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Table 1 DOE requirements for bipolar plate in 2020-

2025[11—12]
Index
Property 2020 2025
Electrical conductivity/S-cm™ 100 >100
Working life/h 5000 8000
Power density/kg-kwW™ 0.40 0.18
Surface contact
resistance/Q-cm? 0.01 <0.01
Corrosion current/jiA-cm™ <1 <1
Thermal 10
conductivity/W-(m-K™?)
Flexural strength/MPa 25 >40
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Table 2 Properties of composite with untreated CF?

Electrical
Carbon fiber  Phenolic resin  Flexural e r!cé
conductivity/
content, w/% content, w/% strength/MPa Sem?
2 23 11.60 20
2 23 37.10 14
4 23 22.50 19
4 25 29.60 13
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Table 3 Properties of composite with treated CF?®!

Flexural Electrical
Treatment o N
strength/MPa  conductivity/S-cm’
Without carbon fiber 112.10 53.10
Air oxidation 92.30 27.60
Liquid-phase oxidation 173.50 63.60
Gas-phase oxidation 101.70 37.00
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Table 4 Flexural strength and electrical conductivity of

composite bipolar plate %

Flexural Electrical
Composite material strength/MPa conductl_\{lty/ Ref.
S-cm
Thermoset
polymer/Graphite 30-41.40 110-150 [30]
powder/CNT
PS/SEBS/FG/CF 51.80-58.60 165-180 [31]
ABS/PVDF/PP/NFG/
CF/CNT 38.50-45.70 157.20-167.50 [32]
PMMA/PS/SEBS/
conductive fillers/ 5555 3870 123.20-128.70  [33]
carbon fiber reinforced
materials

Flexible graphite

material/Low viscosity 34.87-56.62 115.94-116.62 [34]

resin
PVDF/FG/CF/Thermo- 45-48 210-240 [35]
plastic phenolic resins
PPS/mesocarbon s
microbeads 60-100 (3-5)x10 [36]
High purity i )
graphite/eG/cr/ce 007100 85-112 [37]
PP/graphite/CB - 8-13 [38]

CEarvERE . WEREFRIOERIN, SE R TR AR A XU
BT , G A 8 A Dy 3 e EORLE 52 6 M # )
REo AU 2 o0 S HOM R ) 38 5t AR SR 526 R B
R FIBIE 5275 1)

Rigail-Cedefb 25104 i &5 T K I ik 11 8138 S M
NEING R e 2 A M RE, AR A Ge RO R 8 7E AR
WF 5T T Bk B A9 K 47 58 (graphite nanoplatelet, GNP )
Sigkn BE &M EYH EG M CB S ENESMER
T RE R TR S5 RR W, [EE 40% (RS
0 I EG/IER, LA 5%. 10%. 15%#1 209 bl s —
UK, 10%[ CB f&on H# miff 3.05<107 S em™
(RS2, T 60% EG/10% CB &4 kA 19 Scm™
(11 T HL 5 A0 22 MPa 1925 /il 55 1% . Alo SR IT 1
HY 3H 78 A0 28 I R U M (R A IR SR AL i 3 B R A
Y Ak (conductive polymer composite, CPC) 1f
AR R AR R . a5 REW, HA 80% (Ji
BEO¥D fRNE AR R RE 68.03 Scm™
T N S, HEJE T DOE ) 100 S em™ i .
G PR S 5 A A SR R B T B, (H BT
A PP IR/ 8 5 &6 kLA 2 DOE 25 Hff i
FEARUE (25 MPa) o [Kk PP/IRSE I IE/80% f1 58 H &
MR AN T DOE ArifE~F- 1 A 3 fi M A2 il 5 A
HA G, BESPIAMEREE (PP) . MBS (PR)
IRAREE A 58 (NFG) N JERL, I8 Bk i) & T
PEMFCs F & & XUk . 45 K1 80% NFG (i & /7
O L 20% (i #O BlE. 2:1 1) PF:PP 25 41K

PLssmE it 25 MPa, LS HR T 225 S<m™. Hu
s Ul TR A R % T B IR S R
4 8 2 %8 2 05 (polyvinylidene fluoride, PVDF)/F ik
A7 BB 22 BEBR 99K 4 (multi-walled carbon nanotubes,

