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Why in situ Methods? LI

~

[ In situ Methods
J
} ~
(Understanding the \ [System COﬂtrOlk}

operation End-of-life chec

and degradation
Local effects,
phase changes,
diffusion,

\ system response J

Accelerated Testing Input of
based on understanding Computing Models
of degradation Benchmarking / provide
Optimization hard-to-determine
with respect to parameters

specific effects
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Overview
Technique Observable(s) Pro Cons
Electrochemical Current and power | Ultimate Often chemically

voltammetry

density

performance metric

ambiguous
and model specific

Impedance Cell and electrolyte | Activation barriers Often chemically
spectroscopy resistance and ohmic losses ambiguous

and model specific
Products

Mass spectroscopy

Gas chromatography

Gas products and
fuel utilization

Monitors efficiency

Indirect, vulnerable
to interferences

and structure

XRD Phase structure, Chemically specific | Only for crystalline
stresses
XPS Material compos. Material specific Challenging in situ,

elemental rather than
molecular information

EXAFS, XANES

Composition and
adsorbates,
oxidation states

Chemically specific

Challenging for
experiments
and interpretation

extended, after Pomfret et al, Annu. Rev. Anal. Chem. 2010. 3:151-74
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Overview
Technique Observable(s) Pro Cons
Optical
Raman Composition, struc- | Molecular and Used for a single
spectroscopy ture, temperature, material specific, position at a time
stresses of mater. kinetics, real time
and adsorbates
Infrared Surface species Adsorbate structure | Experimentally
spectroscopy specific,broad spatial | challenging

coverage, real time

Imaging (vis+IR) Emission, Spatially resolved, Lacks molecular
temperature real time specificity
Radiography / Tomography penetrating bulk element spec. only

X-Ray
CT/synchrotron

Contrast by atomic
number (e shell)

high resolution
(0.5-2 ym)

weak contrast for
adjacent elements

Thermal neutrons

Contrast by
nucleus interaction

often contrasts
adjacent elements

low resolut. (>30um)
more expensive

NMR

Magnetic spin of
nucleus

high resolut. (1-3um)
smaller devices

no ferror-magnetic
materials, small scale
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Treated Methods in More Detail <

1. Temperature & Optical Access
2. Electrochemical Impedance Spectroscopy

3. Local Measurements
(Current Distribution, Voltammetry, Gas Analysis)

4. Radiography & Tomographic Imaging
Computed Tomography / X-Ray Imaging
Synchrotron Tomography
Neutron Imaging
Nuclear Magnetic Resonance Imaging (NMR)

5. X-Ray Diffraction and Spectroscopy (XRD, XAS, XPS)
6. Raman Spectroscopy
7. Scanning Probe Microscopes

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

1. Temperature and
Optical Access
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The Easiest in situ Measurement LI

Temperature (SOFC)
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SOFC Stack Temperature = [OLIcH

In Plane Distribution

endothermic reactions when
reforming CH,

mechanical loading

= larger AT

depends on ug
(less fuel, less reforming)

e - Temperature distribution in bipolar plate
‘ﬁh‘“‘uﬁeramrm e — = = = 900
880 Hgoperation ju, =24%)
{108 /)
BED ait = 120 Nimin
/ fumace temperaiure
840
Q
0 il
g 500 il il \
H 0 0 / X'\.
E
AT upto 100K can occur e ) i :\:‘
740 /

" L , I Al

= critical for m_echanlcal integrity . e |

esp. glass sealings s 150 N TR
?OO-GO . ] SIO 100 150 200 - 250

special interconnects required manid Cetllengtn mm rario

L. Blum et al., 10th European SOFC Forum Lucerne 2012, A0405
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60 cell stack

, .e
SOFC Stack Temperature < [LicH

Height Distribution
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Optical Access
In Plane

#) JOLICH

FORSCHUNGSZENTRUN

Cathode Side Separator
Anode Side Separator And Electricity Collector

Anode
End Plate ™

A 4
plad /1 Cathode
Electricity Collector MEA End Plate

special transparant window required

only specific layers accessible (GDL)

10

K.S.S. Naing et al. / Journal of Power Sources 196 (2011) 2584—2594
cf. Bazylak, Int. J. Hydr. Energy 34 (2009), 3845-3857 (review)
Rosli et al., J. Fuel Cell Sci. Technol. 7 (2010), 061015-1
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Optical Access
In Plane

