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Development of Thermoplastic Carbon Composite Hybrid Bipolar Plate

1.

for Vanadium Redox Flow Batteries (VRFB)

Jun Woo Lim'

ABSTRACT: The electrical contact resistance between the bipolar plate (BP) and the carbon felt electrode (CFE),
which are in contact by the stack clamping pressure, has a great impact on the stack efficiency because of the
relatively low clamping pressure of the vanadium redox flow battery (VRFB) stack. In this study, a polyethylene (PE)
composite-CFE hybrid bipolar plate structure is developed through a local heat welding process to reduce such contact
resistance and improve cell performance. The PE matrix of the carbon fiber composite BP is locally melted to create a
direct contact structure between the carbon fibers of CFE and the carbon fibers of BP, thereby reducing the electrical
contact resistance. Area specific resistance (ASR) and gas permeability are measured to evaluate the performance of
the PE composite-CFE hybrid bipolar plate. In addition, an acid aging test is performed to measure stack reliability.
Finally, a VFRB unit cell charge/discharge test is performed to compare and analyze the performance of the developed
PE composite-CFE hybrid BP and the conventional BP.
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Fig. 1. Schematic drawing of the vanadium redox flow battery
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Table 1. Material properties
Plain weave carbon fabric (C-120)
Fiber properties
Bundle (if::lty Thickness Vodun st I;thp Density
size 1ply, odulus| Stren; ensi
@m?) | PP e | 6Py | kg
3k 200 270 240 49 1.82 x 10°
PE powder (UR644)
. Aver.age Density Melting Melt flow index
Material | particle (¢fern’) temperature (¢/10 min)
size (um)| ) 8
LLDPE 10 0.935 124 130
Carbon black (Ketjenblack, EC-600]D)
Average | Apparent|  pr | A | Todine DBP
particle | bulk . .
size | density surfacearea| content | adsorption | absorption
2 0,
(nm) | (glem’) (m*/g) (%) (mg/g) (ml/100 g)
34 0.115 1270 0.1 1050 495
’ ’ (15 g method)
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Fig. 2. Fabrication process of the PE composite-CFE hybrid BP

filo

shelsteict. whebd S 7kl A Al 217k 9
F b ol A CFEZ} &4El %) obe 2o ghelel
LA Th 2|4 AR 224 F7HA]]
251t

o
lo rlr

)
2
N

o
=z r
fu

P

g
S~

|

r'l
filo
N

22 ™M™ Ms

214 o] 712 B okg AHe}r] 15 71 Balo] Y=
H PE 5= BPO| AW A (ASR)E S 5HH PE
B3| E BP AJHS] F7]= 100 mm x 100 mm X 0.4 mmo]
™ VRFB 28} W 5.0] CFEo]| th3t o5 relo] 0.05 MPa?l
A westel Q7 A% PRIL 005 MPa FUSIGLt
BP A|H-& CFE Atolof 11 Y 53 &= (ORS-030A,
ODA, tjgty=)9} HE|u]E| (3457A, Hewlett Packard, USA)
of A2% F 7N == 72 A= Alolof f1x|st3lth. ASR
2 TksA|E 7] (INSTRON 4469, Instron Corp., MA, USA)E
AHgste] 217l 0.05 MPaslA] 2 Hgko 2 AAkeha]
ouf e Afe] 17) Aol tfet A AL wHAle]
Qe 225 th7IgollA 25 + 1°C2 A o5}l Th13]. BPY]
AA A Ry AEE A R Eq (37 ()2 L
Bhd 4= 910w BPY] ARy, AA| Aol q Al2w At
< Wl Eq. (5)2} ZH14].

Rioray = 2Rcy.cpe+ 2Repg+ 2Repppp+ Rpp (3)
Rystem) = 2Rcy.crpt 2Repp (4)
ASRgp) = 2Rcppppt+ Rpp (5)

oW Reycrei= 2] =1} CFE Abo] o] & A gFo]m
Repps Repppps Rpp= Z¥Z CFEQ] W= A3}, CFEQ} BP A}o]
o] &A1), BPY A A yebdit). Fig 33} ol
2 wt.%9] 7R Ealo] Yx2= PE EZ3)E BP7} 305 mQ-cm?
o] Fro& 71 WS ARS 7k Upehdlich wheba] S 7k
A3 Al H2 2 wt.%8] 72 o] Y25 BPE 0|85}
7bd A&7k Wske A2tskeict. AlZHE PE B3
&-CFE slo]H 2| & BPO AA A3 Q7 45 4=
0.01 MPaof|A] 0.1 MPa7}R| Z£7}X]7|H &A3}% ).

