N (0.09 g)#3 4734
WRAE3 5 7 mL NMP i, B J5 K 2 B i /E
80 °C NIR A FE 1 h. o JL IR I MR AL T 15 B
FEM(15 cm x 15 em)_E, 80 °CT# 18 h, 150 °C
T2 h, DABR R 1 NMP. 4 BRI AE K
H Lo B R R B SR (B B . SRJ57E 120 °C .7
HEFE R4 12 he BRI 4% H TB-PI-3PBI &2 & i,
Hopth B A5 52 45 L) 4% 7 72580 PA $5 2% il 4 3o
F& 2% TB-PI-xPBI JEE /£ 75 wt% PA ¥ 1 40 °C
TNIRW12h,  DAERIETR B 2 1R .
1.4 M5 R

{4 F AVANCE 111 600 MHz ¥k 4R 1% (Bruker,
Hit), AR = 3 E H(DMSO-dg) M 4 7 i
SEAL LR . 3 A 20 AR RS (FTIR,
Nicolet iS50, Thermo Fisher Scientific, USA) X}
REWERATRAE, HHVEHEIDY 400~4000 cm™',
R RN 32 k. IACE 7y BT (TGA) 18 F TG-
DTA6300 (NSK LTD, H A% % 52 )il il 5 & W i #4
FasErE, DARPE S SE7E 150 °C F In#4 30 min LA
2K, BRJEAE NS R idsk TGA #i4k, ik
70 [ 60~800 °C, Jin#id 2 10 °C/min. HUIPE fE
I AE ) H A AGS-X-10 kN # %%, 7£ 5 mm/min
ATV B 400 S5 A (5 mm x 40 mm),
AFEINR 3 k. A 4 128 i 36 E Waters
GPC Systems #1215 ta ik SCGE TN, 725 iR
NUADMFERNIEARBIAE, TR IR RIMx .
1.5 |hiREH

i ik Fenton 5256 V¥ il TB-PI-xPBI & & i 11
AAbFaE KA 15~30 pm ) 1E 5 TR &
(1.5 cm x 1.5 em)¥Z NS5 (7% 4 mg/L Fe** ¢
3 wt% H,O0, 7K H . B J5 K 1 W BT 80 °CHt
FEr 24 h, SRJE FH KPR 3 I DL BR 255k B R

A, FHAE 120 CCHZHAG T T 6 h, D% MR
B B 5 R . PR G B S A ) R R IR R
Jei, CIRAR 48 h A AR B
1.6 BiREHRKESERTIEENE
BT B IE 7 (2 em x 2 cm), JH PAIR IS
JE AT . 7E 120 cCR MM P TR 12 0 )5,
WMWK B S5 KE, 73 0E N Wiy A Ly,
BEJG, KERREAE 40 °C IR 75 wt% PA VR 12 h,
L7 MR USRI . R LR S, B R 4R e
FUABR R MR B IR f5, kKRB A5
JIR N W, 7580 CCHEFA T 452 8 h, WM
B FICTEN Wy M Lo JRUAHE I RN 15~
30 um, PABA:JE RIS G SN 30~60 um. 8
HARMD 2) Q)i EIHEKH(SR). Bl
(PA uptake)Fl17K (Water uptake) Y% .

Lye—L
SR= M Y o 100% (1)
Lary
W~ W,
PA uptake = —* "9 % 100% 2)
W ary
Water uptake = Wan=Waet 1009, (3)

dry

L Lo AT Ly 73 790 R AR I B A B . W e
Waey 11 W, 53 500 2 V0 JEE 0 € DA B B IR 45 % I e
1.7 RFBESE

i AL IH BT E R AE R SR o, T8
A E AR (Bspec SH-222)F i o 8% /K 2511,
FHW o0 i S 2R BRI OC & . BRI R AR
SRS 4 5 AL (1 em x 3 cm) B T 80 °C
ERHEAE TP OREF 2 h AR EK S, BBRONE AT 24
afi G AR e B AR S, K BB E
FEIAEE A AR, DU A 8 e A PR
BRI 0% RH K 20% RH, F£4£30 °C T {34F
2 h G FEAT M . SR A 4K 2 A i (Metrohm
Autolab PGSTAT302N), fE#i# 4 0.1 Hz~100 kHz
W, TEAMH0%RH) T, R EE 2 5
A30. 50, 70, 100, 120. 140. 160 °C#%ic 3%
1 AL 22 B PT(R). 76 20% RH 2614 K, I 46
WEEY 9300 500 700 80+ 95 °CHicak 1 IKR,
JiR - H T Rl (4) T