#) J0LICH

FORSCHUNGSZENTRUM

Water film

GDL Fiber —
direction
Channel
Ri
Channel
Parallel Perpendicular R
29 min
1.5
- —0— Perpendicular
£ 12} |- Parallel
-
5 09t
32 AT !
:.:' — 33 min
5 061 'y
5
G
3 031 Cell Temp. : 58°C
E Humidifier Temp. : 60°C
= 4 ) . . . )
5 10 15 20 25 30 35 -‘
0O, concentration (%)
41 min 25 min
Perpendicular Parallel

1"

K.S.S. Naing et al. / Journal of Power Sources 196 (2011) 2584—2594
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Optical Access
Through Plane

(a)

Sapphire
Window

12

(IR transparent)

#) J0LICH

FORSCHUNGSZENTRUM

water in cathode GDL

Diry Image

Wet Image

differential imaging
(subtracting before and after)

Daino et al., Electrochemical and Solid-State Letters, 14 (6) B51-B54 (2011)
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Optical Access ) JuLicH

Through Plane (Cross Section)

e Channel
ey .

(a)

Cathode GDL

: ‘_All,edcﬁﬂl.-_

thermal imaging:

B7

(b) 6.6 0.1K resolution possible
~°  critical point:
| Anode GDL h ; . e g
%3 unknown emissivities

Daino et al., Electrochemical and Solid-State Letters, 14 (6) B51-B54 (2011)
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2. Electrochemical Impedance Spectroscopy

"Insights" without direct access
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Extended Model for Reformate Fuels

PR W 41 |
All Reasonable EIS characterization Require a Model! --N(Ir
€ TR RTTTRIUTRITR T . 1 Il type: FZJ-ASC
o 1Ry Raa Roa R Ry 1 Ry ! oSt ype: -2
2 L e, G We | el. area: 1 cm
G ! 1 1 i TE : fuel: 15% H,, 5% H,0, 15% CO,
o , L | 5% CO,, 60% N, 250 sccm
N Qw)=—-+— ' _____ Q_ 3A _ _ _ 92_A _________ I .’____Qr_e_f____: oxidant: air, 250 sccm
[ = (jo)"Y, T =800 °C
i ocv
Zy (o) = .M NQ ref 0.97
-0.05 (joT, )™ - i sbect
7 (@)= . easured spectrum
Lo\0) = - —— CNLS-Fit
1+ jotye, P P P
[ " ,g:::«::“ - C —— anode process
- s res % — cathode process
0 N 1 1 A 1 N N 1 N 1
0 0.05 0.10 0.15 0.20 0.25 0.30 Z'/Q-cm?
Process |Dependence Physical Origin Equivalent Circuit Element
Poe [POyeae T oxygen surface exchange kinetics and bulk | Gerischer-Element —G—
diffusion of O%*
Pt |PH a0 PHO,,, T (low) | coupling of CO-shift & CO/CO, diffusion RQ-Element E
P, |PH,.. PH,O,,, T (low)|gas diffusion (anode substrate) GFLW-Element — W
P,a  |PHya PH,O,,, T gas diffusion coupled with charge serial connection of RQ,, & RQ,,
P, pH, ... pH,0,, T transfer reaction and ionic transport
L A. Kromp, A. Leonide, A. Weber, E. Ivers-Tiffée, J. Electrochem. Soc., 158 (8), B980-B986, (2011).
Institut far

A. Kro
Werkstoffe der Elektrotechnik

IWE

Quelle: IWE
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romp, A. Leonide, H. Timmermann, A. Weber and E. Ivers-Tiffée, ECS Trans., 28, 205 (2010).

2011-09-22 Degradation Workshop Thessaloniki.ppt, Folie: 27, 06.09.2012

André Weber, KIT
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Reformate Gas Impedance

Subtracted Impedance Spectra

-80 I :

Ng pHZOan (= pCOZ,an) o gen
- — 0.25 atm Xyge
C: _ B B
E 8071 — 0.7 atm ions
f: — 0.12 atm i
= -40 - — 0.07 atm o4 H %
8 /4
ey
_E -20
[®)]
]
E

0

Real part, Z' / mQ-cm?

2 Polarization Processes of H, only

= H,/H,O diffusion P, clearly visible
= f(P.)=0.4..2Hz > COICO, diffusion?

electrooxidation

AT

water gas
shift reaction

YSZ

electrons

2 diffusion
pathways

=) P . Coupling of shift-reaction & CO/CO, diffusion

=) reforming reactions

IWE

Quelle: IWE

Institut fir
Werkstoffe der Elektrotechnik
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André Weber, KIT

2011-09-22 Degradation Workshop Thessaloniki.ppt, Folie: 28, 06.09.2012
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Stability in Reformate 1

