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ABSTRACT

An |Investigation on Electrical Characteristics

in CNT-Metal Bipolar Plates for PEMFC

Jun, Young—Kil
Advisor : Prof. Kim, Nam—-Hoon, Ph. D.
Department of Electrical Engineering,

Graduate School of Chosun University

The polymer electrolyte membrane fuel cells (PEMFCs) show the relatively low
operation temperature, low current density, high efficiency, high power density
and rather rapid response to the load variation. Thus, it can be applied to fuel
cell electric vehicles (FCEVs) and distributed power generation systems.

The bipolar plates perform as the current conductors between cells, provide
conduits for reactant gases flow, and constitute the backbone of a power stack.
They are commonly made of graphite composite for high corrosion resistance and
good surface contact resistance. However, the graphite and their composites are
unfavorable to manufacturability, permeability of gas, and durability for shock
and vibration in comparison to metals. Metal is considered to be a good
candidate material for the bipolar plates because of its high bulk electrical
conductivity, high heat conductivity, high strength, low gas permeability, and
ease of manufacture. However, the corrosion resistance and interfacial contact
resistance of metal material should be considered.

On the other hand, various methods and techniques must be developed to prevent
the metallic corrosion and eliminate the passive layer that causes unacceptable

reduction in contact resistance and possible fouling of the catalyst and the
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ionomer. Thus recently metallic bipolar plates have received considerable
attention in the research and industry. So the materials in the bipolar plate of
PEMFC should have the characteristics as follows; high corrosion resistance, low
interfacial contact resistance, high surface tension with water, light-weight,
high mechanical strength, and high volume cost-effective manufacturability.

In this thesis, the carbon nanotube (CNT) coated metallic bipolar plates and
their effective manufacturing process methods were proposed to secure the
mechanical, chemical, electrical properties for the PEMFC in comparison to the
conventional bipolar plates with graphite and metals. The optimum conditions by
relationship between the material properties and the electrical characteristics
were also considered for the PEMFC cells/stacks. Spin-coating and hot-press
methods were proposed to prepare the CNT coated metals for the bipolar plates.
The contents of CNT were varied by 1.0, 1.5, 2.0, and 2.5 g to the mixed and
stirred solution with 30 g of poly tetrafluoro ethylene (PTFE) and 500 ml of
ethanol. The metal substrates of copper (Cu) and aluminum (Al) were 20x20 mm of
area and 0.5 mm of thickness. Atomic percentage of CNT on the surface of the
metals was proportional to the contents in the PTFE solution regardless of metal
substrates, by analyses of energy-dispersive X-ray spectroscopy (EDX) and X-ray
diffractometer (XRD). Spin-coating method could cover 93.14 and 93.45 at% of CNT
on copper and aluminum substrates, respectively. Hot-press method showed the
95.25 and 89.32 at% of CNT on those substrates. Sheet resistance of the
CNT-coated copper showed the decreased value of 3.67x10™ Q/CJ under that of
the non—coated metallic copper; however, that of the CNT-coated aluminum showed
the somewhat higher value than that of the non-coated metallic aluminum.

This thesis successfully demonstrated the methodologies for preparing the
CNT-coated metal bipolar plates with the mechanical strength, chemical
stability, and electrical conductivity. This study will contribute to the

improvement in the efficiency and economics in the bipolar plates for the PEMFC.
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2. A& 578 € 3
HAEdXles MolEo SF/0l WetAd DEX MolE AS XX (PEMFC) 2t HIEtSHZ
X (OMFC), SsEHMYE A A X(MCFC), &2el S2HMEXI(AFC), DAt d2d
(SOFC), oA HAZAXI(PAFC)S2 2 AH 2F/E == JUCH [12]. &I A SRS A
SdXes 25 &I|sEE K22 JIBICZ 6t UKL A2 U2 2% FAuAM
SotH T, 2 EF0ICH AFEot= A20F TH20H. Table 10lAsE 2BtE OS2 20
AZ ML SR SHZS LIEHUHI LD, 2 AZHE XA = AtE6te H=22| XH0| 2
= S4d GAl TGEA ST, 2 dEd8I S348 sl 8258 Fig. 10l &elat
ALt
Table 1 Types of fuel cell [13]
AFC OMFC MCFC PAFC PEMFC SOFC
I Igm?biliée Igm?biliée lon
Potassium Polymer iqui iqui :
Electrolyte hydroxide membr ane molten phosphor ic ;é;g?gﬁg Ceramic
carbonate acid
Operating
tenp(eoga)ture 60-90 60-130 650 200 80 1000
Ef”&f)emy 45-60 40 45-60 35-40 40-60 50-65
Typical
electrical Up to 20kW <10KkW >1kW >50kW up to 250kW >200kW
power
Possible Submar ines aponggﬁo Power Power Vegringltles, Power
applications spacécraft PP ns stations stations stationary stations
— 5 —
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oz