MWCNTs) & & XU b . A7 B 25 3 B 45 1) PVDF/
A /MWCNTs & & B AR i 2 a0 1 8 o IR
PR 8a fas . W& G XA B i AR L FH Carea
specific resistances, ASR) , LLRAE#: i f BH7E P 1
SR, MR & 9b, 9d FroR . NGRS
&Y H5Z (gas diffusion layer, GDL) 7£ a3 #% 4 i)
Wah, Hu 25 j S A s 5 GDL [ 5 16 9% &4
Wb, DR MRS . 4R, SHRIRE N
(R 5r A fE PVDF Fif b, T8 R 22 0 b 25 5 FL ) 4%

Rft TR S HE . 2 RN AR 3 R
W, AR ERINE 60% (RENHD , HKH SR
nE) 287.53 Sem™, ASR F#MKH] 10.95 mQ-cm®. BE#E
MWCNTs FIIIAN, TR T 40 B 1 i 5] 5 s g 2%, A 5
A AR P 1 P S 75 $1) 161,57 S em™. ASR 4
% 7.55 mQ-cm®. 25 i # )% 5=k 42.65 MPa. MK
10c. 10d ATLLEH, FEEASESE (RESHD N
35%4 N 3] 60%, JiF 1k LI % FE PRI BEE MWCNTSs
(380, JE ok FL IR % FE S N, HEERF A DOE #rdfE (<
1pAcm?) .

B & A &R RS M ORHAE
PEMFCs LAEIRE T Al Ao th G AE . & i3 45 i)
L, AR5 A Sy AR T S L B . Jeong &Y
RIK IR ) 3 H, AE T LR 2% b IR SRR K
BE, FFERAM—SuR AT . e, FET
A b 21 55 T AT 8000 IR T 2 g R 1) v R T A
HRH . e SR AR A R, BRI L .
TSRAT, TERE A R A A A A AT 7R A T R
REWF R S MR XU AR R IAE AT LS )
MR IR Z —.

1.3 SRMRIXRIR

& BRI B T EF R A WA
PERCAY . i BB A o i R R A2 4 B B AR T 3=
Eom Loy, WS NS R B T . R T
ZRATH R I3 BRI AN T, WUE L Z 2 A A Ak
& 34 Rt n ok /1181, Jin 25U Eh s AR T T
& JE AR T R Y T2, i 7 R AR AR T i 7
PR R IR FE AN R I 0] R AF G SR S AR R L i
Ak Byt BB JEL el AR I D RO R TR R DA
B TP 4 3 A DRI 2% ) T g B kel T
B DU AR S THI 1) TIOR T 50 3R, 2 7 SURASOR) v s
T 2T R R A B B AR TR, A A TE R


https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_4&filename=SJES37F2CE04ED19988034698A22FA9A00DA
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_3&filename=SJES301DAF23949D2C47A7DD0572233C497C
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_4&filename=SJES37F2CE04ED19988034698A22FA9A00DA
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_3&filename=SJES301DAF23949D2C47A7DD0572233C497C
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_3&filename=SJES301DAF23949D2C47A7DD0572233C497C

- 908 -

WA @A RS AL

53 %

Graphite MWCNTs

SR
\

Py

X d
© Maoing

PVDF Particles

Graphite networks

PVDF

MWCNTSs networks

‘—;’{riéf/ v 2 A'\“\<

55

»

I

=~
€% - <
" Compression molding

PVDF/Graphite/MWCNTs
composite bipolar plate

K8 HAMWMESHMSEN PVDF/ A RIMWCNTs & & BUHRAR i) 4 = K
Fig.8 Schematic diagram for the preparation of PVDF/graphite/MWCNTSs composite bipolar plate with segregated conductive network %

Four-

= ___Rz =

RCu—Ag-GDL

Repi-coL

Repr-coL

1
1

1

1

|

1

1

1

1

Roo 1

1

Conductive silver paste :
1

1

1

1

1

Reu-ag-cpr

b
Pressure [ R ':
! 1
! L Rcu-ag-cL !
! 1
1
Conductive silver paste 1 :
GDL 3 | —RopLcpL |
1
GDL | !
~ | Conductive silver paste i - Rewageor |
1
. :
! 1
! 1
! 1
)

B9 P E 3 2 T A R B 2 A 00t 2

Fig.9 Test principles of in-plane conductivity (a) and area specific resistances (b-d)“*!

