CORROSION SCIENCE AND TECHNOLOGY, Vol.15, No.2(2016), pp.92~107

PISSN: 1598-6462 / eISSN: 2288-6524
DOI: http://dx.doi.org/10.14773/cst.2016.15.2.92

SlO|EERILZ 2HAIZI O2liElS FE T LAH|LIO|EL} OIEHIAO|E
AHQlE|A Z DX DERY HRHEA| 24 Halme| HMy|sety S HI|
AMHe-ol e
ey FIEt AL TERE, 02707 A AET ASZ 77
(20161 3¥ 15¢ 3, 2016\ 49 21 54, 20161 42 219 AHH)

Evaluation of Electrochemical Characteristics on Graphene Coated Austenitic
and Martensitic Stainless Steels for Metallic Bipolar Plates in PEMFC Fabricated
with Hydrazine Reduction Methods
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Graphene was coated on austenitic and martensitic stainless steels to simulate the metallic bipolar plate
of proton exchange membrane fuel cell (PEMFC). Graphene oxide (GO) was synthesized and was reduced
to reduced graphene oxide (rGO) via a hydrazine process. rGO was confirmed by FE-SEM, Raman spectroscopy
and XPS. Interfacial contact resistance (ICR) between the bipolar plate and the gas diffusion layer (GDL)
was measured to confirm the electrical conductivity. Both ICR and corrosion current density decreased
on graphene coated stainless steels. Corrosion resistance was also improved with immersion time in cathodic
environments and satisfied the criteria of the Department of Energy (DOE), USA. The total concentrations
of metal ions dissolved from graphene coated stainless steels were reduced. Furthermore hydrophobicity

was improved by increasing the contact angle.
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EVALUATION OF ELECTROCHEMICAL CHARACTERISTICS ON GRAPHENE COATED AUSTENITIC AND MARTENSITIC STAINLESS STEELS FOR METALLIC BIPOLAR PLATES IN PEMFC FABRICATED WITH HYDRAZINE REDUCTION METHODS

Table 1. Required chemical and physical properties for bipolar plates of PEMFCY

Properties Required values

H, gas permeability < 2x10°% em¥/em? - sec in 60 ~ 90 C, 3 atm, (< 0.1 mA/ecm?)

<1 pMen? (-0.1 V, H; anode) (0.6 V, Air cathode) in 60 ~ 90 C,

Corrosion resistance pH3, 1 mM ~ 1M H,SO4 / 2 ppm F~ solution

Interfacial contact resistance <10 m® - e’ in 100 ~ 150 N/em?®

Cost < 10 US$/kW (500,000 stack/year)

v Improved Hummer’s Method(Graphene Oxide)

¥ Hydrazine reduction(Reduced Graphene Oxide)

COOH . o o
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Fig. 1. Reaction mechanism for synthesis of GO and hydrazine reduction of rGO'".
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EVALUATION OF ELECTROCHEMICAL CHARACTERISTICS ON GRAPHENE COATED AUSTENITIC AND MARTENSITIC STAINLESS STEELS FOR METALLIC BIPOLAR PLATES IN PEMFC FABRICATED WITH HYDRAZINE REDUCTION METHODS

2w A= (saturated calomel electrode) & 7152 2 3} ;:45}0% 70 CellAl 1M HoSOs°ll 2 ppm F& H7Fst 8-
o] WgSITE AP GHL ARHA] AEdAe B8] S AMEEITE DA T EAE AgHx e &= AT o=

Table. 2. EDS element compositions on the surface of (a) GO coated 316L stainless steel, (b) rGO coated 316L stainless steel, (c)
GO coated 410 stainless steel and (d) rGO coated 410 stainless steel.

@

Element Line Type Wt% Wt% Sigma Atomic %
C K series 25.04 0.15 55.13
(6] K series 7.72 0.07 12.76
Si K series 0.31 0.02 0.29
S K series 0.37 0.04 0.31
Cr K series 11.65 0.08 5.92
Mn K series 1.19 0.06 0.57
Fe K series 45.94 0.15 21.75
Ni K series 6.43 0.10 2.89
Mo L series 1.35 0.11 0.37

Total: 100.00 100.00
(®)

Element Line Type Wt% Wt% Sigma Atomic %
C K series 22.18 0.15 54.91
(6] K series 2.54 0.06 4.72
Si K series 0.43 0.02 0.45
S K series 0.19 0.04 0.18
Cr K series 12.80 0.08 7.32
Mn K series 1.37 0.06 0.74
Fe K series 51.50 0.17 27.42
Ni K series 7.54 0.11 3.82
Mo L series 1.45 0.11 0.45

Total: 100.00 100.00
©

Element Line Type Wt% Wt% Sigma Atomic %
C K series 21.93 0.15 52.06
(6] K series 5.95 0.07 10.60
Si K series 0.35 0.02 0.36
Cr K series 9.07 0.07 4.97
Mn K series 0.54 0.06 0.28
Fe K series 62.16 0.16 31.73

Total: 100.00 100.00
()

Element Line Type Wt% Wt% Sigma Atomic %
C K series 21.48 0.15 54.39
O K series 1.66 0.06 3.16
Si K series 0.39 0.02 0.43
Cr K series 9.72 0.07 5.68
Mn K series 0.55 0.06 0.30
Fe K series 66.20 0.16 36.04