300 ASR at 0,05 MPa

as0 b —
400 ]
350 b
300

250

ASR (mit-em?)

200

150

100

50 ¢

Neat 1wt % 2wt % 3wt % 4 wi. % 5wt %
composite

Fig. 3. ASRs with respect to carbon black wt.%



Development of Thermoplastic Carbon Composite Hybrid Bipolar Plate for Vanadium Redox Flow Batteries (VRFB) 425

2.3 itk AIE & JIHISRRE

VRFB A| A"l A= 2F 5
o 0] /1R AR 4 glos] A 58

£ S HAAA ART sEE Y IR ARlA
o S ML} AT 2 ek ol A5 W)
Abe: BPO] At 15} WSS T4 4 QL vl et Ab
shA| 2 whg-alth15). At ol BPY| 7|A1A EAL As
A|7]3L BPO| A|&t5 S7HAIA VREBO A5 Al 4
Atk £ &= x%oﬂwﬂ Ao ag Bl g
3l= BPO] AF k=312 Q13 1AL Mo ARAHE
faratol A a4 £AL %7} 12 4 9k ol 2 24
Zo rM 7}1%4 PE H%LXHE-CFE sfoltie|= BPe|
< 7IAE2

n= Wdod

40 M 5= vtk it Asf oA 10047 F¢F 4t =2}
& A3stoiet. CFEZF =07 7195 Fote] Hehd Alaat
A=A o2 Alde 2F A3stalon 7149 Es Fg.
a9} 7ro] bl AA 2 2Hsqch AN AR o2 ¢
2] A4 (ISE40-01-22, SMC, Japan)2 A2kato] 7j o] 2%
3 el e g 24 or] 47 40 mme] faa v
of AEG o A Aolo] §1Aste] o WS AlHOR 2
2latoleh. AlBe] 8 27E 30 mmoo] <17k gkelo] o
3 Al Wk A7) 918 01 mm £79) the A
Q)2 o @ ARS A A ek}, LukHel VRFB] 2
ol i QrEel 0.3 MPaZ W 1] Q1715900 B 2¢)
e WSS 100417 5 S4ata £ A Aol o] ke A}
2 7\ ARHES Asirt.

=¥ A7} PE SR 2-CEE sfo] Bel= BPe] 74172k

L 62 olste] I 71 HTS AL W 02l RO
ehteh 2 63 o4ke] Wy 7k Azto.R A& PE
E3 A Z-CFE 3lo] B e] & BPE: =28 Eg & LY O
v ol= BPe] PE tfE2j0] Aukxjol duislol] ofgt Zolt}.

Input pressure Porous stainless

0.3 MPa steel plate
L /

NN ANNNNNNNN
Pressure l _ Pressure
sensor 1 j =t X sensor 2
—| [Chamber 1 y Chamber2| M—

OONNNNNNN NN

N\ Gasket
Specimen

Fig. 4. Schematic drawing of gas permeability setup

2.4 S/4H AIY

JfEkEl PE E31A4) 2 -CFE 3fo]Hg]|= BPO] %2 A=
5l7] 98 whAl A]E | (Standard Cell-BLUE, Standard
Energy Co., Ltd,, th3HRl=1)E o]-&3to] 5/ AldS
Yoot 7 W2 ASR SRS UERd 2 wt.%o] 72
Ealo] Y% PE E3A)| 2 -CFE 3fo] 22| BPE A}-8-3}
of AeS AFPstaL 10 Afo]Z Ht o|UA] AES 71E &
A e} Hwskelch

w

2 A EE

Fig. 30f Yephd A3} o] 2 wt.%o] 7Hd o] =24
PE B34 & -CFE sfo]H.g]& BP7} 305 mQ-cm’Z 7} &
© ASRZHS Uit 24 E BPSO] Sl sHE B
= gt 4uglo] Wit 0.4 mmE $A|Fglon o] PE
E s tol A ZHE S QJa} Hato] e R o] %
OIATHL B 4 AUtk B ATAES U 2t B A
A 7+ A7 A7) A S AAsE 71E B BAlo] A
EEE aARIchs AL A5erH16-19). wekAl, PE
WELs Yol 2 s HxE 7HE S S B
wt. %2 ko 2% BPO] ASRS ZHAA|ZTH 18y 72
Lo ghgo] Z7hgtol wlel Fig. 39] A Ailol ehd

Z1} o] BP] ASRo] thA] 2718 AL &gt 4= 9%
th. o] PE WjE A9 E3E 7lE B im BP 7
22 SRt A oA AetE o] Uehhe @/4delet17-19].

