Rethinking Propulsion.

Low temperature fuel cells and hyclrogen production:

efficiency impmvement DY component development
Viktor HACKER

Eco-Mobility 20" and 21% October 2014

Technologies, Strategies and R&D-funding programmes
for the Market Introduction of

Alternative Propulsion Systems and Fuels

Vienna, 20.10.2014 in cooperation with bm€ &



Low temperature fuel cells and hydrogen production

TU

Grazm

Content

= Introduction to R&D at CEET

Degradation PEFC

Pinhole detection

Advanced fuel cell analysis
Catalyst development
Hydrogen storage
Hydrogen production
International Energy Agency
Yearly Summer School

TU Graz | Institute of Chemical Engineering and Environmental Technology

Vienna, 20.10.2014

C

......
" 5



Low temperature fuel cells and hydrogen production

TU

Grazm

Content

= Introduction to R&D at CEET

Degradation PEFC

Pinhole detection
Advanced fuel cell analysis
Catalyst development
Hydrogen storage

Hydrogen production
International Energy Agency
Yearly Summer School

TU Graz | Institute of Chemical Engineering and Environmental Technology

Vienna, 20.10.2014

C

wwwwww
" 5



Low temperature fuel cells and hydrogen production TU

Grazm

Degradation Phenomena

= CATALYST DEGRADATION

o Ostwald ripening: Platinum particles usually are about 4-6 nm, Ostwald ripening
causes them to grow, resulting in loss of active surface area.

o Reduction of Pt2*: Dissolved Pt?* can diffuse into the membrane, where it is reduced
by H,. This also reduces the active catalyst surface.

o Catalyst poisoning: Pt adsorbs CO and CO, strongly, poisoning of the catalyst.
= MEMBRANE DEGRADATION

o Thinning: mechanical or chemical degradation can cause thinning of the membrane.
Thereby, gas crossover is favoured and the electric isolation is reduced.

o Pinhole Formation: often preceded by membrane thinning. Holes or cracks are formed.
o Loss of ionic species
= DEGRADATION OF THE SUPPORT MATERIAL

o Carbon Corrosion: During fuel starvation, the catalyst carbon support, but also the
backing layer can be oxidised instead of hydrogen. CO and CO, can then be detected in
the anode exhaust gas.

o Corrosion of the GDL: besides the carbon support, PTFE can also be degraded. This
causes a loss of hydrophobicity.

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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Causes of Degradation
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= HYDROGEN STARVATION

The current density is periodically increased whilst the gas
flow is constant, causing a lack of hydrogen. Thereby,
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= LOW HUMIDITY

A gas humidity below 40% RH, especially at increased
temperatures, accelerates membrane degradation
mechanisms. Mechanical degradation is favoured,
resulting in membrane thinning and the formation of
pinholes.
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= HIGH HUMIDITY AND HIGH TEMPERATURES

Especially high temperatures and humidity favour carbon
corrosion. This causes loss of electric conductivity,
hydrophobicity and the formation of carbon monoxide
and carbon dioxide, both being catalyst poison.
Furthermore, increased temperatures lead to the
degradation of the gas diffusion layers additives, further
lowering the hydrophobicity.

TU Graz | Institute of Chemical Engineering and Environmental Technology
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Methods of Detection .
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= IN-SITU CHARACTERISATION 206 -

% 0,5
Each cell is characterised by polarisation measurements, & os
electrochemical impedance spectroscopy, cyclic voltammetry gz
and hydrogen diffusion measurements. Furthermore, carbon o
monoxide and carbon dioxide, both being products of carbon 0

corrosion, can be detected in the exhaust gas.

= SEGMENTED CELL

By using a segmented cell, a spatial resolution of the current
density during characterisation and during the measurements
Is possible. Thereby, local defects can be detected.

= EX-SITU CHARACTERISATION

EDX measurements and infrared thermography are ex-situ
methods. Both require the disassembly of the fuel cell and are
considered destructive.

= INFRARED THERMOGRAPHY

Infrared thermography is a very accurate method to detect
membrane thinning and pinholes. In this setup, the anode is in
contact with hydrogen, whilst the cathode is in direct contact
with the ambient air. When hydrogen diffuses through the
membrane, it is directly oxidised at the cathode catalyst. The
produced heat can then be detected with an infrared camera.
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Defect Localisation in segmented PEM Fuel Cells

= The formation of pinholes in a polymer electrolyte membrane fuel
cell is provoked via accelerated stress tests

= A deeper understanding of the degradation mechanisms can be
obtained by using a segmented single PEM fuel cell for defect
localisation e

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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Defect Localisation in segmented PEM Fuel Cells