A2 (A 2) Hy,—2H +2e”
2=2(371 3) %O2+2H++2e_—>H20
o 1
XS Al Hy+ 5 Oy—>Hy0, AG=— 220k.J/mol

HEdXel D2k Mol HE8Xe A2IE Fig. 20 2ot LIEHHRA

collector

collector
plate

plate

hydrogen feed

Fig. 2 The basic principle of operation of a PEMFC [23]

HXONA &M= MF(current)= BF2=(reactants)0l 821 MoHZ 0| SHL
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Reversible Voltage Activation loss Ohmic loss

= Ideal{thermodynamic) 5 ¥ =
20  Fuel cell voltage g S
b=
% [T % -l%
[ 5 2
Current densit.y{A/zm‘] Current density[A/m] Current density[A/ar]
Concentration loss Net fuel cell performance
s s
B - |2
-
B el
= =
d =
S S
Current density[A/ar] Current density[A/ai]

Fig. 3 Pictorial summary of major factors that contribute to fuel cell
per formance. Three major losses(activation, conduction, and concentration)
influence the shape of the fuel cell i-V curve [28].
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Fig. 4 World-wide status of the bipolar plates development
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C. Bipolar Plate
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= MNon-metal Mon-porous graphite
plates Stainless Steel
*Austenitic
I *Femtic
Non-coated
= Metals Metal plates
: Logtings
Cogled e *ALIMINWT Carbon-based
*Titanium = *Graphite
*Mickel *Conductive polymer
*Stainless Steel *Diamond-like
carbon
*Self-assembled
monopolymers
" Metal-based
*Graphite, *Moble metals
polycarbonate, *Carbides
_I_ stainless steel *Nitrides
Metal
based
— Composites 7 :
Hesin Filler
Thermmoaplastics *Carbon/graphite
*Poly(vinylidene fluonde) *Carbon black
Carbon == *Polypropylene *Coke-graphite
based *Polyethylens
Thermosels
*Epoxy resin y
*Phenolic resins Fiber
*Furan resin *Carbon/graphite
*finyl ester *Celluloss
*Cotton flock
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Table 4 Coating materials and process for metallic bipolar plate [59]

Coating method

Coating materials

Coating process

Conductive . L
polymer Conductive polymer Not specified
DLC coating Diamond-1ike carbon Not specified

Gold topcoat

Gold over Nickel over Copper

Electrodeposition

in the form of sheets of flexible,
graphite foils

layer
1. Sublayer: sonicated graphite
particles in emulsion, suspension
Graphite foil or painting ) ) Painting or
layer 2. Topcoat: exfoliated graphite | pressing

Graphite topcoat
layer ing

1. Sublayer: Titanium over Ti-Al-N

2. Overcoat: transient metal
sublayer of Chrome fol lowed by
sulfuric acid

PVD and chemical
anodization/oxidation
overcoating

Organic polymer

Organic self-assembled
monopo | ymers

Not specified

Stainless steel
layering

1. Sublayer: Chrome, Ni, Mo-rich
stainless steel or Ni—-phosphorus
al loy

2. Topcoat: titanium nitride

PVD, CVD,
Electroless—deposit

Ti-AlI-N layering

Ti-AI-N layer

RF planar magnetron
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Table 5 Physical properties of the carbon nanotubes [59]

Singlewal led Multiwal led
Componen carbon carbon Remark
P nanotubes nanotubes
(SWCNT) (MWCNT)
Diameter (nm) {.20~3 5~10 Hair: ;
' (70~100) x 10
Tension(GPa) ~4 < 50~300 Ferroal loy: ~v2.
Stainless steel:~1
Density(g/cc) 1.33~1.40 - A'fg';um“\”
Diamond:
Thermal
Conduct ivity ~6000 ~3000 2000~40000
(W/m - K) Copper (Cu):
393.7
Electric '
Resistance 10x 107 5 1% 107 Copper(gy).
1.7x10
(Q - m)
Current '
Density ~10° _ ?ggper(Cu)-
(A/m?)
— 41 —
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Table 6 Properties of PTFE and fluorinated hydrocarbon-based PE

Property PTFE PE
Chemical structure ~(CF2CF2)n- ~(CHzCHz ) -
Density 2.2-2.3 0.92-1
Melting temperature (C) 342(1°Y), 327(2™) 105~ 140
Dielectric constant (1kHz) 2.0 2.3
Dynamic coeffccient of friction 0.04 0.33
Surface energy (mN/m) 18 33

