mr M EREE S TR

FA1EFHE 4 Vol.41, No.4
202544 F POLYMER MATERIALS SCIENCE AND ENGINEERING Apr. 2025

http://pmse.scu.edu.cn

SV it R AT 4R T2 L R 1 g

RFW, TRE, FHA, REMR, EZH

CRAERE: MORERRE S TR B LT ARt VE 8 5 o 200 %, Bl 201620)

WE RT3 HBEIRA e (PEMFCs ) A Ik 4 2 #7 6 IR 30 /) 4 MAg ik 77 o AARY #0UE (GDL) 2 PEMFC ¥ 69 X 44
H,ARZB S8 L E L HERE R . AR A 44k R B AT GDL Bt 9 B kA, Uk VUR A A A Al R T
BN AP K AR KRB MG A B B L LT e e i M SRR 69 Rov . B R AW, R AL TH (PEO)
L% A4 F (HMC) A8 A RAEM D IFIR AR . 6 mm A= 3 mm 4897 8% 4F 45 69 RAEBL L 4 80% A2 20%. R A A=

ESE N

R IR I BA IR A F BRI SR AT IO A SRR B R S

AT EACE BB A AT 3 o aR 4F Y K AY

JUIR B Gk, B HAE LR E A 2400 °CH, 85 47 44K AG JLIR F 4 82.5%, wF H 8.1 mQ-cm.

K BRIA : ST A SRR s AR  BRAR T2 Stk

FESES:TMI11.4 RKFRIRED : A

Ji A 4 B OBR KL BB (Proton exchange
membrane fuel cells, PEMFC){/E A S PR BB (1) —
A B0 T 3 % R A R B A AR L i
N RS I S AR R A R A T R R AR R T
Fo AUEY HUZ (GDL)AE 2y PEMFC H i) < B Fi 1 F
PR B FE AL R RS T S T R
RE , Ak 21 4E 402 B i1 S )32 (1) Bg i /£ PEMFC
SRV BUZ ESR IR RN

H A, B 1 e 2T 4 4 1 ) 45 BOR R R o
15 E H A ZR T 4 5] SGL 1% [E AvCarb %5 7 [E 24 A
ZEWI . B A AR ) £ T2 AR R U W IR IR
Tt B0 [ A Bl p A 58 A S5 o, B 4 R AR L
il 5 B A 4E AV PE I o8 B DA T 2 S50 3
3 EATYIR IT o 1RV R R TS S Bk AT 4EAE K T 8
o QRTIID (7 a B A N BT 7 = s A i P T e Ao & M
W R, Bk 41 4 T VR AR ) 4 Y — RE R AR oy 22
1, WA REAR S SR A FH 45 & o B vy W 3 S PRI Y
AU EFIGOUR  fEIRVEIE AU, B 7 BT Re e

doi: 10.16865/j.cnki.1000-7555.2024.0232
e ke H 11:2024-04-04
FAEH « R E SRR (2023YFB3711501)

X EHRS : 1000-7555(2025)04-0061-10

I T 2T AE (VI S8R 2R BE, 47 R T 2T 4E K 8 50 73 R
AN RARI SIE M BT o B 190 BIGRI A1, T 2T 4 1) 5y
I th 52 B TR DL A ARAR L 2™, B A8 45
SR PSR A AN AL 22 R 26 2% KR i PR R 2T 4
AE T RREF ERIK 2 Bk 3R 3R T T i er i 5
Ty A 0 T P R TR AR 5P o 28 0 1 5 0 o v 4 ik 41
KA R S8 o BOVE AT ARI S I R I
(PEOVE R A5, 2 20 s [ A e L 4 9 S BBk IR 4
Koy o FE B 2T 4 4R v 2 0 /6 25 28 4 A% 33 1 A
SRR I A 820 5 R My 36 R4S PR BEAT St
75 3] 1 AUV Tt 21 24 205 LU R SO e 2 248 46 P o o e
P T 26.68%, T HLTEAIFLER R BRI . F46
R P 24 SR I e S ST g I A i 1 o
o By i e e i B A Bt B3k A B T 2 s e W Tl
Bk » AL B P T v B 45 R B 1 AT AL
M RESRTH BT AR I LD e s e AE B
BEARA ity RO R P R BE SN, v PHL R 4R R B, (EL A
Kb PR RS R P ARSI PO 4 R P 3 K, 2 (s I