= |n-situ Characterisation

= Polarisation Measurements

» Electrochemical Impedance Spectroscopy

» Cyclic Voltammetry and Hydrogen Diffusion
Measurements
= Carbon Monoxide and Carbon Dioxide Detection in

the Off-Gas

» Segmented Cell: Local defects can be detected by
spatial resolution of the current density during
characterisation

= EX-situ Characterisation

» Detection of Membrane Thinning and Pinholes by
Infrared Thermography

E TU Graz | Institute of Chemical Engineering and Environmental Technology
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Electrochemical Pinhole Detection

»= No vast current decay at the affected segment
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Electrochemical Pinhole Detection

»= No vast current decay at the affected segment

ent [mA]

Curr

TU Graz | Institute of Chemical Engineering and Environmental Technology

45
40
35
30
25
20
15
10

Vienna, 20.10.2014

C

......
" 5



Low temperature fuel cells and hydrogen production T

Infrared Thermography

One side is purged with a hydrogen in nitrogen :‘;
solution
One side is open to the ambient air

Locally increased temperature can be detected
by infrared thermography

Reference without pinhole

Perforated area clearly visible, better localisation

Vienna, 20.10.2014 CEET
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Advanced Fuel Cell Analysis and Diagnostics

Cooling Channel

) Active Channel
Implementation of segmented

sensor plates

Cowling

Hy, 400 mbar  NMEA
—

Stack equipped with RT system

Cooling
Airm{

Air Supply

» 3 dimensional fuel cell stack diagnosis
= Real time data analysis

= Optimized efficiency due to higher fuel utilization Equivalent circuit analysis
= Higher lifetime by avoiding critical states
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ldentifying Nonlinear Areas — Impedance

Mapping

Identifying distinctive frequencies for THDA by means of electrochemical impedance spectroscopy at

several operating points.

=>The relative change of the impedance with the operating point has to be high to observe

harmonics.
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An AC64-5 from IE is
investigated to create
the impedance map:

at optimal conditions

at harsh conditions
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Spatial Large Signal Equivalent Circuits

Large Signal Equivalent Circuits (EC) are developed. These enable the simulation of

« Polarisation Curves (V/I)

* Electrochemical Impedance Spectra (EIS)
+ Harmonic Distortions (THDA)

of the whole stack, a single cell or a segment within a single cell.
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Segment #16
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e R R o nonlinear large signal equivalent
NN circuit.
- - - - - - - ) =>» The segment close to the
current density / A cm- anode outlet (#1) exhibits a

decreased limiting current density
due to higher concentration
polarisation compared to anode
inlet segments (e.g. #16)
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Resource saving catalysts

. Pt -
= Among all pure metals platinum T
offers the highest activity for reducing w  m
. Rhyg © ®Cu
oxygen into water . o,
% Co
3 , .
= The slow reaction kinetics of the 1 wm T
- - . &
oxygen reduction reaction (ORR) of "R
platinum is mainly responsible for the 4 l
. -3 -2 -1 0 1 2 3 4
cell voltage drop during PEMFC e e
operation P —
111 thar -, - % i
= Approx. 75% of the efficiency loss in Y
PEM fuel cells are assigned to the > . overpotentaln, -
generation of heat due to the ORR g,
. (=]
overpotential =
. . . 08 real voltage U .
» High loadings of platinum are used to Ny “
compensate the slow reaction o0 ity Ao e
klnetlcs Of the ORR J.K. Ngrskov,et al. J. Phys. Chem. B 108 (2004) 17886

H.A. Gasteiger et al. Appl. Catal. B Environ. 56 (2005) 9
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Resource saving catalysts

= To achieve this challenging task, new pol
catalysts having a higher activity than -
pure Pt need to be developed

» The operating conditions in a PEM
fuel cell require a certain stability to
concentrated acid and simultaneous ,
electrochemical potential load b

= one approach to this challenge is to e

| Ag
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¥
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L
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increase the activity of platinum itself S ]

= A strategy for increasing the activity
of the platinum and at the same time loss due to ORR

overpotential Mo

=
w

reducing the precious metal loading
Is alloying platinum with other
transition metals
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=
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J.K. Ngrskov,et al. J. Phys. Chem. B 108 (2004) 17886
H.A. Gasteiger et al. Appl. Catal. B Environ. 56 (2005) 9

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET

......
" 5



Low temperature fuel cells and hydrogen production TU

Grazm

Resource saving catalysts

Pttt

v

../C

o2+ Thermal reduction

Evaporation of solvents Pt-Co/C untreated

Acid-leaching

Heat treatment

2-6 nm

A.Schenk et al. J.. Power Sources 266 (2014) 313 Pt_co/c leached + HT Pt-CO/C leached

22 TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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Resource saving catalysts