0.1
cell type: FZJ-ASC
0.09 el. area: 1 cm?
fuel: reformate, 250 sccm
0.08 oxidant: air, 250 sccm
| T =800 °C
0.07 ocv
3 0.06
D
(o]
2 0.05
e Pref
> 0.04
0.03 r
4 P P P2A
0.02 r 1A 2C p
: 3A
0.01 r
0.01 0.1 1 10 100 1000 10000 100000 1000000

f/Hz

» degradation of the cathode as usual
* no severe degradation of the anode

UWE Institut fur
Werkstoffe der Elektrotechnik

Quelle: IWE 2011-09-22 Degradation Workshop Thessaloniki.ppt, Folie: 29, 06.09.2012

André Weber, KIT
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Stability in Reformate with 0.5 ppm H,S AT

Karhsuber Institus fr Technologie

0.1 =
A
cell type: FZJ-ASC
0.09 - el. area: 1 cm?
fuel: reformate + 0.5 ppm H,S, 250 sccm
0.08 - oxidant: air, 250 sccm
L T=800"°C
0.07 ocv
@ 0.06 -
€D
005 could be verified
5004 - by mass spectroscopy/
0.03 gas chromatography
0.02 (general problem
001 [N H,O condensation)
O = ,,» & N ) / Lol Lol - \HH\
0.01 0.1 1 10 100 1000 10000 100000 1000000

f/Hz

+ severe degradation of P,, (H, electrooxidation)
* increase of P,, (H,/H,O gas diffusion in anode substrate)
+ decrease of P (no CO-shift - no CO/CO, gas diffusion — similar to inert gas)

UWE Institut fur
Werkstoffe der Elektrotechnik

Quelle: IWE 2011-09-22 Degradation Workshop Thessaloniki.ppt, Folie: 30, 06.09.2012

André Weber, KIT
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3. Local Electrochemical
and Products Measurements

19 Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

, a8
Local Current Measurement (PEMFC) = LELIEH

anode
2H, - 4H " +4¢e

flow field plate

gas diffusion layer .

catalyst layer
membrane
catalyst layer +

gas diffusion layer

flow field plate

0,+4H"+4e —2H,0
cathode

goals: check flow field, local fuel utilization / fuel supply
local channel/land effects
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Local Current Measurement JJU”CH

Parallel to Flow Channels

LT
.......
L]

0
Current js co:;llvsectedL e
Under the rjy,

Segmentation in range of several cm >100x GDL thickness
— only small compensating currents — no GDL segmentation required

S. von Dahlen, PhD thesis, ETH Zirich, 2012
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, .
Local Current Measurement JJU”CH

Large Segments

T (1T 112

mill channel fill with adhesive mill both sides mill flow field
-a l_-’ l’l‘:}:‘:;‘; h‘
brliae nle
R IS
TP | 1
! .
k=L
el
J l | milled, etched,
! @ | integrated
il 1 T sensors
= @ e
comprehensive 7x7 segmented flow field plate H. Kuhn, PhD thesis, ETH Zirich, 2006

Schonbauer, PhD thesis, Univ. Stuttgart, 2009
cf. .A. Schneider et al., J. Electrochem. Soc. 154 (8) B770-B782 (2007)
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Local Current Measurement JJU”CH

Large Segments

influence of air excess (A factor)
7x7 segmented flow field plate

in Myamoge =3
i
1—1 m L r1 Y
sEINIIE B B EE
4 HH I
3 i1 |
b
1'41
4
B o- 100
‘,-al | ] M 100 - 200
| I B 200 - 300
I—,llll IIU :am-mn
¥ = | 400 - 500
e = Y B 500 - 600
l M 600 - 700
B 700 - 800
B 300 - 900
out E 900 -1000
Schonbauer, PhD thesis, Univ. Stuttgart, 2009
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Local Current Measurement (SOFC) < LLIGH

Large Segments

Segment with Thermeocouple
air flow channels
Metallic Contact for voltage
housing measurement Isolation Contact for current flux
sI\\ | /f \\ / |
F

|

/
4x4 segmented interconnect Sragmentswith

fuel gas channels Capillaries for gas chromatography

ASC: segmented cathode

,_______|
ESC: segmented anode/cathode

G. Schiller, DLR Stuttgart, EFCF Lucerne 2010
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Local Current Measurement (SOFC) 4 LELGH
Large Segments

Temperature

Air Fuel

[ . : ]
G. Schiller, DLR Stuttgart, EFCF Lucerne 2010
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, .
Local Current Measurement JJUL'CH

Perpendicular to Flow Channels

Segmentation << 1 mm required

_;mires segmentation
of the Gpy

S. von Dahlen, PhD thesis, ETH Zirich, 2012
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Local Current Measurement

Perpendicular to Flow Channels

Gold wires (25um) between GDL and catalyst coated membrane

* current calc. from V

flow field

catalyst

potential probes

membrane - (pitch 0.2 - 0.5 mm)

potential f vs. current collector

rrent coIIector
e ————————————

* requires modeling
of 2D resistance
(strongly depends
on humidity, mech.
load, contact resist.)