IR RN B 22, 12N F s M e/ be il ik 21 4t & 24 BHIE7¢ , E-mail: anqiju@163.com;
P, NG P AR AT 4 S L E A M B 7T E-mail: wql@dhu.edu.cn



2

55 B £F o S B B AR L, Ty R R 2
A, BREFYEAR ] & LR A%, AR S & 3R
B L TZ S MO VIR 10 H A2 7 1 4R 28 R
b RGERIRIT AT -

A SRR O O F il , RS TT T 23 BT A
R R PEARAR LENS B AT R AR 3 ST FE AL R A 3
HLPE RS2, 5L T IR IR B i SR A T -1k
LT AR AR -TERE R 5G9 B A B 2T 4 4RI ) 2%
SRt T EIR SO SR BL A

1 XIEES
1.1 LWER

TN AT 4 - HAR R, K 433 9 3 mm Al 6
mm, 43 7 7~ N CF3 Al CF6 ; 5 TR J#i Bk i (PAMD < [H
BT 5 T M T e CAPAMD . BH B 1 5 T M TE e
(CPAMD . E A 1k & 1% (PEO) .« ¥ H JE 4F 4 &
(HMC) . 37 -80 (Tween-80) : _F i 37 su bR A= 4 B
AR A s By WA i - F T AU A PR A A
1.2 IRTHERNHELZRE

%%, 4 % PAM, APAM, CPAM, Tween- 80,
PEO, HMC F1 PEO/HMC JLFf 43 Hi7) Bic i) B% 5t & 4>
H0.2% 1 7K VA H o 53 0 0.1% PR 5 VDB 21 4 53
AN IR 7 BORE R, g e HE (5000 r/min) —
58 B 1] (5 min) J& W 55250 VB 2 448 1) 53 501 0
AR HEG . ARG, BRE — I A DR £F 4 i\
B AEES BV, 4T 28 4 B IRV R I
PR JE1S BIBR AT YR AR R B A1 48 R 4R AE & R Bl
TNIR T 10% 19 By 1 44 i/ HR I 95 Vi 30 min, TR S
R [E 40 CFE /7 5 MPa, % 160 °C, B 8] 30 min)
R TR/ [R5 P R AT B Ak A S5 Kb 51 ) 3 i 2T ¢
4% CHR AL IR FE 9 1000~1900 °C , 47 82 1k iR FE N
2400 °C) .
1.3 MK SFRAE
1.3.1 8% 4 de 45 P A G 4% o= ) & K B FR E v
SERRAF LR IR R & 2 () o R ()T E

Mcrp = Mc
Mcrp (1)

A mer— R EFEAR T s me——BR A 4E iR 2
1.3.2 & 4 4 ek FUIR E M 2 F) 18 b2 B Bk
FAEARA LB R . KR 4E4CE T 60 °C T 1524 h

W =

JEFRETEY M, B HR BT IR T R 2 h, HE
ARIERR R 2 A WK 5 AR E T EO8 Mo, IRAE K (2)
THEBRET EARFLER 2 (P)

M2 _M1
pxV (2)

A P—FLBR s p——IE T REHRE v —— TR 4
ARHIARF.

1.3.3  #R 4F 44k 5 0 e ) X, - SR F DO SR 9 0k ik
LR YR AR TH Y LB, AP A AR 3). Bk
YEBS 4 PUERER H B LA (MCP-T370, H A& —3%)
FENBREF 4R AR, 22 Vs 5 BT 3448

_RxWxd
L €)

3 p——TH] P L BH R ; R——TH] P LB s L F ——
53 5 N LR PR 1) 22 BE RN B8 S s d—— Bk 4T 4E 4R R
JEE 5 % FH U JEEASC (5 248 ) W s e 4 2 (22 il 2 B
SEIIED

1.3.4 77 0 A X - SR FH INSTRON/5969 1%
T 77 RE RIS B £F 2 48 AT B4 55 B WK, 3¢ [
F5 GB/T 1040.3-2006 1 [} K1 5E , K 1XFE 43 i 20 1)
A 160) O it A 2 B — 77 [ ) 252 ) B A B — 8 R (7
emX 1 em) ST IR, SR FH A R 2 ASOR & A
5390 DN A AN AR (1) B P R R s B K R BT
I Je B aRIE L1 e Bt 28 B 53
FESZ 10975 AT, BAE 2 13 72 Hp AR R AR AE [R]
— 0, LE MRS R A AN AR I B N B, 1
e HA AN R 5] S A 7 I L Ak Wy 2 s s 2R 2
mm/min, IRFE WL, SO B 57 AR .