WAEIE] o phE O — R T R AN B, B AR AR
SCE RN T 207 208 O, i EORR AR T
BER . SRR R T Z AT A R R AE o R R i AR
HE A L A R TS0 1 RS S P A
TE NN A R T2, 3 B AR R 2k

A7 Ao IR AR 7 X B 11FR, (AR A
S AR, R R P A e, W R,
T EURA B B KRB BNAE o F i A2 —
P ASHAETE, ERTZER. MIAEK, A&
R EA .



3 T OHNE T ACHR R E AR AR B H SR T S A 909 -
1.2
_: 65235 12_ s P50 G39CNT, b
— e = P,G5,CNT.
W 0-8-_§:§: 0.84 ——P,GLCNT,
n A—P;sc;s 1 —PuGxuCNT,
\;_: 0.4{=PuGw 0.4
> ]
< 0.0 0.0+
= .
5 ]
g -0.44 -0.41
-0.8

-0.8 : g e ; -
10 10"°10° 10® 107 10° 10° 10™
Corrosion Current Density/A <m™

10" 10" 10 10® 107 10 10° 10
Corrosion Current Density/A <m™

1.24
1.04 DOE target < 1 pA/em?
0.8
0.6
0.44
0.24

0.0

Corrosion Current Density/pA ¢m™

Graphite Content, w/%

35 40 45 50 55 60

1.2
DOE target <1 pA/em’

1, O P S e A R R T R
0.8
0.6
0.41

0.24

0.0
PWCMI Pw(;”cl PWGNCJ chsscs PwG.\JC7
Sample

10 EAEUHARAE 0.5 mol/L HoSO4 70 °C 1 LM 5T i A A Ak il 2 B AN [R]85 S AUAS [[] MWCCNTSs B 52 45 UMK AR e 28
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Table 5 Conductive corrosion resistance of Al alloy substrates

Corrosion current Contact
Alloy - .
substrate density, resistance Ref.
leore/ X10°° A-cm2 ICR/mQ-cm?
Pure Al 7.47 257.24
AAB061 5.52 128.45 [60]
AA3004 4.50 311.25
AA1050 3.64 351.75
AA5083 1.92 34 [61]
AA5052 26.9 61.58 [62]
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Table 6 Conductive corrosion resistance of stainless steel

substrates
Alloy Corrosion current Contact resistance Ref
substrate density, lcon/A-cm™ ICR/mQ-cm? :
SS304 2.60x10° 140 [13]
SS316 1x10° 123 [66]
$S446 (1-1.50)<10° 190 [13]
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Table 7 Main preparation methods and their advantages and

disadvantages of bipolar plate coatings!">®"

Preparation

method Advantage Disadvantage
Wet chemical recisely controlling Limit wet
method  9r@in size, morphology decomposition capacity

and oxide distribution and slow reaction rate

Fabricate continuous,  Higher deposition

Chemical vapor composition- temperatures
deposition controllable and and have certain
uniform films toxicity

Laser enhanced Good flexibility and
chemical vapor efficiency to process
deposition on small areas
Plasma enhanced  Have low internal
chemical vapor  stresses and strong

Unclear growth theory
mechanism

High content
of bound hydrogen in

deposition adhesion the resulting films
Good adhesion and Obvious arc drop
. excellent induced growth defect
lon plating . .
surface-covering  particles on the surface
ability of the coating
Good resistance to
. . high stress, Form many
Multi-arc ion . .
lating high-temperature microdroplets and
P oxidation and the fine defects
grains
High metal ionization
. . rate (90%),
Filter hodi . .
tered cathodic controllable ion energy, Higher cost

arc plasma L
nano crystalline size,

and internal stress
Low process
temperature,
environmental
friendliness and con-
trollable coating
composition
High deposition rate,
simple operation, low

Easy aggregation of
ion beam bombardment,
easy formation of
cracks on the target
surface