* bad s/n ratio

* showed mass
transport limitation
in land region for
humidified gases

* channel regions
affected by dry gases
* optimization of flow
field geometry

Freunberer et al., J. Electrochem. Soc. 153 (2006), A2158
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Local Current Measurement
Perpendicular to Flow Channels

micro flow field plate on anode side

cathode flow
field plate

GDL

gasket ’

™M
N

hY
: 19-fold segmented

5 4/ micro flow field plate
P gasinlet

“end plate

CCM: catalyst coated membrane

most losses on cathode side

quasi homogeneous anode
(much thinner channels)

H2 diffuses into Au pinned
structure

fully humidified H2 =>

no GDL on anode side requ.
(cross currents of catalyst
layer can be neglected)

S. von Dahlen, PhD thesis, ETH Zirich, 2012
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Local Current Measurement J JUL'CH

Perpendicular to Flow Channels

glass ceramic
milling channels (200pmx800um

a) distance 200um)
fill with Au, polish
mill 150um x150um between Au
parallel + perpendicular
-
microstructure anodic flow field plate pin size compared

to GDL fibers
current measurement:

high precision Shunt resistors (20 mQ) S. von Dahlen, PhD thesis, ETH Zirich, 2012
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Local Current Measurement J JUL'CH

Gas and Channel Width Variation

channel width 2 mm channel width 1.2 mm
i[A/cm2]
T T 3000
a)
3 i 2500+
E 9""'* E:\O' ,__..ll.ﬂ
2 < 2000 f'{} o3 [ aﬁ\ fras
e s o ° o o3 |
2 1500 /s \'\ /.0 \ A |
1 IR W ARSLTY Sl
-] |
O-’—— ;ETUDO— oGoolooooxoﬂoﬂ,So 1
3 gam. o o o o ® o0 5, 0 ocol].ﬁoo |
b) 2 o9 oo P g 0@ ® o qo70 ©
- oo 888888888 ¢88888s %W
1 3 5 7 8 11 13 15 17 19
channel [-]
humidified gases air/H,
further investigations

segment [-] made with local EIS

a) humidified gases (gray: O,/H,, black: air/H,) ~ several flow field
b) dry O,, 50% H,O/H, geometries tested (parallel,
serpentine, interdigitated)

30 S. von Dahlen, PhD thesis, ETH Zrich, 2012 Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology




, .
Local Current Measurement o JULICH

Transient Start/Stop Behavior

Start procedure

Start iImA/cm?] UVl
_ 200 1
< 100
§ o 100k /\ fully humidified gases |
~
T 100 1 g OgE/\
= s 6 5@ !
e 0 L )
0 LC
a) il tlsl -100} ]
channel (1 2 mm) a )
-200 ' . 0
200 1
Stop S
T 100t 40% RH gases
100 +—
" é:g@ﬁ\// e
] 0 0.
£, 7 <
£ e~ ol EY \_LC
= 00T : o= b -100}
e 4 b)
0
b) -l tls) 200 : ‘ . lo
hannel (12 ) 0 1 t?] 3 4
: air/H2

H, regions cause neg. current in H, poor regions

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology
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Cyclic Voltammetry

4) )0LicH

primarily used to get electrochemical available surface area (ECSA)
start/stop cycles — carbon corrosion — loss of Pt particles — decrease of ECSA
can be extended to local distribution

i . anode (CE): H, (fully humidified)
, v=10mVis cathode (WE): N, (fully humidified)
no O, to avoid
506 superposition with O,
>, reduction reaction
0.2
GO SlO 160 15Il] 260

32

t[sl

linear sweep waveform

S. von Dahlen, PhD thesis, ETH Zirich, 2012
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Cyclic Voltammetry LI

measure the chemsorption of H, on Pt surface

cyclic voltammogram

10 1
+ H 4 Q i - J_J dV
PtOH — PtO + H'+ e Y uld( a)
a 0- s RN QD ti
X ECSA = —eff\rl" = [em?]
L T i e e Sl L Pt
<
E -101 Atoms Pt per cm?
Qadsorption (poly crystalline):
2ol I Pt+H*+e—pty  POH+H +e—Pt+HO0 | N, =13-10"cm™
0 0.2 04 06 08 1
UVl