CFEE &3 719 A3 £3) Fig. 59+ & ] 2 wt.%2] 7}
2 Edo] Y5 BPEHo|| Hstoirt. CFEQ] A7} PE
TAZ-9] Local meltingo]| &]3}o] atarzo0] BPE] 419 4]

[‘

olo
JJ:L4

< CEFE

- BP

g 4 - CFE
e L 500 pm

Fig. 5. Electron microscope images of the PE composite-CFE
hybrid BP cross-sectio



426 Jun Woo Lim

Resin rich area formed
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Fig. 6. Electron microscope images of the resin rich area formed
by global melting

1000
200

700 p—_—

600

400
300
200
1060

[}

Meat PE 23 45 65 8s 10s
compasite

Total resistance (m{2-cm?)

Fig. 7. Total resistances of PE composite-CFE hybrid BP with
respect to heat applied duration

A A&l = A 3l = Qe & 7) A7) 62
o|Aro] =] Fig. 61} Zo] BPQ— CFE A}o]2] Resin Rich %
-8 Z7}A]7]+= Global Matrix Meltingo] ¥FA¥sl1 PE &2
SHA| & BPo| WG o= Q8] A7) A} 7|4 FEapido] &
7hghct 5 7HE S 9lgh & Q17 AlTtoll WE PE &
SH| = -CFE slo|22]= BP| M4 #a-2 Fig. 7o) LERiTH

PE 534 % -CFE sfo| 2= BPO] XA A2 7+ Al
ol 625 2SR EM S7tote A¥dS HAth ®
3+ VRFB] Qukz] 212 129l 0.05 MPao| ¢ 3loll A A
2 thZ BPY| AA| AdtS 45}l Fig. 81} o] 7fte
2 wt.% 7}E o] YxE PE B3 -CFE dfo| 2=
BP$} v| w3t} AldbE PE 2314 & -CFE slo] 22| = BP
7} ]3] BPZ 200 mQ-cm?Q] Zro & 71&F who HA| AES
e

7ftEl PE E5H2) & -CFE slo]He]= BP9} 7]& 54 BP
O] 17} o] w2 HA| A3} i3k 412 Fig. 99 Atk A

600

500 |

E
2 400
=]
£ 3
@ 300 §
£
2
g 200 \
: N
3 \
g 100 \
0 =
Conventional Neat PE  Graphite coated Graphite coated PE composite-
graphite compaosite PE epoxy CFE hybrid
Fig. 8. Total resistances of various BPs under 0.05 MPa
600
b —s— Conventional graphite BP

300 \\ —e—PE composite-CFE hybrid BP
-E with 2 wt.% of CB
b \\
g w \
8 b
] o Sk
2 3w “\ w
g 5 ~
- e .
E i T
S 200 . e
= e It T

3= gy
100
0
0 0.02 0.04 0.06 0.08 0.1 0.12

Compaction pressure (MPa)

Fig. 9. Representative curves of the total resistance with respect
to the compaction pressure

Reduced ICR by
direct contacting fibers

Current bypass /

.

T
CFE

Interfacial contact

resistance (ICR)

Fig. 10. Equivalent electric circuit of PE composite-CFE hybrid
BP

Al A2 A7F 2ol S7Hehol wheh fashs Ut 4
aFS ®9l o1} PE B34 & -CFE 3lo] Hg]= BPo] 7% ot
& Q7F GEol A 59l BPELE dAJ8] W A ghe B

d A 54 & BPe 1 A5
531 CFE A7F 45 o shollA BP £ 0= Qb2 o]
BP A2} A4 &3] WliZelth. Fig. 102 PE HolA|=
-CFE slo]H2| = BPS| 571 7] 9|28 Yepiy 571 A



Development of Thermoplastic Carbon Composite Hybrid Bipolar Plate for Vanadium Redox Flow Batteries (VRFB) 427

7] Blzollq 7] A 7P e A7) AR T4 Lol
ofs) AR EIck20]. aebq 24 AEsHE Hae] o) A
FH whols s A7) A7t BPS} CEE Abo] o] AW H
8}t v 3wsto] PE H3k4) 5-CFE Sho1ie]= BPe] A
7] A% BA3] A2k Bk o] 2lg FA PE 4
A E-CEE sto] 1] = BP A2 gelo] ot ggpo] 7]
£ BP 2} Wob o4 4el VREB 458 Qi 8 o]7o]
e gk,