Physical vapor
deposition

DC Magnetron Very low ionization of

sputtering temperature deposition plasma particles
Mixture of a reactive
. Stoichiometric control, . a_nq an noble gas
Reactive ; . . significantly affects the
high uniformity, .
magnetron . properties and
. plasma formation at .
sputtering deposition rate of
low temperature .
coatings formed by
magnetron sputtering
High power . L The sllghtly
. Higher ionization compromised
impulse " .
degree and deposition rate which
magnetron higher power density is caused by ion return
sputtering gherp y y

effect

WEAEFEGE. BEMELTZE%, B3 BREAS
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A P R AR X 4 R UM 12 . 2 B
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FERRSE T 2910 B A B, RS ARE .
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WIF 8T il FEE R L YR 5 8 o 2 T el 1k e s o 4 R
FW], £ 40~60 C AR ] & AR AR A S
SR, FE b E AL R I VOO ) T v R,
TV FRAIC

2.2 CVD

CVD (chemical vapor deposition, CVD) s&—Ff
W SRV AR FAR, IR E 75 E ) SRR LLZE IR
LTI NN 2, e BRI S =3 H R AR A 57 [ B
JE VIR SR R T IR 2 . Pu %P5 VD AR
B M 4 JE AR B A S 7R 3.50% (lE 5 E0
ERARMA RIS Th B, A S0 7 5 1 4 S DU AR S 9 A
R EL R ok P97 5 493y 3.52<10°° 1 2.2310°° A em?,
FHAEE RS, A SR T 2 SRR B 36 mQ-cm?
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B7E DRy, BRI AR S 0 L
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M. CVD FARAME H B IR 2 NEEE, MG A,
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T e ROVPRL, om0 IR R ) 7 CVD IAE
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Re TRH AR A RL, fEfEH CVD HAR TR Z BB
foc, VIRIREZ MR vk, FEAC T MR ZRE TR RE

Btk 2 S AT LCVD Claser enhanced chemical
vapor deposition, LCVD) AJ LASEZIL &)@ )il i |
ThGR 255 2 PR A KL 41 4 91, AT B CVD ¥t
MERE, #eTH LCVD Wikl &, Mtiftgeih s
SAVURUE A R AT 5, LCVD R AEH L CVD %
BRI b, BN T OGRS G R G LU0 T R =
B E, Al RO D) IR E T 2 SRR
R i) B ) % 1R % S R AR TR 2H 23 R T TR 3 AR KO FE
[7 i A1 AT 42 6 3 2 0 A 4L )

{H LCVD A& &% PEMFCs H XU AR 3E 47 2% T
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ZIN B 23 D), 0 PO AR TR RN #AGR B 75 45 1 42 ol I A 4k
PE R R AR il L i . KRBT 7%, HF
SRR Ay SR AR B Y. LCVD 3 N I
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TE&MRENH &, HETE CVD R, KRN
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Fe bR A Kt R SN 2 AT R 1 e g 8,
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BT ARMAES TR ARG G, S, ¥
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M 1000 W T B& % 250 W I i 2 H sp? 8 75 B M 66%
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Tafel Mkl 2k . 2h A Akl ik 4 SR8 B, SS316 %
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Fig.16 XPS analysis spectra of DLC coating films™?
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Fig.19 XPS survey (a) and C 1s spectra of DLC coatings deposited with the pulse frequency of 100 Hz (b), 500 Hz (c),

1000 Hz (d) and 1500 Hz (e)l*®4
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Table 8 Features of the PVD and CVD1%%109]

Preparation

PVD CVvD
method

Coating material Solid form Gaseous form

Deposition Evaporation Gas phase reaction
principles solidification deposition
Deposition