L

= RWd 4
Hrho (S/em) 2B 3%, L(cm)ZMH
W2 TBIFIEEES, W (cm)~ d (cm)Z) )37 B T
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FEREEE, R (Q)J9H HLAL 2= TAESG IS I FHAT .
1.8 BARLER M1 RE

iH1) 2% S e AR 4L (MEEA) FH TR R ot 2 B
W B S S FRR: BE AR 4 em? [
TR 15 4% 5 & AR iy A B (PYC) AL 7 2
SR BUE M (GDE) 2 8], JEHJEILFE . GDE
FH R A 77 B8 K B DUARFE R A AR (R AR AR | . i1k
F5Zi@ 1L P/C (Johnson Matthey, 60 wt% Pt). 5
R T 5 YU FN 58 DY 960 2,45 (PTFE) 73 B (S wt%) i
B 1) £ T R . R 4R E HESEN 24 &1, BH FH # /)
Pt 14 E N | mg/em?.

BRRFEI BRI R R K ai S
JE45255.43 B LA 100 F11200 cm3/min i B35\
FE I A E s 67 %0 B (KIKUSUIL PLZ164WA),
R A7 0 A3 A Ak B0 . 4 F it F AL 1.0 VAl
E30.1 V, HEEFE0.05 VidT 1 kR BdE, &k
VA L S PR 50 s LA b B et B R IR T R
2 EEMARIRE 30 804 160 °C, HEANIR (R ¥F
30 min &, 0TI IhERE A .

2 GR5H®
2.1 SEHIRAE

TB-PBI-N 2L A B Wi 1 Frs . 3379 em'!
Absxt T A IR IEER_E N—H R ZE4RE, 16504
1301 em™ ' &L VT )& T R FFBRE IR C=N J C—N#fk
5. TB-PBI-N [{) 'TH-NMR 6 3% &% 5 21 € 2 fr o
b2 2 0=13.2 (k). 12.8 (a)7) 7)) J& T TB-PBI-N
() 2 FiAS [E) 26 KRR N — H B[] BRI SR 1. 1
5=9.3 (I~m). 7.5~8.2 (b~d. i. j)F14.2~4.7 (f~h)
Ak A 22 467 78 ) 43 30 U J8 NDOA. DAB #3438
Az LA f TB-COOH ZRIFFHIALFI —CH, 2k 4] 1) &
JRF . Ak, AR 0=2.5 (e) 1) T TB-COOH
KIERAL —CH; ] LA R T, BAEY+H TB
i 7r 5 NDOA & H e i i fe 2 b 5 52 PR kb
B — S . B R R AW T RN
M,=2.74x10° g/mol, R &5 Bt 48 £ (PDI) N
4.61, IXIESL T TB-PBI-N {1 Ih & k.

il 243 21 5 Bl A A BRI L0 AM itk B 4 SR
Bl 1 s . PI-TB-N B BE i 36 1 2% (C=0)
X R A 4 4% 20 R AE ST L A X R e 4 9 B0 R
FEMR ST I Jo C— NARZEIRZ) 4 AL T- 17124 1667
J2 1336 e b . A 5[] B A7 78 9 0 fide 3R SRR AE
WG WA W e 23 3 IR IR AN (18] R A P UAC U6 (3379 1301
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Fig. 1 FTIR spectra of TB-PI-xPBI (TB-PI-3PBI, TB-PI-
4PBI, TB-PI-5PBI, TB-PI-6PBI, TB-PI-7PBI) and TB-PBI-N
membranes in 1800-1200 cm™! region (a) and 3600-2800 cm!
region (b).
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Fig. 2 'H-NMR spectrum of TB-PBI-N (m/n = 30/70).