* |n comparison to state-of-the-art pure Pt doa Pt- Co
the prepared platinum-cobalt catalysts . /E‘
showed : g
= a higher electrochemical active surface 5 \\/
area 50251
O |
= 2.5 times higher stability in AST et e e
. after 1110 cycles ECSA-loss = 14%
degradatlon o after 1665 cycles ECSAdoss = 20%
l 0.0 0. 6 0.8 1 0
= 2-fold higher mass activity towards Pt v T
ORR
Pt Pt-Co ) 050
a T Y. T T T
)0.94- \ ‘
2 092
g 090 = i i N s,
g 0.88 - origin ECSA = 260 cm” mg,,” |
after 555 cycles ECSA-loss = 28%
untreated after 1110 cycles ECSA-loss =42%
el ::z::g i : ‘ | aﬂer 1665 cycles I?CSA -loss = 49 %
FYe. = N , = Iggtential vs ORGHE/V - s
0.5 0.0 0.5 1.0

log Current density / mA cm™

A.Schenk et al. J. Power Sources 266 (2014) 313
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Resource saving catalysts

B S— ‘ , , 2
sk -
= Platinum-cobalt catalysts enabled a Tl =
reduction of the platinum loading by - B
20% while maintaining the 3 o g
performance of the PEM fuel cell - ;
= Even though the platinum loading
was reduced a higher power density MRS
was reached by using Pt-Co instead o o
of Pt [
OAS_W.F
054 O—O0—-d—pn—0oO0——0O——n 5 %
= The long term stability and = ¥ Y v Syvey v v v S
performance of the fuel cell were not § O
compromised by using the Pt-Co ﬁ — it ;
catalysts with the reduced platinum B
loading - et e

Operating time / h

A.Schenk et al. J. Power Sources 266 (2014) 313

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET

......
" 5



Low temperature fuel cells and hydrogen production TU

Grazm

Zinc Air Battery: New Materials for the rechargeable Zinc Air Battery

funded by the Austrian Federal Ministry of Transport, Innovation and Technology (BMVIT) and The Austrian
Research Promotion Agency (FFG) through the program a3plus (01/2012-06/2012)

+ Feedgas
| RE
1

P
7 2
Results . =
= Equivalent circuit which describes aging effects
» Prototype was developed and operated

Methods
» Accelerated stress tests (AST)

= Continuous State of health monitoring by Electrochemical Impedance Spectroscopy
(EIS)

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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Pt-free catalysts for ethanol oxidation reaction

= Development of Pt-free anode catalysts
» Bi- or polymetallic
= Ni-polymer-complexes

= Focus on nickel-based catalysts - *i ;‘gﬂ\*
e
= Catalyst synthesis
= Electroless precipitation
= water in oil (w/0) microemulsion
= Reduction with NaBH, metal preciptate — jﬁi

A. Hofer, Development of Pt-free anode catalysts for alkaline direct ethanol fuel cells, Graz University of Technology, 2013.
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Chemical Hydrogen Storage System

Organic Borohydride based H, storage system

Liquid storage medium
» Properties of ionic liquids
= Aqueous solution

H,0 4H,
= Pumpable )N{ \/
Q Kat
_ S| s A /\
Catalytic hydrogen release
= Ambient temperature 2 1, it = < o,

= Ambient or elevated pressure S -
Characteristics:

= High long-term stability e, NaBH,
= Not flammable

= H, storage density of 4.5 wt.%
= Various organic cations

eeeeeeeee
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Chemical Hydrogen Storage System

Hydrogen release ‘SV8: v,
= Catalytic hydrolysis LA A

» Foam based catalysts

= Non-noble metals only

= Release reaction:
IL-BH, + 2H,0 — IL-BO, + 4H,

= PEM grade hydrogen

» Research tasks
» Recycling process of storage medium
= Catalyst development
= Reactor and system design

VTV proionic €Y

engineering

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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Chemical Hydrogen Storage System

= Catalytic hydrogen release

400 3.50%
350
F 7 3.00% -
S o,
S : N 2.50% -
oo % °
< 250 4 - s N
c ry -
E : ° 3 2.00%
~
£ 200 \\ P
< S 1.50%
g 150 ~
= I
g=,° 100 1.00% -
o
T 50 - 0.50% -
I )
° 0 zlo 4|o 6I0 g O00% ' ' '
Time / min 0 20 Time4? min *0 50
Conditions: 60°C, unstirred
Catalyst: 0.25cm?, 22.9 mg Co

Hydrogen release is complete in reactor system
VTU proionic (9

engineerin,
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The reformer-steam iron process

The steam iron enables decentralised production of pure and
compressed hydrogen in one simple and compact unit.

