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Hydrogen : Tomorrow’s energy carrier

o H2 production from intermittent and
renewable sources through electrolysis

o Use without any CO, rejection

o Considered use of the actual gas network
for distribution

But today: 95% of the production
by steam reforming

Cost still high:

~11€/100km for a petrol-powered car
~16€/100km for an hydrogen car
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Compression and purification, two costly steps

One system for both:

Compression systems: Hydrogen electrochemical purification-compression

/ Anode Le' Cathode \

Impure H, Pure H,

o Mechanical compression
o Thermal compression by hybrides
<o_Electrochemical compression

Purification systems:
o PSA (Pressure Swing Adsorption)
o Cryogenic separation
o Membrane separation

<o Electrochemical separation

cathode
k H2—>2H++29_ 2H++2e_—>H2 /
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Inlet and outlet gas composition

Inlet H, composition depending on its source H, quality recommendation for PEMFC

Table 5 - The values of impurities for the DYNAMIS

Table 1 - The compositions of feed streams entering the
PSA unit produced by steam methane reforming, auto-

hydrogen quality recommendation are given [10].

thermal reforming and coal gasification are shown. The

water content in each of the streams was less than Impunty Concentration (ppm)
250 ppm. Total gases 500
Component Steam O,-blown Coal Helium (He), Nitrogen (N}, Argon (Ar) Sum: 500
reforming ATR gasification Carbon dioxide (CO.) 2
Ha 94.3% 93.2% 87.8% > Carbon monoxide (CO) 0.5
co 0.1% 1.4% 2.6% Total sulfur compounds 0.01
C02 2.5% 1.7% 3.9% ﬁmmunia {NHj] 0.1
- ouyen 0 :
= = Methane (CH,) 100
CH, 2.9% 2.4% 0.01% | oth 2
T (°C) 333 35.0 30.0 Total other
P (bar a) 26.3 25.0 28.0 hydrocarbons (Cy+)
Q (Nm*h™ Y 17318 17631 19402 Water (H,0) 5

o Most of impurities blocked by the membrane
/!\ But some impurities can poison the membrane, the catalyst

Besancon, B. M. et al. Hydrogen quality from decarbonized fossil fuels to fuel cells. Int. J. Hydrogen Energy 84, 2350—2360 (2009).



Eftect of each gas

Inert gases: N,, Ar, He, ...
o Dilution effect on H,
=> Activity loss

Carbon Dioxide CO,
o More that just dilution
o Hypothesis: CO production ?
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T. Gu, W-K. Lee, J. W. Van Zee, and M. Murthy, ‘Effect of
Reformate Components on PEMFC Performance’, J.
Electrochem. Soc., vol. 151, no. 12, p. A2100, 2004

Carbon monoxide CO
o Strong adsorption on Pt
=» Active sites blocked

Sulphur compounds: H,S, ...
o Very strong adsorption
=>» Active sites blocked, some irreversibly
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Shi, W, Y1, B., Hou, M. & Shao, Z. The effect of H2S and
CO mixtures on PEMFC performance. Int. J. Hydrogen
Energy 82, 4412—4417 (2007).

Ammonia : NH,

©)

©)

Cell Voltage (Volts)

Replacement of H* by NH, " in the
polymer membrane
=» Protonic conductivity loss

Short term = reversible
Long term = irreversible
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Benesch, R., Salman, S. & Jacksier, T. The Effect of
Fuel and Oxidant Contaminants on the Performance
of PEM Fuel Cells. 1-11 (2006).
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Model experiments

o Electrochemical characterization:
» In a 4-electrode cell
» Liquid electrolyte: H,SO, 0.1 mol.L"!
» Commercial catalysts (E-TEK) deposited on glassy carbon: Pt/C, Ru/C, PtRu/C

o Model gas: carbon monoxide
» Common impurity, easy to use (with some safety equipment)
» Enables to model the effects of hydrocarbon molecules
» Enables qualitative and quantitative surface characterization by the « CO-stripping » method

CO-stripping : CO,,, + HO,,. > CO, + H* + &

O O O O O O O O O O
CO AI’O Ar Ar Ar
O O O O o O
00 e oo 50 —
Pt — %ptg s Pt _ EéPtEg s !Pt!

H,0 > HO,, + H* + e
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Platinum, hydrogen, CO and ruthenium

15+

CO Oxidation
(1) H,O 2 HO,_,, + H* + € /N limiting step

(2) CO,,, + HO,,, 2 CO, + H' + €

jj I @mZ

Bifunctional effect on PtRu
> Electronic effect: Pt-CO bond weakened

> HO,,, supply : Earlier adsorption on Ru —— Pt/C 30%
— Ru/C 20%
—— PtRu/C 30%
Hydrogen evolution and oxidation reactions (HER et HOR) 0 02 04 08 OB 10 42 4%
Activity: Ru << PtRu < Pt BEweN v&. RHE

=>» Need of a catalyst with both hydrogen activity and ability to oxidize CO at low potential
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Idea: Use only the ond hifunctional effect

Mix of 2 catalysts :

Pt/C + Ru/C:

@@

> @@ @

Cyclic voltametry
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0,0
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1 —— PtRu/C 20%
2,04 —— Pt/C 20% + Ru/C 20%
_215 T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0
Ewe/V vs. RHE

=» Pt/C +Ru/C seems to have better
HER activity

CO stripping with Ar purge

2,5 —
2,0 —
15-
10-

0,5

j/mA cm?