Postt 250-600 C 450-1100 °C
temperature

Deposition process Nucleate-grow up Nucleate-grow up

Deposition rate Fast Fast

Deposit uniformity General Good

Coating thickness Usually thin coating Usually thick coating

Coating

L No impurities
composition

More impurities
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Fig.20 Macroparticles through TiN films
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K21 TIAIN/VN 32 2B K THESEGOK 40 SEM JIE
Fig.21 SEM image of sub-micron scale cellular cells of the

growth top of the TIAIN/VN coating™*®®!
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Fig.22 Cross section morphologies of the coating™?: (a) TiN, (b) TiCN, and (c) CrN
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Fig.23 SEM images of coating surface and cross-section: (a, c) deposited by convectional arc and (b, d) deposited by splitting arc %!
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Table 9 Advantages and disadvantages of PVD coating

preparation methods

Preparation

Advantage Disadvantage
method 9 g
High ionization rate, Contamination
lon plating high deposition rate, by particles during the
good ion diffraction deposition process
Macroscopic particles
. . High dissociation rate piep
Multi-arc ion . ejected at the cathode
. and deposited ion . .
plating are easily retained and

ener .
oy large droplets exist

High ionization rate,
Filtered high
cathodic arc deposition rate and
plasma effective filtration of
macroparticles

Additional magnetic
filtration equipment
and higher costs

Favor the growth of
specific structure, phase
composition, preferred
orientation, grain size
and stress

Low
ionization rate

Physical vapor
deposition

Insufficient
bombardment ion

The target materials can
DC magnetron be widely selected and

sputtering  the target current can be  strength and low
precisely controlled  sputtering efficiency
Constrain the secondary
electrons to move ina  Causes excessive
spiral line on the target local temperature and
Balanced P . g P -
surface to improve the  easy formation of
magnetron . .
dissociation rate of cracks on the target
other gases such as surface
argon
Increased plasma
Unbalanced density, increased  Low plasma density in
magnetron sputtering efficiency, the substrate vicinity
good film quality
High sputtering power,

Reactive low substrate Hysteresis effect and
magnetron temperature, and rapid  “target poisoning”
sputtering coating by monitoring phenomenon

equipment
High power . -
i?n Else High peak value power Average deposition
P density, low average rate of HPPMS is
magnetron .
. power density extremely low
sputtering
B G A5 g /N LR S R 1 4 1 GLC
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Table 10 Conductivity and corrosion resistance of coating materials
Method Substrate Coatin Corrosion current Contact resistance, Ref
g density, lcon/A-cm™ ICR/mQ-cm? '
Substrate 3.8x10° 2583 at 50 N-cm’
TiN 8.5x107 542 at 50 N-cm™
PVD AISI304L CrN 2.0x1078 520 at 50 N-cm [150]
AICIrN 7.4x107 18438 at 50 N-cm™
AITIN 6.5x107 1188 at 50 N-cm™
) . Substrate 1.92x10° 34 at 135 N-cm
Physical vapour deposition AA5083 5 2 [61]
CrN (5.47-5.74)<10 6-8.5 at 135 N-cm
) ) TiN 2.5x10° 10 at 150 N-cm™
Cathode arc ion plating SS316L 4 2 [67]
CrN 3.0x<10 23 at 150 N-cm
TiMoN 5.22x107 9.19 atl.4 MPa [151]
TiAIN (1.42-3.58)><107 12.6-43.6 at 1.4 MPa [152]
CrN 2.90%10° - [153]
. CrAIN (4.87-5.32)><LO'6 5.10-6.50 at 1.4 MPa
Closed field unbalanced 4
L CrNC 6.10x<10 2.6 at1.4 MPa [154]
magnetron sputtering ion AA5052 "
latin CrC 1.05x%10 1.4 atl.4 MPa [155]
plating C 4.6x10° 6.39 at 150 N-cm™
TiCN 4.0x107 6.39 at 150 N-cm™ [156]
CrCN 5.0x107 4.08 at 150 N-cm™
CrN 3.68x10° 7.76 at 150 N-cm™
Vacuum arc and magnetron 8
) Cr,AlC 2x10 3.16 [157]
sputtering
Combined cathodic arc and 4 )
) CrAlC 3.02x10 4.5 at 140 N/cm [158]
magnetron sputtering
. SS316L
Reactive magnetron 3 )
sputtering Ta/TaN 2.84x10 12 at 140 N/cm [159]
DC pulsed magnetron . 6 )
sputtering Cr/Ta/TiC/C 3.1x10 7.1 at 140 N/cm [160]
Substrate 6.39%107 106.12 at 1.4 MPa
DC balanced magnetron TA2 a-C 1.4x107 5.64 at 1.5 MPa [161]
sputtering Substrate 6.77<107 69.90 at 1.4 MPa
a-C 5.1x10° 6.52 at 1.5 MPa
polypyrrole coating 2.81x10° 41at 140 N-cm™
Electrodeposited SS304L graphene/polypyrrole 9.25510° 19 at 140 N-cm™ [162]
composite coating '
. Substrate - 122 at 100 N-cm™
Plasma-assisted CVD SUS304 . 6 2 [163]
Carbon-coating <10 8.9 at 100 N-cm
Adopting magnetron 55
o ) AAB061 C-Ag 1010 1.93 at 1.5 MPa [164]
sputteringion plating
Pure Al 5.65x10™ 142.35 at 140 N-cm™?
) AAB061 ) 1.97x10° 77.75 at 140 N-cm™?
Electroplating power supply Ni-Co-P 4 2 [64]
AA3004 9.70x<10 209.25 at 140 N-cm
AA1050 9.5x10™ 27.05 at 140 N-cm
Dual cathode plasma ZrC 3.9x107 9.6 at140 N-cm™ [57]
sputtering TiBALAY Zr 9.7x107 40 at 1.4 MPa [165]
Double cathode glow 4 5
discharge ZrCN (1.24-9.85)x10 11.20-17.10 at140 N-cm [166]
High power impulse . =
Ti CrN (0.65-2.08)<10 6.14-12.38 at 1.4 MPa [56]