1: anodic current

2: cathodic current

3: polarization of double layer (no chem. reaction)

4:\V < RHE => H2 formation on WE S. von Dahlen, PhD thesis, ETH Ziirich, 2012
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Cyclic Voltammetry LI
H, Reduction Currents

{ i [mA/cm?]
A7 TT7 777
0, |
AN
100mIN5/min
-50} integral CV
0 0.2 :

N, transports H, away
= drastic change of upd area
= underestimating ECSA

large cathodic current variation

= method only accurate for resting due to N, flux
atmospheres (impossible in stack)

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

S. von Dahlen, PhD thesis, ETH Ziirich, 2012
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Electrochemical Available Surface Area  JOLIcH

via CO stripping

relative ECSA

)

co £
25¢ 801
o~ Hups E
E of o 60f
2 =
§-25- 20 ml/min N2 ._“E'- 20
ke 5l 100 ml/min % 2ol
T=70°C 5
— 200 ml/min S 9 . N N ,
*750 02 04 06 08 1 0 500 1000 1500 2000 2500
ulvl cycles [-]

CC: channel center
CE: channel edge
LE: land edge

LC: land center

purging: 5 min N,,

5 min 1% CO => CO mono layer on Pt,

5 min N, (CO removal in GDL)

CO desorps at ~0.6 v higher degradation at land region

CO peak independent of N, negative current in lands during start higher

(Hypa NO) than negative currents in channels during stop
S. von Dahlen, PhD thesis, ETH Zirich, 2012
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Local Gas Phase Measurements JJULICH

gas analysis

> /ﬂow field plate

J_-GDL
«—cCatalyst

anode
inlet
1 .
cathode ) A
inlet y
measure gas species along channel local permeation test

wit He

G.A. Schuler, PhD thesis, ETH Zirich, 2010
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Local Gas Phase Measurements LI

Linear PEMFC

current collector

screws segmented side
anode \end pﬁte / flow field plates !
outlet current collector
G .- unsegmented side

end plate

cathode inlet

gas ports
% with capillaries
afP~(50um)

] detection:
MEA rotor valve

.cathode outlet + mass spectrometer
Mylar foil

(insulating)

G.A. Schuler, PhD thesis, ETH Zirich, 2010
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Local Gas Phase Measurements LI

Linear PEMFC

local humidity measurement degradation during load cycles
100 —————— ————————— w25 . . : : :
< E cathode gas N211-M2
;80 ...... e . e .E. 2 [ - — =+ dPinitial
;: g ——h—— kP Oh
% BOF- - - 8 15 P T —&— kP 102h (5059 Zyklen) )
E =B b tf— kP 190 h (9458 Zyklen)
E g el kP 350 h (17584 Zyklen)
o 40 : - o ' ~
= S : T o
g o0k rHa'Om rHE"I‘v E 0_5: \ ~ ~ -
—— rHa.Load —— IrHr.,Load 8 s
0 %0 80 70 60 0 40 3 20 10 0 . "o @ e w0 2 o o
Gasport channel position [%] Gasport Gasport channel position [%] Gasport
j=0 or 0.375 A/lcm?; T=80°C; j=0 <->0.3 A/cm? (cycled: 30s,
anode: 90% H, / 10% He, rH=46%, .=3 dj/dt=0.05A/cm?s); T=80°C;
cathode: air, rH=50%, A=2 anode: 90% H, / 10% He, rH=30%, A=2
p=1.5 bar; cathode: air, rH=30%, A=2
condensation on cathode side (40-60%) p=1.5bar,,s; A Schuler, PhD thesis, ETH Ziirich, 2010
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4. Radiography & Tomography

39
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Radiography = [OLIcH

Investigated object

Radiation Pl
source e e
V1l —
D- 'é-?ﬁ:_:—____ I 10
} e B —~— 7______——_,____ =
. ‘x-!’ i
| s q\--x“m,_ h
™ I ™~ 1 Converter
i o ~-screen
[ =[,e-kh o scree
felpa et =% 1 7~ Radiography
L >>1; s imaging
Unsharpness: | Brightness (flux, s/n ratio):
=—2_ source
beam = q)imageplane =
L/D 16-(L/D)
Svab & Balasko: Physical Methods, Instruments and Measurements - Vol IV - Non-destructive Testing: Neutron Radiography
40