0,0

-0,5

-1,0 H

- - - PtRu/C 20%

21,5

Pt/C 20% + Ru/C 20%

-2,0 T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0

Ewe/V vs. RHE

=» Oxidation onset of the catalysts mix
similar to Ru/C
=>» Main peak at 0,68V, closeness effect?

CO stripping with H, purge

200 ~
150 ~

100

iiiim 1%

50

—— PtRu/C 20%
— Pt/C 20% + Ru/C 20%

T T
0,0 0,2 0,4 0,6 0,8 1,0
Ewe/V vs RHE

=>» Best oxidation onset: catalyst mix
=» However, The alloys is first to be
completely freed
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Synthesis of a new catalyst: Pt+Ru/C

Synthesis : polyol method for 15, 30 and 60% metal charge on C

Pt/C 40%

P

Pt10%+Ru5%/C

4 6
Diamétre (nm)

0 4 6 8
Diametre (nm)

Count

4 6
. Diamét
Diamétre (nm) iamétre (nm)

4 6

Dubau, L. Electrocatalyseurs platine-ruthénium nanodispersés pour une pile a combustion directe de méthanol. (2002).
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Synthesis of a new catalyst: Pt+Ru/C “6’

Synthesis : polyol method for 15, 30 and 60% metal charge on C

mn0.00 —— [ 38 M3T2 ] nemiseqe
M9 8h-er:€ 8HOS\ENY 9°001 H00Px VH00S M3T-J03L

Specimen [ STEM BF ) — 100.0nm W -
JEOL-TEM 200kV x400k 100% 7/13/2018 2:21:58 PM

Comment Operator

10181990 nemnmo

Pt + Ru

Images by Laetitia Dubau



CO oxadation on Pt+Ru/C

Argon purge Hydrogen purge
0,56 V 254
1,0 ]
3,0
2,5
o 054 o
e e 2,04
[S] o
< <
£ £ 154
~ 00 - 1
1,0
—— Pt+Ru/C 60% 05 ' [ PHRU/C 60%
05 — - Pt+Ru/C 30% A I A - Pt+Ru/C 30%
’ — = Pt+Ru/C 15% 004 — Pt+Ru/C 15%
0.0 02 04 06 08 1.0 00 02 04 06 08 10
Ewe/V vs. RHE Ewe/V vs. RHE
o The metal charge as an influence o 1% freed sites on 40%Pt 20%Ru/C
o Best catalyst for CO: 40%Pt 20%Ru/C
> Pt agglomeration effect

FDFC Nantes — February 12-14th 2019 11



Pt+Ru/C vs Ru/C and Pt/C

CO stripping HER
209 0,59 V 0
0,8V
sl |[——PuCao%
’ —RuU/C20% 0,56V
—— PtRUIC 40%
wg 104 s Pt+Ru/C 60% ‘vg
< <
E 051 £
0,0 1
—— PUC 40%
054 RU/C 20%
— . — PtRU/C 40%
1o o | | - -+ PHRU/C 40%
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2
Ewe/V Ewe/V
Electrocatalyst PtRu/C Pt+Ru/C
CO: Upeak 0.62 V 0.56 V » Pt+Ru/C best than the alloy with CO
CO: 10% Ipeak 049 V 0,44 V » Pt+Ru/C similar with Ru/C
» Pt+Ru seems as good as Pt for HER
RHE: -somV -19 - 26
mA/cm? mA/cm?
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Hydrogen reactions: the diffusion limitation

Hydrogen evolution reaction (HER)

o Platinum charge for each electrode: 251g},,/cm?®
o Itseems: Pt+Ru/C 15% < Pt+Ru/C 30% < Pt+Ru/C 60%

/'\ Limits of comparison

— Pt+Ru/C 60%
— Pt+Ru/C 30%
- = Pt+Ru/C 15%

j ImA cm™

o Following cycles show current loss
o Each electrode as a different thickness (Nafion/C amount)
> Pt+Ru/C 60% thinnest

=» Condition leading to a difficult analysis

T T T T T T
0,0 0,1

.. . . .
A new characterization method: Floating electrode EwelV vs. RHE

o Reagents carried by the gas phase: No more diffusion limit
o Extremely low metal dispersion: 2 pgp,/cm?
=>» Kinetics limits reached

(1) Zalitis, C. M., Kramer, D. & Kucernak, A. R. Phys. Chem. Chem. Phys. 15, 4329—4:340 (2013).
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Conclusion

New specifications
o Resistance/ Oxidation of CO at low potential
o High HOR activity

o Resistance/ Oxidation for all other impurities: H,S, CH, ...

An interesting material: Pt+Ru/C G

o Even better than PtRu alloy for both CO oxidation and HER

o Non-alloyed Pt keeps its activity towards hydrogen

o The closeness between Pt and Ru permits a better diffusion of OH_,,

New methods to develop
o Floating Electrode method by Zalitis and Kucernak

Thanks for listening!