Resistance to solvents and chemicals

No known solvent

Hot hydrocarbons

Activation energy of thermal

degradation (KJ/mol) 339 264
Melt viscosity (Poise) 10°~10" 10*~6x 10*
Refractive index 1.35 1.51
Chain branching propensity No Yes
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Fig. 17 Photograph of Al Sheet

4BRY

Fig. 18 Photograph of Cu Sheet
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Fig 19. Photograph of PTFE solution

Fig. 20 Equipment of hot press system
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Fig. 23 Equipment of X-ray diffractometer (XRD)
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Fig. 30 EDX analyses and element mapping on PTFE and 1.0 g of CNT powder
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Fig. 31 EDX analyses and element mapping on PTFE and 1.5 g of CNT powder
spin-coated Cu sample
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Fig. 35 SEM images of PTFE and 1.0 g of CNT powder spin-coated Cu sample
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Fig. 36 SEM images of PTFE and 1.5 g of CNT powder spin-coated Cu sample
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Fig. 37 SEM images of PTFE and 2.0 g of CNT powder spin-coated Cu sample
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Fig. 38 SEM images of PTFE and 2.5 g of CNT powder spin-coated Cu sample
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Fig. 39 EDX analysis and element mapping on PTFE spin—coated Al sample
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Fig. 40 EDX analysis and element mapping on PTFE and 1.0 g of CNT powder
spin-coated Al sample
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Fig. 41 EDX analysis and element mapping on PTFE and 1.5 g of CNT powder
spin—coated Al sample

o 1 2 3 4 ) [ T g 9 10 " 12 13 14 13 16 7 18 19 20
ull Scale 10171 cts Cursor: 0.445 (33 cts) ke

AlKat Cral_2

Fig. 42 EDX analysis and element mapping on PTFE and 2.0 g of CNT powder
spin—coated Al sample
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Fig. 44 SEM images of PTFE spin-coated Al sample
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Fig. 45 SEM images of PTFE and 1.0 g of CNT powder spin-coated Al sample
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Fig. 46 SEM images of PTFE and 1.5 g of CNT powder spin-coated Al sample
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Fig. 47 SEM images of PTFE and 2.0 g of CNT powder spin-coated Al sample
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Cu Substrate: — PTFE
|~ Spin Coating —— PTFE/1.0[g]CNT
PTFE/1.5[g]CNT
—— PTFE/2.0[g]CNT
N PTFE/2.5[g]CNT

| f\ JLJ

E\ -
7]
g - L
£

N ] N

1 N 1 N 1 N 1
20 40 60 80
2 theta

Fig. 49 XRD spectra of the spin-coated Cu substrates by using PTFE or PTFE/CNT
powder with a different CNT contents

Al Substrate: PTFE/2.5[g]CNT
spin coating — PTFE/2.0[g]CNT
PTFE/1.5[g]CNT
- —— PTFE/1.0[g]CNT
—— PTFE

I S J\

~J_ :
'\J\.\f—fﬂ. .Jt. A

80

Intensity

2 theta

Fig. 50 XRD spectra of the spin-coated Al substrates by using PTFE or PTFE/CNT
powder with a different CNT contents
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Fig. 51 Sheet resistance and carrier mobility of the spin—-coated Cu substrates
by using PTFE or PTFE/CNT powder with a different CNT contents
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Fig. 52 Sheet resistance and carrier mobility of the spin—-coated Al substrates
by using PTFE or PTFE/CNT powder with a different CNT contents

_78_

Collection @ chosun



FOIlL ONT

s JlH

& =0l

=<

FOIlL CNT
al

I
[

=5
. el

2=0ls &4

=<

ol

-l

Hal |

l

oD

i)

PTFE

i0J

2.5 g &I

Fig. 51~5201 LIEHLHRUACE.

=
=

f

z|

f

T2l JIE A0 ONT 22 =

Hal |

010

-

0D
ol

1.5 9, 2.0 g, 2.5 g BJItst PTFE

1.0 g,

22k
=

—/

AN 22| X &t (sheet resistance) EAHE CNT 20| &It

SR 3.96x 10 Q/CIMIA 3.67x10* @/

ilo]

<
ol
w0
™
i
<

0l

=
o

I

oI
X0
o0
10

J
i
~
(o
4

0l
00
=

o

io-

20 248

ol A

J|et

R0
oI
I

_

oJ

33
iy

LHEHH ACH.

)

ol
ur

100
=

1.5g, 2.0 g, 2.5 g EIt&t PTFE

2+2 1.0 g,

=2
==

FOIl 210Il ONT =2

I
[

2=0ls

ot

DIE=DN;

=
(=]

t OOt

=

CNT

0l
0
ur

00
=

o

ol
N

io)

<N

oI
wo
M
i3
<

0l

b= o
(]

010

0D

Q/O=

Q/CNAM 3.67x10™*
4.13x 10" Q/I22 = H2tS LIEHHQACE.