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology




Element Specific Attenuation
X-Rays vs. Thermal Neutrons

X-ray cross section e
—_—
OO -
. .00
H D C O A Si Fe T w0
@©e o ° e '5'
°
neutron cross section £
Q
Satja et al., J. Power Sources 129 (2004), 238 g ¥
&
. i a0
X-ray: ~ continuous increase R o 8 e Pt T 2 R R
with atomic number e i L
Erntmlumuwmm&‘zir&«r} NEUTRONS e RS 125 V)
ABSORPTION ONLY

neutrons:  COLD NEUTAONS 0001
» scattering attenuation for

different elements (high att. for H,C,0)
* much larger penetration depth (100x)

than synchrotron X-Ray (15 keV)

41 Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology
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X-Ray Radiography LI
X-Ray Sources

X-Ray tube ~~ 40"f BESSY
? -
Heates fiament T R — > 107k dipole source WLS
- 4
5l Cuk, Mok,
55 10"F
&% - X-ray tube |
£ 10° r
I 2N
~ 10"
N . i continuum lab scale TN
& 10 1
o

10° 10° 10°
photon energy (eV)  source: BESSY, Berlin

WLS: 7 Tesla wave length shift

undulator/
wiggler

% e quasi parallel

-
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Computed Tomography

—

signal processing

Untersuchurgs-
objekt

s ®
: @)e
] ol'g) O
X-Ray / y source
sample Laplop  inverse Radon
transformation
scintillation ==
""" detector

High valage supply analogus

elecironic

Bundling of 220

analogue signals 3
E & eonnaciions for

cocilng fluld

g -
scintillator: reemit ionizing radiation as light
then detected by: photomultiplier, photodiodes, CCD ...

Helmholz Zentrum Dresden

43

regular Radon transformation:

Y. Shao & M. Celenk, Pattern Recognition 34 [11] (2001), 2097-2113

raw sinogram

Pq (1)

\l

#=0°-180°

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

Computed Tomography

e

signal processing

Untersuchurgs-
objekt

regular Radon transformation:

‘"tf:s O @)
: O
) O () O
X-Ray / y source
sample
Laplop  inverse Radon

high veltage supply
Bundling of 220
analague signals

transformation

scintillation
detector

analogus
glestronic

scintillator: reemit ionizing radiation as light
then detected by: photomultiplier, photodiodes, CCD ...

Helmholz Zentrum Dresden

44

eonnaciione for
cacling fluid

Robert Micke,

Y. Shao & M. Celenk, Pattern Recognition 34 [11] (2001), 2097-2113

Reconstruction of a
turbo clutch
via filterted

HZDR , .
back projection
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Tomography at Synchrotron

CCD detector

lens system

scintillator screen

Synchrotron  S@mple
X-rays

mirror

#) JOLICH

FORSCHUNGSZENTRUM

CCD sensor
up to 12 MPx

e.g. 2 um resolution
= 8.5x5.5 mm? field of view

typical exposure time:
2-10s per angle projection

max. accuracy, if

number of angle projections
larger or equal

to CCD pixel width

(often lower due to scanning

X speed)
high resolution:
thin scintillators (50 um)
required, e.g. CAWO,
Helmholtz Zentrum Beriin (applied on glass support)
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U-CT vs. Synchrotron

#) JOLICH

FORSCHUNGSZENTRUM

Cone beam u-CT 100 keV  Synchrotron ESRF, ID15A

02mm. PR 35—y
Sismmamy ; 5

f;;:)
--m

7
&
; .
e )‘.
e S o)

or } Al Cu alloy

voxel size 1.56 pm 0.7 ym
field of view 3.6 x 3.6 mm? 0.7 x 0.7 mm?
scan time 5.25h 40 s
remark beam hardening more details

(low contrast, artefacts)

(eutectic system visible)

DLR KéIn
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, .
Further Maximum Resolution J JUL'CH

Constrains (Stage)

Sample

spot selection
tomographic rotation

5
Q%ID “}
Xz

¢ alignment of rotation axis
relative to the beam
J and detection system
roll (down-to 0.01°)

€7 pitch

Stage setups at BAMIline, BESSY, Berlin

Micos UPR-160 AIR Huber 410
eccentricity 0.1 um 3 um

max load 200N 1450 N

T. Arlt, Ph.D. thesis, TU Berlin, 2012
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#) ULICH
X-Ray Tomography Example o JLicH
Water Detection in PEMFC
Cell & flow field adapted to fit —'Dividm end plate
beam di ions (19.2x7.2 e
eam ImenSIonS( g ) . ‘éa?:odi!i:lbipolarplate

Cathodic GDL
MEA

= - . —5
%1 [L C . Anodic GDL

Ancdic bipolar plate

Acrylic glass
Divided end plate

parallel ‘g
synchrotron beam rotating

fuel cell

No steel in analyzed area!
voxel size: 4.8 ym (would shield everything)
1800 angle projections instead, use of acrylic glass in end plates
60 min per tomogram, (other use e.g. graphite)
Closed In|etS/0Ut|et for tomography Kriger et al., J. Power Sources 196 (2011), 5250
48
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[
X-Ray Tomography Example

Water Detection in PEMFC

Anodic channel
Anodic GDL
MEA
Cathodic GDL
Cathodic channel

gravity caused
water droplets form
on bottom of ribs

anode: H,, 1=2.0, humidified
cathode: air, A=2.5, humidified
T=50°C, j=160 mA/cm?