cm 143 VA JE T 2K R K ) N—H A C— N {H 4
#&sh), UEM T & &K PI-TB-N A 3E Kl TB-PBI-
N FIAETE .
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2.2 HUATERE

PEM AU BEXTSRASL Fi b 5 FE A 1) o % R A1
Wt A A 2O E B RS0, &4 1 R -
NAZHh 2t 3(a)Frr, EERAA T 87.4 MPa
IRLBRE, Wi KN 7.8%~13.7%. B AR

140
(a) — TB-PI-3PBI
— TB-PI-4PBI
120+ — TB-PI-5PBI
— TB-PI-6PBI
— TB-PI-7PBI
~ 100}
a9
2
Z 80
5
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3
= 40t
201
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Elongation at break (%)

(LR [ /IS ;- TB-PI-3PBI (87.3 MPa)<
TB-PI-4PBI (103.7 MPa)<TB-PI-5PBI (116.5 MPa)<
TB-PI-6PBI (117.6 MPa)<TB-PI-7PBI (129.5 MPa),
FKHE AR TB-PBI-N & & (8 I A T2 &
Ry OENR G

12

(b) — TB-PI-3PBI

— TB-PI-4PBI
— TB-PI-5PBI
— TB-PI-6PBI
— TB-PI-7PBI

"\

\

Tensile stress (MPa)
\

0 20 40 60 80 100 120 140
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Fig. 3 Tensile stress-strain curves of composite membranes (a), and the PA-doped composite membranes (b). (The online

version is colorful.)

WEIR S 2% Ja B2 & I 8L 77872 1t 4 G 1 3(b)
Fis . R 5 2% I JEL (1) B #1585 Ol 3.7~9.5 MPa,
BB IRATBEAR T 92% LA b FB, FEARS
F S g R IEIBAL, R 2 IS Z AT 1 7.8%~
13.7% 14 K 31| 88.8%~125.8%. [A] k42 1] PA Wi
OO A L R AU R 1 B R 15 A TR
QL E| i
23 HIETEM

Bl 4 AR L) 52 A M ) F R B 2 . b P T
W1, BATRAE 250 °C 2 i N B P 7K 41 I3
%y 5% FH 10% 2% B iR 53 )l 75 288~317 °C Fll
413~450 °CZ[f], FKHHI&ME A EEA RIFH
MFEE. HAh, SEBSHI 2 AR EITFE
BN FRLE 300~457 °CZ 8], 1% BOW N
JEE N TB 52 e i R B () B fii),  HL B A5 TB-
PBI-N & S 3G I, 5 A R 1 B At 1L 0 i B
fIR07-200, 25 = AN R E R FRAE 465 °C 2 J5, 1ZBY B
P 5 G B PR MR, v DO S B E A
(1) 35 fiA I, i B TB-PBI-N £ & (1) 3 I i 7+ v
X2 i1 TB-PBI-N A tb PI-TB-N HA 45 = (K #44>
il 01220, B A BAE 200 °C LA R I H AR
(PR ENE, FLREDE 2 FEIRI N PEMFC IR .
24 SHBEEME

BRRL AR I AT I R 227 4 -OH A -OOH

100
951
90
85+
80

—— TB-PI-3PBI

Residual weight (%)

751 — TB-PI-4PBI
70} —— TB-PI-5PBI
—— TB-PI-6PBI
651 ——— TB-PI-7PBI
60— . . . . . .
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 4 TGA curves of membranes under a nitrogen atmosphere.

HH%, WEREWEEIFBURMEM, Mmgs
KA 75 2325, 52 ) SR A AR 1 LA R
% PEMFC W& Hifa e o . AWF e, {6 H 25t
RAN(E 4 mg/L Fe** & 3 wit% H,O, /KIE W)W FL 1
F AR AR e . B A AR ) iR
1824 hif e fr¥r 2%, ERIE48h)5, TB-PI-
3PBI A TB-PI-4PBI 52 % % H HH & HAE F 5] i iE
B NS TR, AT EURAS AL W
SHT/R, 1E80 °CHIZF ik /1 i 24 h )5 »
TB-PI-3PBI il TB-PI-4PBI /i 3 8l tH — 52 [ i &
O, BRI E A N 88.2% M1 89.7%. X4iR i
IFAIEK 22 48 h J5, 5 BH o1 &40 il B 22 63.1% Al
65.5%. {H TB-PI-5PBI. TB-PI-6PBI /% TB-PI-7PBI
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BN 24h E348h

100+
88.2 89.7 90.5 90.7 91.3

Residual weight (%)

o ?\,5?6\ ?\,6?9\ ?\:\?\3\

AU N
Fig. 5 The residual weights of membranes after immersing
in Fenton’s reagent for 24 and 48 h.