3.50% 107

0l
X0
00
R0

J
9]

=

ot

[¢)

20 XM

Ol A

I

[

1L
FOIl CNT

[

)
J| &

—
=

RS et =0l

[9)

= 3t

=

HOIl ONT =2

E4d= LEIWHRALCEH
=

st 2l Il

St
S

A

EDX Z LH0il A

=S
[

0l

O Z&S LEFHRAULCE.

J
0l
0
uir
00
=

gl

o

il

oI
33

ioll

[0

Rr
ol
)

T

o]
0
00
R0
I

=i

02

9]
K
ol

=

O

a]

4
my

I

oA 2

XRD Z210tet CHEGHH == J1E2l HEEH0 ALl ONT
— 79 —

T,

I

C
=

I

xez H

A
Collection @ chosun



80

3 —
5x10 —0— Conductivity[S/cm]

—@— Carbon Atomic% / L 70

5x10° r
. B L 60
5x10°

5x10°

£ %
) . g
,a' 3 =
£ 4x10°
% ] -50 B
S 4x10° 3,
g g
G
O 4x10° 40 °©
7 { ] o——0
4x10° H r
] / / Al Substrate
4510° ® o Spin Coating - 30
1 1 1 1 1
0.0[g] 1.0[g] 1.5[g] 2.0[g] 2.5[g]

CNT Content into PTFE Solution

Fig. 53 Conductivity and carbon atomic percent of the coated Al substrates by
using PTFE or PTFE/CNT powder with a different CNT contents
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Fig. 54 Conductivity and carbon atomic percent of the coated Cu substrates by
using PTFE or PTFE/CNT powder with a different CNT contents
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Fig. 55 EDX analysis and element mapping on PTFE hot-pressed Cu sample
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Fig. 56 EDX analysis and element mapping on PTFE and 1.0 g of CNT powder
hot-pressed Cu sample
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Spectrum 13
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Fig. 57 EDX analysis and element mapping on PTFE and 1.5 g of CNT powder
hot-pressed Cu sample
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Fig. 58 EDX analysis and element mapping on PTFE and 2.0 g of CNT powder
hot-pressed Cu sample
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Fig. 60 SEM image of PTFE hot-pressed Cu sample
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Fig. 61 SEM images of PTFE and 1.0 g of CNT powder hot-pressed Cu sample
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10.0kV 9.0mm x50.0k 10.0kV 9.0mm x100k

Fig. 62 SEM images of PTFE and 1.5 g of CNT powder hot-pressed Cu sample

10.0kV 9.0mm x50.0k 10.0kV 9.0mm x100k

Fig. 63 SEM images of PTFE and 2.0 g of CNT powder hot-pressed Cu sample
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Fig. 65 EDX analysis and element mapping on PTFE hot-pressed Al sample
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Fig. 66 EDX analysis and element mapping on PTFE and 1.0 g of CNT powder
hot-pressed Al sample
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Fig. 67 EDX analysis and element mapping on PTFE and 1.5 g of CNT powder
hot-pressed Al sample
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Fig. 68 EDX analysis and element mapping on PTFE and 2.0 g of CNT powder
hot-pressed Al sample
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10.0kV 8.7mm x30 1.00mm

Fig. 70 SEM image of PTFE hot-pressed Al sample

I
10.0kV 8.6mm x50.0k 1.00 10.0kV 8.6mm x100k

Fig. 71 SEM images of PTFE and 1.0 g of CNT powder hot-pressed Al sample
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10.0kV 9.1mm x50.0k 1.00 10.0kV 9.1mm x100k

Fig. 72 SEM images of PTFE and 1.5 g of CNT powder hot-pressed Al sample

10.0kV 9.1mm x50.0k 10.0kV 9.1mm x100k

Fig. 73 SEM images of PTFE and 2.0 g of CNT powder hot-pressed Al sample
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Fig. 75 XRD spectra of the hot—-pressed Cu substrates by using PTFE or PTFE/CNT
powder with a different CNT contents
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Fig. 76 XRD spectra of the hot—-pressed Al substrates by using PTFE or PTFE/CNT
powder with a different CNT contents
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Fig. 77 Sheet resistance and carrier mobility of the hot—-pressed Cu
substrates by using PTFE or PTFE/CNT powder with a different CNT contents
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Fig. 78 Sheet resistance and carrier mobility of the hot-pressed Al
substrates by using PTFE or PTFE/CNT powder with a different CNT contents
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