¥) JULICH

FORSCHUNGSZENTRUM

Kriger et al., J. Power Sources 196 (2011), 5250

49
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, a8
X-Ray Tomography Example o LLIGH

Water Detection in PEMFC

Channel

GDL
substrate

A BCD

Kriger et al., J. Power Sources 196 (2011), 5250
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, .e
X-Ray Radiography Example s Lol

Transient Water Detection in DMFC

Transient methods require fast thinning flow field plate

acquisition . .

= 2D radiography instead of 3D forin plane 2D radiography
tomography

(exposure time ~0.4 s) @) O — O
for reasonable signal/noise ratios and  peam :

short exposure times: make everything St

as thin as possible Oﬁ@
= SHE=

other way to get short exposure

2D radiogram / 3D tomogram:

use short times, O {:} {:]'

repeat experiment multiple times
to get good signal/noise ratio
(requires triggering e.g. with
current load)

T. Arlt, Ph.D. thesis, TU Berlin, 2012
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#) JOLICH

X- Ray Rad i O g rap h y EX am p | e FORSCHUNGSZENTRUM
Transient Water Detection in DMFC
anode Ref (dry) 7,925 15,485 28,44s 35,285 35,645 47,525 68,40s  119,88s

=

channel _,4;'
an. GDL -‘ﬁ
an. catal. -+

100 pum
membrane——

cat. catal.
cat. GDL

cathode
channel

fields

for
quantitative
analysis

-100 pm

500 pm
Aancat=4/4; j=150 mA/cm?; E=13 keV

anode: CO, bubbles decrease periodic GDL
cathode: water droplets fiber structure

T. Arlt, Ph.D. thesis, TU Berlin, 2012
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, .
X-Ray Tomography S oLIE

Water Detection in HT-PEFC

no liquid water = traditional analysis fail

Indirect method:

Model from measured membrane transmission and thickness,
and local phosphoric acid distribution

T. Arlt, Ph.D. thesis, TU Berlin, 2012

W. Maier et. al, Journal of The Electrochemical Society, 159 (8)
F398-F404 (2012)
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, .
X-Ray Tomography Example (DMFC) LI

Ruthenium Corrosion / Combining with XAS

Transmission 21.7 22.5 differ-
vs. Energy keV keV ence

Pt (3.2 um) | 0.660 | 0.686 | 3.9%

Ru (0.8 pm) | 0.989 | 0.938 | -5.2%

C (240 ym) | 0.983 | 0.984 0.1 %

F (50 pm) 0.999 | 0.999 0.0 %

120
1004 r\.._/""\_u_,__,__.
3 80 R : |
s U, edge Ru in anode catalyst
g overlay of quotient tomogram
o .
E 40 and absorption tomogram
20 aged MEA .
JL J | | ——newMEA i.e. measure two tomograms at
S = e e different energies, divide them
Energy [keV] T. Arlt, Ph.D. thesis, TU Berlin, 2012
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, o
X-Ray Tomography Example (DMFC) < 1ZHigH

Ruthenium Corrosion / Combining with XAS

further
finding:
more
accumulation
under
lands/ribs
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A) 0LICH
Neutron Radiography / Tomography =) JULICH
Fast neutrons: 10 keV - 20 MeV Sogrces:
Epithermal neutrons: 0.3 eV - 10 keV f'SS'On_reaCtOF or
Thermal neutrons: 0.005 eV - 0.3 eV spallation source (p accelerator)
Cold neutrons: <0.005 eV with moderator

eadvantages over X-Ray

« different contrast

* no problem with
Felsteel

* typ. larger penetration

* no radiation damage

neutrons are difficult to

focus

= no completely
parallel beam

= limits resolution

o 0,1 02 03 04 05 05 07 or flux
Thickness for 50% thermal neutron atienvation (em})

Penetration depth for different materials
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J
Neutron Radiography / Tomography o/ Bl

Measurement Scheme

reactor

cold source

pin hole sample

‘ irror
- X
‘ m 8
neutron guide ! S ©
1 ! 1 (0]
: l : e
B neutrons : L PN 3
H light
CCD
neutron guide: camera
* hollow glass tubes (total reflection)  scintillators: 6LiF+ZnS or Gd,0,S
» eliminates y radiation Gd,0,S: 10 ym absorb 90% of flux
background lower free paths of conversion electrons
« may possess elliptical end to focus (higher Sp?t'a' reSQ'Ut'Qﬁ)
57 Robert Miicke, Joint European Suméné?gggggle{orpﬁa (tlr;ﬁsalrs]’a T—I%/d{gggﬂ’TE\c,x-nrgonaChen, 012
#) 0LICH
Neutron Tomography = [OLIcH
. & :'}i:';-t
© Lo g
g -
L ] ot | ‘.