1.3.5 i & 4 ff H 3 kO 43 4 L B (SEM,
SU8010) M &2 AR 11 5 , 3 B — € R~F (1 emx 1
em) (1) 75 TR AR, o L Ji it 5 o s ] e 7R 2 b
W42 30 s, #4528 UBERE i S 3T R4S TH TR 201 1) WL
2. IS T BB (TEM, JEM-2100F) Sl
T AR ) A ks 454, B — /N B4R (1 em> 1 em) , SR H
7 T BEAIL 35 ST A3 BIULE SR, SR R Lk
B E BRSSP AR A A L, HEAE 40 °C B S M A
T4, B Je e B 223 S LB R B 0 B4R A T W82
1.3.6 % b 25 My o A7 2 K A X 5 26 A7 4 (XRD,
Bruker D8 ADVANCE) il §i7 & Y 3 /3 #7 ¥ (Raman,
inVia-Reflex) 73 Mk 4% I W0 AH &5 #a) N Aol S B 4

P=




3

A 28 R B 1AL (o) SR PR AT 22 2T 5

A
du: = S5inG )
FE AT 58 AR 2 B (LO T A 2= (5)
L
° Beosd %)

A — X R P K, ARSI 0.154; p——F 0%
B 1 0——002 WERT A -

2 FHER5R
2.1 SYEEFIR R AT 4 43 BB R 4R RO B2

AN R Fofr 43 B ) B AN 43 O LA A I, 5 B0
YR H AP EOSCR AR R .  Fig 1 #m] W, B
2127 7K HP AT Tween-80 HH 35 AN B8 70 B s 75 APAM Al
CPAM HHHHANRE T8 4 40 B, A KB I BR AT 4E SR R, iX
A B8 A2 PR 2 B A P ) i 2 4 2 e b 1%, APAM 3R T
T I R e R R S Y 2 A B R e, SRR E
i A R A S AN A L O B 4T 4 oy T R

Tween-80

CPAM R [H 717 6 1F H faf S 58 156 B £ 4 43 4 1 e
2144 PAM.PEO F1HMC H 43 B3 21, 3% H KA 4F
YE B, 1K RUORIX 3 FKIEPE 2 T I I N AV
P R B3 I, A2 2 T VR L BHAE T B AR ZE )
RE, BAH RIFFI 2 EUIR . 81, PAM [1) 5 5 58
K o3 FHREK, B R T 2 BRIV W 0 HE i BEL T, 72
R R R 5 T R 2 A B (Fig.2(a)), & TR 5
TE Ji 4GSR T B 1 FL R A0 B B (Fig.2(b)). HMC 2
SEERHEERE R, A RESE, FHE 12
min Ji5 SIEAIHE LU BR (Fig.2(c)) , S EBUR 4R H A7 1E
1R Z AL, AH T I AR P A 4 1035 50 43 A S 4k
{51 ; B %5 PEO YN\ , PEO/HMC & Bt J i 1<
YR Z WD, HE 1~2 min J5 AR K, LA KR
JAAEAE D B AU NS (Fig.2(d)), PEOEE B T —Z 1K)
THIEAEH 8 7RI R A, TS SR AR Tk
A LI, 43 B — (Fig.2(d) 6 ). 1232 i AL BT i
I3 BRI K, B4l PEO 1 R 4 B () R A
71, K PEO 5 HMC PL— & Eb 151 &2 T 1) 15 OB £F 4 4%

HMC HMC/PEO

Fig. 1 Dispersion of commercially imported chopped carbon fibers in different dispersant solutions

Fig. 2 Carbon fiber raw papers prepared with 1.0%0 PAM dispersants: (a) before drying; (b) after drying; carbon fibers slurry after
high-speed mixing in different dispersants: (c) 2.0%0 HMC dispersants, (d) a mixture of 1.0% HMC and 1.0%, PEO dispersants;

inset of (d) carbon fiber raw papers
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Fig. 3 Carbon fiber papers with various mass: (a) thickness; (b) apparent density; (c¢) porosity; (d) gas permeability; (e) resistivity;