W74 AES 919 PE H3h4|-CEE sho|Bel= BPE
80°CS] 4.0 M| HhLhE FHAF A3 AelA 100417E 5k AF
w3} F 7 AEIE S AW 62 o4 A 7}
o AlE0] A5 AL 15} Aol S Eha/PE B3R BP
2 %5714 Rabh wAstah Tl 6 olste] AlH, %
o Aol gl ATE 4t s Fol gt 7| UH S §
X5}, wheba e PE S R-CEE Slo] 2= BP
o TS S 24 @l A= 488 B30

oh oA S/ AT oA e PE E3A) = -CFE 5o
1.8
——PE composite-CFE hybrid BP
with 2 wt.% of CB
——Conventional graphite BP
1.6
g
@
g 14
2
-
1.2
I 1 1 J
0 0.5 1 1.5
Times (hours)
(a)
O Energy Efficiency
12000 - O Voltage Efficiency
B Coulombic Efficiency
100.00 96.10 97.50
—_—
3 86,85
§ g2.10 5343 L
5 80.00
o
=
[
‘s 60.00
b=
[£3]
40.00
20.00
0.00

Conventional graphite PE composite-CFE hybrid

(b)

Fig. 11. Unit cell charge/discharge test results: (a) Representa-
tive charge/discharge curves; (b) Efficiencies

B3 & BP+ Fig. 113} o] 7]&
9 oy ass FAsk
ol 7]& 5¢1 BPoj| HIg @ WA A7to] Al WA
1o 7144171 %3Folc). w3, s PE rgxui CFE 3}
o]|HE|E BP= 1004|229 F/HA Ald Sof= A5 W
sh7h gl Ao = UEhth wheba] 7 H"Q PE 534 &-
CFE sto]E2]= BPi= VRFBs -3-& Zofo] 2letstn 7]&
BPE thAg 4= qlekar wehEh

BP2] 82%X T} =2 84%

o, oo

5w BP o] FEslo] PE HEA|=-CFE sjo] B2
© BPF2E Ac). A PE BEH) 2-CFE sjo] H)
= BPo] 7| A, 7 ARTE 2 87 a EERES
At T3 A WS g8 B Fd AW
AT}, 2 wt%] 7} Hejo] Bpo] ASR;;_ ) }o &
}2]o]9lou] BP-CFE A A] 160°Col 4] 62:0] & <17}7}
PE 2|7 BPO] 7|74 24 A5iglo] B} CEE Afo]9]
45 AR a7l b astolglnk it 2w
o] 7}& B2 U3t PE B3| = -CFE slo] E2] = BP=
VRFBQ] duta A4 22l 0.05 MPaoj| 4] o] BP = 7}
w200 mQ-em?0] QA A7 Lhehct. £ PE 2
S & -CFE slo] B 2]& BPQ] AA| Aok 7|& 51 BPH
oh e 9h% reol A E W ghe Uheby Tk e PE
B3R R -CFE o] H2| = BPL 1004]7H9] AF 15} Fof e
NAETNES FAsks AL APHow Ao
K %/ X8-S Balo] PE 2|8 -CFE slo]H2|= BP
o] o %] Fgo] 7]Z BPO| 2%} & 84%S Lpeh
= AL g stela}oirt. wEha e 2 wike] 71 elo]
<] PE 2-3}4 2 -CFE 5}o| 22| BPX= VRFB A| A 9]
27117171 918 oA BP7} 2 4= 9t

>.

hovéér
mlo ﬁl

ol

7

o) BTH= TPl e RE AR e HetR RS Aelom
Fasl7] & AT 2 L ol S E AT (No.
2706890-23-P052), 2| Yol ta] 2408 7A=Y ).

4

REFERENCES

1. Yu, VK, and Chen, D., “Peak Power Prediction of a Vanadium
Redox Flow Battery;” Journal of Power Sources, Vol. 268, 2014,
pp. 261-268.

2. Skyllas-Kazacos, M., SECONDARY BATTERIES - FLOW SYS-



428

Jun Woo Lim

10.

11.

TEMS | Vanadium Redox-Flow Batteries, Elsevier, Amsterdam,
2009, pp. 444-453.