H,0 600-900°C

CH,
H,O
Steam Reforming

100 - on 1000 — — 200
= High overall efficiency eliminating the ;3 o o " “ 0
transportation of hydrogen o 3 o
= No additional purification systems required % el ! o
= Safe and stable hydrogen storage 20 oo |\ w
10 100 | N— B 20
technology . o Wb )
) L. . . S x"\, °‘__‘o o‘\, o\c\ 0 500 1000 1500 2000
= Very high efficiency by directly producing CEE A time 1
hydrogen at elevated pressure &
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High pressure hydrogen production

= P, TC... pressure and temperature measurement
= NV... needle valve

= MFC... mass flow controller

= GC/MS... gas analysis

TU Graz | Institute of Chemical Engineering and Environmental Technology Vienna, 20.10.2014 CEET
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High pressure hydrogen production

100 puy 50 10
80 _, 40 A 8
c
S
X -
Z S ——H2 volume flow -
- 60 = 30 -+ 6 _‘3
(@] ; —— ~
» o pressure p
5 3 2
% 40 5 20 - - 4 =
T >N
T
20 10 A ‘ - 2
O L] L] L] L] L] L] 0 " .‘ L] L] L] L] O
O 30 60 90 120 150 180 210 240 270 300 0 25 50 75 100 125 150 175 200
time / min time / min

= Left: reduction reaction with hydrogen at ambient pressure
= Right: the consecutive pressurised oxidation
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High pressure hydrogen production

—H2 —CO02 CH4 co
45 35 20
40 +o <
= 30 ——H2 -
= £
E —
“ =25 3
£ 30 4 =
£ 3 z
t %> 20 - =
25 + ()
= £ AR IR YT Y GE)
S S 10
kS 2 E
5 20 S 15 - S
S = ~
S O
5 15 + @)
> 10 o 5
10 +
¥ 5 -
5 x_f‘
[
0 = = = § e e o e - 0 + - 0
0 50 100 150 200 250 300 350 0 25 50 75 100 125 150 175 200
time / min time / min

'llj'he(redhu§:tion of a Fe-based oxygen carrier with syngas (left) and its steam-oxidation at a pressure of 8
ar (right).

A small amount a CO2 was detected, with an overall concentration of 700 ppm during the oxidations
CO was not detected
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Types of Fuel Cells

S = T ( l-_‘

Prof. Karl Kordesch's Austin A40 (1970) L5

1 Anode Elekirolyt Kathode |

© Wasserstoff
© Sauerstoff
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International Energy Agency - Implementing Agreement
on Advanced Fuel Cells

Working Party on
Fossil Fuels

Implementing
Agreements:

Clean Coal Science
Enhanced Oil
Recovery

Fluidized Bed
Conversion
Greenhouse Gas R&D
Programme

IEA Clean Coal Centre

Multiphase Flow
Sciences

Intersectoral:

Climate Technology
Initiative (CTI)
Energy Technology
Systems Analysis
Programme (ETSAP)
Energy Technology
Data Exchange
(ETDE)

Working Party on
Renewable Energy

Implementing
Agreements:

Bioenergy
Geothermal
Hydrogen
Hydropower
Ocean Energy
Systems
Photovoltaic Power
Systems

Renewable Energy
Technology
Deployment

Solar Heating and
Cooling

Solar Paces
Wind Energy Systems

Working Party on
Energy End Use
Technologies

Fusion Power Co-
ordinating Committee

Implementing
Agreements:

Implementing
Agreements:

Advanced Fuel Cels P Environmental, Safety
and Economic
Aspects of Fusion
Power

AUvaroua wuan rUels
Advanced Materials
for Transportation
High-Temperature
Superconductivity
Demand-Side
Management

District Heating and

Cooling Plasma Wall
Interaction in TEXTOR
Reversed Field
Pinches

Fusion Materials
Cooperation on
Tokamak programmes

Nuclear Technology of
Fusion Reactors

Emissions Reduction
in Combustion
Industrial Energy
Related Technologies
Buildings and
Communities
(ECBCS)

Energy Storage

Heat Pumping
Technologies

Hybrid and Eleciric
Vehicles

Electricity Netwaorks
Analysis

Efficient Electrical End
Use Equipment R&D
(ENARD)
International Smart
Grid Action Network
(ISGAN)

Stellarator Heliotron
Concept

Spherical Tori

TU Graz | Institute of Chemical Engineering and Environmental Technology

Representative in Annex
PEFC

Representative in Annex
Portable Fuel Fells

http://www.ieafuelcell.com/
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International Summer School on Advanced Studles
of Polymer Electrolyte Fuel Cells

= organized in co-operation between the
Yokohama National University (YNU),
Japan and Graz University of Technology
(TUG)

» internationally recognized experts as
lecturers in the field of fuel cell research

= |ectures include fundamental studies and
advanced aspects of PEFCs.

Ty,

Advanced Studies
of Polymer Electrolyte Fuel Cells

7" International Summer School
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COOPERATlON fuel cells & hydrogen for sustainability

Bundesministerium flar
Wissenschaft, Forschung und Wirtschaft
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