(f) tensile strength
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Fig. 4 SEM images of carbon fiber papers after carbonization: (a, b) atmospheric pressure impregnation; (¢, d) vacuum

impregnation
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Fig. 5 Comparison of carbon fiber papers of different mass in atmospheric pressure and vacuum impregnation: (a)

resin-carbon content; (b) resistivity; (c) gas permeability; (d) porosity
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Fig. 6 Carbon fiber papers with different mass of 3 mm fibers: (a) resin- carbon content; (b) apparent density; (c) gas
permeability; (d) porosity; (e) resistivity; (f) tensile strength
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carbonization and graphitization temperatures

XRD 2 R AE B AR} it 4 45 44) 5 35 B () F B, N
T8 T R ATE A R A A SRR T IRAR AN
BRI MO 25K , BEAT 7 XRD 2 M7« Fig.8 NANIAIIE &
B ACKE & (1) XRD B, 7T 0 Bl & S T =, 20 )b A
S MR RETE U6 ((002) & HD) 1B B AR 15 22 80, 24 f o8
1R R 2R 2400 °CHY, (002) & T AT 3 0 AR 45 4 2R

B, HATH0E AL B 17 A7 A2, AT U4 B 0N 26.2°, R
AT RLAE I R AT RN, T (B B AR S B AR SR AR
FEAZ R o AN R BRA Ti L B 4% 1) dlon A1 L VT 5545 R 20
Tab.1 Tz , A L BE B A0 A s A0 B2 1 T (002)
s T T M VEE 1) A % 5 J2 TR BB 1 58 7 2 )R
JEESZ TGN 5 A 17 R HE S BE N R L SR AR
FEA5 2H R , A ILAE Tk 21 4E 40k RE T 1 U 2 3
HLPEBEFIRTT -
Tab. 1 Graphite microcrystal parameters of carbon fiber
papers at different carbonization and graphitization

temperatures
Temperature/°C 26/(°) dos/nm L/nm
1000 25.1 0.354 1.58
1300 25.3 0.352 1.75
1600 25.7 0.346 2.52
1900 26.1 0.341 2.99
2400 26.2 0.339 3.04
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Fig. 8 XRD pattern of carbon fiber papers at different
carbonization and graphitization temperatures
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-

Fig. 9 High-resolution TEM images of carbon fiber papers at different carbonization and graphitization temperatures: (a) 1000 °C;

(b) 1300 °C; (c) 1600 °C; (d) 1900 °C; (e) 2400 °C
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Fig. 10 Comparison of performance between lab-manufactured carbon paper and commercial carbon paper

Tab. 2 Performance of carbon fiber papers at different carbonization and graphitization temperatures

Tensile strength

Temperature/°C Resin-carbon content/% Porosity/% Resistivity/(mQ - cm) /MPa
1000 50.8 52.1 27.4 43.94
1300 45.4 61.3 18.7 40.65
1600 42.6 80.6 13.5 36.67
1900 38.9 81.7 9.7 29.53

2400 37.6 82.5 8.1 19.82
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Optimization of Manufacturing Process and Performance of Carbon Papers
for Proton Exchange Membrane Fuel Cell

Xuepeng Ni, Yanqing Wang, Kunming Li, Qilin Wu, Anqi Ju
(College of Materials Science and Engineering & State Key Laboratory for Modification of Chemical Fibers and
Polymer Materials, Donghua University, Shanghai 201620, China)

ABSTRACT: Proton exchange membrane fuel cells (PEMFCs) are considered the ultimate solution for new
energy power. The gas diffusion layer (GDL) is a key component in PEMFC, serving as electrical conductivity,
heat transmission, gas permeability and drainage. Carbon papers (CPs) are currently the preferred commercial
material for GDL. Based on wet papermaking, the effect of dispersant, carbon fibers, resin, carbonization and
graphitization on the structure and properties of CPs were investigated. The results show that the combination of
polyethylene oxide (PEO) and hydroxymethyl cellulose (HMC) is the optimal dispersant system. The best ratio of
6 mm and 3 mm chopped carbon fibers is 80% and 20%, respectively. The vacuum impregnation with phenolic
resin can significantly enhance the resin- carbon retention and electrical conductivity of CPs. The increase of
carbonization/graphitization temperature is beneficial to the increase of porosity and electrical conductivity of CPs.
When the graphitization temperature is 2400 °C, the porosity of CPs can reach 82.5%, and the resistivity is 8.1
mQ-cm.

Keywords: proton exchange membrane fuel cell; gas diffusion layer; carbon paper; manufacturing process

optimization; electrical conductivity