magnetron sputtering
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Table 11 Conductive corrosion resistance of C coatings doped

with different elements in PEMFCs environment

C coating Corrosion current .
Contact resistance,

doping density, 2 Ref.
ICR/mQ-cm

element leor/A-cm2
Ag 1x10°° 1.93at 1.5 MPa [174]
W 7x10°® 6.53 at 1.50 MPa [175]
Ti 3.2x107 1.85 at 1.4 MPa [176]
N 5.25x10° - [177]
Cr 1.1x107 1.30 at 1.4 MPa [178]
Nb 3.6x107 1.22-441at1.4 MPa  [179]
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Fig.31 SEM images of coating surface and cross-section™: (a, d) C-0 A, (b, e) C-3 A, and (c, f) C-6 A
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Fig.32 XRD patterns of the phase structure of the TiN coating

doped with various Al contents on single crystal
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Fig.33 Partially enlarged XRD patterns of the phase structure of
the TiN coating doped with various Al contents on single

crystal silicon®®
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Research Progress on Surface Modification of Bipolar Plates for Proton Exchange
Membrane Fuel Cells

Wang Yu, Shao Wenting, Wu Shangkun, Yang Wei, Chen Jian
(School of Materials Science and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China)

Abstract: In proton exchange membrane fuel cells (PEMFCss) components, the bipolar plate is the most important part due to its high
proportion of the cost, mass and volume of PEMFCs (45%, 80% and 50%). Because of the material and process problems of the bipolar
plate, the volume and mass of the traditional graphite PEMFCs are relatively large, which increases the vehicle mass, reduces the available
space of the vehicle chassis, and affects the performance of the PEMFCs vehicle. Therefore, the development of a lightweight, low-cost
and simple preparation process for the bipolar plate is of great significance to promote its commercial application. The metal bipolar plate
has attracted much attention in the PEMFCs field because of its low cost, good mechanical properties, electrical conductivity, thermal
conductivity, and relatively easy-to-control volume. However, in the PEMFCs environment, the metal bipolar plate is easy to form a
passivation film, which leads to an increase in its contact resistance. Therefore, improving the corrosion resistance of metal bipolar plates
and maintaining good conductivity are the main focuses of current research on PEMFCs. The graphite-type, composite, and metal bipolar
plate preparation processes or surface modification methods were summarized, and the advantages and disadvantages of bipolar plate or
carbide coatings, metal coatings and nitride coatings on surface were discussed. In addition, the corrosion resistance and interfacial contact
resistance performance of these coatings under the PEMFCs environment were compared.

Key words: PEMFCs; bipolar plate; surface modification; coating; electrical conductivity; corrosion resistance
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