. Blanc, C., Modeling of a Vanadium Redox Flow Battery Elec-

tricity Storage System: Ecole polytechnique fédérale de Laus-
anne, 2009.

. Larminie, J., Fuel Cell Systems Explained (Second Edition), John

Wiley & Sons, Chichester 2003.

. Kim, S., Thomsen, E., Xia, G., Nie, Z., Bao, J., Recknagle, K., et

al, “1kW/1kWh Advanced Vanadium Redox Flow Battery
Utilizing Mixed Acid Electrolytes,” Journal of Power Sources,
Vol. 237, No. 2013, pp. 300-309.

. Park, S.-K,, Shim, J,, Yang, J.H., Jin, C.-S.,, Lee, B.S., Lee, Y.-S.,

et al., “Effect of Inorganic Additive Sodium Pyrophosphate
Tetrabasic on Positive Electrolytes for a Vanadium Redox Flow
Battery,” Electrochimica Acta, Vol. 121, No. 2014, pp. 321-327.

. Xu, Q, Zhao, T.S., and Zhang, C., “Effects of SOC-dependent

Electrolyte Viscosity on Performance of Vanadium Redox Flow
Batteries,” Applied Energy, Vol. 130, No. 2014, pp. 139-147.

. Lim, JW, Kim, M., and Lee, D.G., “Conductive Particles

Embedded Carbon Composite Bipolar Plates for Proton
Exchange Membrane Fuel Cells;” Composite Structures, Vol.
108, No. 2014, pp. 757-766.

. Lim, J.W, “A Study on Continuous Carbon/Epoxy Composite

Bipolar Plates for PEM Fuel Cells;,” Daejeon, Republic of Korea:
KAIST, 2013.

Kim, K.H., Kim, B.G., and Lee, D.G., “Development of Carbon
Composite Bipolar Plate (BP) for Vanadium Redox Flow Bat-
tery (VREB),” Composite Structures, Vol. 109, 2014, pp. 253-259.
Choe, J., Kim, K.H,, and Lee, D.G., “Corrugated Carbon/epoxy

12.

13.

14.

15.

16.

17.

18.

19.

20.

Composite Bipolar Plate for Vanadium Redox Flow Batteries,”
Composite Structures, Vol. 119, No. 2015, pp. 534-542.

Kaur, A, Jeong, K.I, Kim, S.S., and Lim, W.J., “Optimization of
Thermal Treatment of Carbon Felt Electrode Based on the
Mechanical Properties for High-efficiency Vanadium Redox
Flow Batteries,” Composite Structures, Vol. 290, No. 2022, pp.
115546.

Louis, M., Joshi, S.P, and Brockmann, W,, “An Experimental
Investigation of Through-thickness Electrical Resistivity of
CFRP Laminates,” Composites Science and Technology, Vol. 61,
No. 6, 2001, pp. 911-919.

Lim, J W, and Lee, D.G., “Development of Composite-metal
Hybrid Bipolar Plates for PEM Fuel Cells,” International Journal
of Hydrogen Energy, Vol. 37, No. 17, 2012, pp. 12504-12512.
Inagaki, M., Iwashita, N., and Kouno, E., “Potential Change
with Intercalation of Sulfuric Acid into Graphite by Chemical
Oxidation,” Carbon, Vol. 28, No. 1, 1990, pp. 49-55.

Norman, R.H., Conductive Rubbers and Plastics, Elsevier Sci-
ence Ltd, London 1970.

Donnet, J.-B., Bansal, R.C., and Wang, M.-]., Carbon Black: Sci-
ence and Technology (Second Edition), Marcel Dekker, Inc., New
York, Basel, Hong Kong 1993.

Medalia, AL, “Morphology of Aggregates,” Journal of Colloid
and Interface Science, Vol. 32, No. 1, 1970, pp. 115-131.
Janzen, J., “On the Critical Conductive Filler Loading in Anti-
static Composites,” Journal of Applied Physics, Vol. 46, No. 2,
1975, pp. 966-969.

Sedra, A.S., and Smith, K.C., Microelectronic Circuits (Fifth Edi-
tion), Oxford University Press, New York, 2003.



	바나듐 레독스 흐름전지용 열가소성 탄소 복합재료 하이브리드 분리판 개발
	1. 서 론
	2. 시 험
	2.1 하이브리드 분리판 제작
	2.2 전기적 성능
	2.3 내산성 시험 및 기체투과도
	2.4 충/방전 시험

	3. 결과 및 토론
	4. 결 론
	후 기
	References