JEAER W 24 h JG A BRI R, FREREE
{I57E 90.5% LA k.. fEVZ I [A]i5 48 h g, BT

Bk B R AT R O R AR E R 1) 76.2% DL E L IX
FHE A TB-PBI-N HEEHAR I, A 8k
BT HA RN e M.
2.5 PARRANEFRIARRKE

A 745 88 1 AR T KRB IR
(1% B 51260, PI-TB-N &7 65 wt% LA b PA IR
i 5% PR 25031, i TB-PBI-N 3 EHE 5 & i
M, A BERETE 75 wt% PA TR P AR FFRE 2 .
B A WA 75 wit% PA VIR 12 h 5 1 B IR
KM . K LR JE ARk N2 1 TR
AN PA 57K BIRIS R 43 )R 235.3%~288.7%
137.2%~64.4%, B &G+ TB-PBI-N 7 &
{140 384 0 1T 328 T /) . 3 R B A LE PI-TB-N 1 &
TB-PBI-N B A BAK A B b R

Table 1 PA uptake, water uptake, swelling ratio and thickness changes of TB-PI-xPBI (TB-PI-3PBI, TB-PI-4PBI, TB-PI-5PBI,
TB-PI-6PBI, TB-PI-7PBI) membranes.

Membrane PA uptake (%) Water uptake (%) Swelling ratio (%) Thickness changes ? (um/pm)

TB-PI-3PBI 288.7 64.4 25.0 34/95

TB-PI-4PBI 280.8 52.3 20.7 44/107

TB-PI-5PBI 270.4 46.9 19.4 44/99

TB-PI-6PBI 243.8 43.8 17.9 57/113

TB-PI-7PBI 235.3 37.2 13.9 65/121

2 Before immersing PA solution/75 wt% PA solution.

FERARK B R RS A ) L i o 7 P 48 G
TN PA B A 5 R E GRS AR, R
i LU R e RS T ROSE R 1 . R 1L B, A
JE R T R 13.9%~25.0%,  H.J &2 & ik b TB-
PBI-N & & [ 38 i ifi B9 2 9% /> . TB-PI-3PBI JE7E
BRI E R AR, BAENIERE LN
BB 3 4% . 1 TB-PI-7PBI JIE 11 J& JE A8 4k /> T
2%, RUE AT TB-PBI-N (K7 I H A b ek
T H RS RRE .

26 RFEBESE

Ji - HL T 2 (o) 72 Ak Rk FEL s 5 A8 46 i
PERE R R BE S8, 594 75 wi% PA VBN E &
JEEAE TC W 2618 R BT 7 5 R 25 R 1 6(a) B
N AE30 °CHE, BARJEIE A TSRS
F3.0 mS/em. FEEMELEE T, HEMT o %
¥, fE160°CF, &M oS T 33.3 mS/em,
B i IE 94.3 mS/em. 45 BRI E A IR IR
FE SRR AT TR =

WEREREIRESPABRENR FHESER.