Total: 100.00 100.00
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Fig. 5. OM micrographs of the micro structures for (a) bare 316L stainless steel, (b) bare 410 stainless steel and FE-SEM micrographs
for the surface of graphene coated (c) 316L stainless steel, (d) 410 stainless steel and for (e) cross-section of graphene coated stainless

steel.
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Fig. 6. SEM-EDS micrograph and maps for distribution of oxygen on the surface of GO and rGO coated on (a) 316L stainless steel
and (b) 410 stainless steel.
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Fig. 7. SEM-EDS micrograph and maps of distribution of elements on the surface of (a) GO coated 316L stainless steel, (b) rGO coated
316L stainless steel, (¢) GO coated 410 stainless steel and (d) rGO coated 410 stainless steel.
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Fig. 12. Potentiostatic polarization curves in 1 M H,SOs / 2 ppm F aqueous solution at 70 C of graphene coated stainless steels;
(a) 316L stainless steel, (b) 410 stainless steel with air (cathode, 0.6 Vscg), (¢) 316L stainless steel and (d) 410 stainless steel with

hydrogen gas (anode, -0.1 Vscg).
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Fig. 13. Nyquist plots for EIS data with different immersion time in 1 M H,SO4 / 2 ppm F aqueous solution at 70 ‘C of graphene
coated stainless steels; (a) 316L stainless steels, (b) 410 stainless steels with air (cathode, 0.6 Vscg), (¢) 316L stainless steels, (d) 410
stainless steels with hydrogen gas (anode, -0.1 Vscg) and (e) equivalent circuit model for graphene coated stainless steels. R, Rpore,
R, Ca, C. represent the solution resistance, resistance of the pore, charge transfer resistance, double layer capacitance and capacitance

of coating.
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Table 3. Values of comosion current density with immersion time using Stern-Geary Equation

Air purge (EIS)

316L 410
Immersion time (hr)
0 4 8 12 24 0 4 8 12 24
Rpore (2 - cm?) 235.7 93.99 150.7 2655 2414 5793 41E4 35E4 5.6E4 1.2E3
Ry (2 - cm?) 1642 4017 7313 9451 6624 5240 6800 6210 8057 12610
feore (tA/C ) 3.09 1.26 0.69 0.53 0.76 1.01 0.78 0.85 0.65 0.42
H, purge (EIS)
316L 410
Immersion time (hr)
0 4 8 12 24 0 4 8 12 24
Rpore (2 - cn) 19.77 31.12  57.06 6538 4641 35E-3 63E4 6.0E4 9.7E4 1.7E3
Ry (2 - cmd) 1653 1986 3398 1836 2178 2167 8.846 11.75 11.13 11.68
icon (1A /Cm’” ) 4.61 3.83 2.24 4.15 3.50 0.92 227 170 180 172
Air purge (linear polarization)
316L 410
Immersion time (hr)
0 4 8 12 24 0 4 8 12 24
Ry (2 - cmd) 3084 10224 11823 13563 8261 4641 9464 14647 14175 15630
icor (1A /Cm’” ) 1.64 0.49 0.43 0.37 0.61 1.14 0.56 0.36 0.37 0.34
H, purge (linear polarization)
316L 410
Immersion time (hr)
0 4 8 12 24 0 4 8 12 24
Ry (2 - cmd) 4020 6731 4367 6925 4964 4327 37.12 6.99 5.97 4.73
feore (1tA/em® ) 1.89 1.13 1.74 1.10 1.53 0.46 54.1 287 336 424
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Fig. 15. Interfacial contact resistance values at 140 N/cm® with
immersion time in cathodic and anodic environments.
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Table 4. The metal ion concentrations of solution after 24hr potentiostatic tests of 316L stainless steels and 410 stainless steels in

the simulated cathodic and anodic environments

Dissolved metal ion concentration (ppm)

Total concentration of metal ior

Specimen
(ppm)
Fe Cr Ni
Cathode 0.2747 0.0086 0.1857 0.469
Bare 316L
Anode 0.1415 0.0073 0.2140 0.3628
Cathode 0.1075 0.0050 0.0716 0.1841
rGO/316L
Anode 0.1275 0.0027 0.1025 0.2327
Cathode 0.3867 0.0158 0.0434 0.4459
Bare 410
Anode 12.99 4.586 0.1455 17.7215
Cathode 0.2836 0.0074 0.0072 0.2982
rGO/410
Anode 7.476 0.7963 0.0472 8.3195
Nfem®o4 ICRE Sd3koiek. &= #3004 FAA0 DI water Wolme] 45212 S439ck 316L 2uQ)
W ICR 32 316L, 410 AHIYA 74 25 Z7)skaivt A 7Fe] Agolli= 427 oA 927 & FkelaL, 410 &
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Bare 316L STS

rGO/316L STS

(b)

Bare 410 STS

rGO/410 STS

(d)
Fig. 16. Water droplet contact angle measurements on (a) bare 316L stainless steel, (b) graphene coated 316L stainless steel, (c) bare
410 stainless steel and (d) graphene coated 410 stainless steel.
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