Wk 6(b)fT7x, LATB-PI-SPBI A, fE80°CF,
o MTCIR 2544 1) 20.9 mS/em (K 37 B AL 2% BH BT
(EIS), il 7(a)Hfrm)3G mEI7E 20% RH 2444 1
47.6 mS/cm (Xf 8 EIS, W1 7(b)fizR), R AT
FE B3I 325 o, B TR R s A7 i
FErb, BT3B Grotthuss ML) S2E0 A A ) B s
& F29, 20% RH I & (1) 7K 5 15 PA 3t [F]
FARG R B R () 57 AR i TE, BT RE
GIEA& TSN o

Ak, fEFAFENREE T, BEEPABRMNES
Jii 7 TB-PBI-N & &30, o 28T & H . 6
Wi: 7E95°CHI20% RH T, PABRIIE A M
90.2 mS/cm i/ % 30.7 mS/em, X5 E &
i T Pt 2 () AR AL AR
2.7 S/EBRRIEMEEE

1% 75 wt% PA IR I (1) TB-PI-5PBI fi%t,
7£30+ 80 1160 °CICAMBINME I 56 A T 73 AT
SRR VM BRI, AR AN Th e i £
8 7w . 3T TB-PI-SPBI JE [ PEMFC JT#% L &
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Fig. 6 Proton conductivity of the TB-PI-xPBI (TB-PI-3PBI, TB-PI-4PBI, TB-PI-5PBI, TB-PI-6PBI, TB-PI-7PBI) membranes
as a function of temperature: (a) wide temperature (30-160 °C) stability of proton conductivity at 0% RH, (b) low temperature

stability of proton conductivity at 20% RH.
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Fig. 7 EIS spectra of TB-PI-5PBI membrane: (a) 0% RH and 80 °C and (b) 20% RH and 80 °C.
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Fig. 8 Polarization and power density curves of corresponding
H,/air fuel cells for TB-PI-5PBI membranes after doping
with 75 wt% PA solution.
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Research Article

Preparation and Properties of Composite Proton Exchange Membranes
from Troger’s Base-based Polyimides/Polybenzimidazoles for
Fuel Cells Operating in a Wide Temperature Range

Jian-ming Zhong'2, Jun-ming Dai?3, Yu Zhang??, Qing-mei Zhao!", Xu Zhang!, Yong-bing Zhuang>>*
(!Chemistry and Environmental Engineering, Yangtze University, Jingzhou 434023)
(°State Key Laboratory of Biochemical Engineering, Institute of Process Engineering,
Chinese Academy of Sciences, Beijing 100190)
(3School of Chemical Engineering, University of Chinese Academy of Sciences, Beijing 100049)

Abstract For proton exchange membranes used in fuel cells, it is critical to develop materials that can withstand
a wide range of industrially relevant temperatures. In this work, novel polybenzimidazole (TB-PBI-N) containing
Troger’s base (TB) units was synthesized and used as a filler to be blended with TB-based polyimide (PI-TB-N)
for five types of phosphoric acid-doped composite proton exchange membranes. The chemical structures, mechanical
properties, thermal and oxidative stability, acid adsorption, swelling ratios, proton conductivity (¢) and power
density of H,O/air fuel cells (PD) of the composite membranes were characterized by Fourier transform infrared
spectroscopy (FTIR), magnetic resonance spectroscopy ('H-NMR), thermogravimetric analysis (TGA), and
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tensile tests. The effect of incorporated TB-PBI-N filler on the properties of the composite membranes were
investigated in details. The results showed that the tensile strength of the composite membranes without
phosphoric acid doping were 87.3-129.5 MPa, and 3.7-9.5 MPa for the acid doped membranes. The
phosphonic acid uptake were 235.3%-288.7% after doping with the swelling ratios ranging between 13.9%-
25.0%, and the composite membranes can conduct protons at wide temperature range from 30 °C to 160 °C. The
maximum ¢ and PD of the composite membranes reached up to 94.3 mS/cm and 334.6 mW/cm?, respectively.
Furthermore, it was found that the introduction of TB-PBI-N filler improved the mechanical properties and
the dimensional stability for the phosphoric acid doped membranes. In addition, the TB units in TB-PBI-N have
additional base sites, which enhanced acid adsorption capacity and greatly improved the o values of the
membranes. Among the five membrane types, the TB-PI-SPBI membrane showed a tensile strength of 116.8
MPa, proton conductivity of 67.7 mS/em (160 °C, 0% RH). More importantly, the PD values of the fuel cells
reached 58.9, 224.7 and 334.6 mW/cm? at 30, 80 and 160 °C, respectively, indicating excellent application

prospect in a wide temperature range under non-humidity environment.
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