1
.
4
[

-
»
4N
g4
v s

front view

. R «,.‘_f..' Pt et
3 ?..: ., ,‘o'i”.-
‘ '. ea WPy "J}
o ‘a“f;-'
o P “s P
- - £ - A
) i v
= & " e : E i s
3 it be’
o= H ] e
7 I o d
ALY £ .1
. . A ¥ &'
operating non-operating WacLonly Volume rendering

with water without water

3 cell stack (52x52mm?)

applications:
process visualization, water quantification, flow field plate optimization

Takenaka et al. Nuclear Instruments and Methods in Physics Research A651(2011)277-281
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, e
Nuclear Magnetic Resonance Tomography  JOLIcH

(NMR)
Nuclear Magnetic Resonance Tomography

medium - high magnetic field devices requires (2-14T)
typical pixel numbers: 128x128 (rather low)
resolution: 1-6 ym

no ferro-magnetic materials
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#) JOLICH

FORSCHUNGSZENTRUM

5. X-Ray Diffraction and Spectroscopy
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, .
X-Ray Diffraction Analysis S oLIE

X ray beam

results:
XRD diffractogram (is not a spectrum,

fixed wavelength, Cu-Ka radiation, 0.15nm)
chemical phases

(crystallographic system, with database)
unit cell parameters

= strains = stresses (e.g. sin2y method)

constructive interference
(Bragg equation):

n-A=d-sin@

limits:
only crystalline phases
(no amorphous, no organics)

61 Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

, .
X-Ray Diffraction Analysis & S

In situ Analysis of SOFC Reduction Cycling

diffractogram stress results
300 - 200 — T T T
200 E _ 100 -
- - < L i
100 g g Y R —. = S e/ e —
- 0 : S o100 -
: 3_ L 8 - -
=200 E 200+ -
Z 100 - = g 2300 —e— Electrolyte -
2 M N T T B - —— Anode (NiO-YSZ) -
= 0 T T T A0Q |~ -
B | I lO{]llJ K i —&— Anode (NI-YSZ) |
200 — § - =500 L | I | i | L |
ool =7 200 400 600 800 1000
0 - | ) 1 - | ; i Temperature, 7 (K)
10.4 10.8 11.2 11.6

Diffraction Angle, 2 & (deg)

manufactured NiO
reduces above 800K

Sumi et al., Trans. ASME 3 (2006), 68
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X-Ray Spectroscopy

9) 10uicH

XAS, EXAFS, XANES, XPS

Photoelectron X-Ray photon spectroscopy (XPS):
A = electron spectroscopy for chemical analysis (ESCA)
— 1 VB
1 o
) ] - kinetic energy of photoelectrons (only top 20 at. layers)
considering ionization energy = (app.) binding energy
X-ray photon . .
nteracts with n detection by e.g. single crystal
sample
monochromator
X-Ray Absorption Spectrum (XAS) with photomultiplier
107 F T — (counts per wavelength)
105 ] high resolution (<5 eV)
T OI0°F
g 3
= 10tk
£ [
£ 10°F
(=N L
I O10%F
10! E
100 & e o
1 10 100
E (keV)
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X-Ray Spectroscopy
XAS, EXAFS, XANES

%) 10uicH

X-Ray Absorption Spectrum (XAS)

» X-Ray Absorption Near

Edge Spectrum (XANES)

* Near Edge X-RAY Absorption

Fine Structure (NEXAFS)

* Edge X-RAY Absorption

4 }
2

]
0 — h

Fine Structure (EXAFS)

11780 11mn§ 11EHJ 11Ep§m 119m 100 108 12100 12080 1z2m influenced by oxidation level

||||E

Pre-edge
xanEs ¥
NEXAFS

£
&

neighborhood (spin coupling)

oxidation level shift edge in XANES region

used to determine oxidation level of Fe in La,Sr, ,Co Fe, O, (~2.5 = 5=~0.5)

no provable oxidation of Mn in LSM

64
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4) 0LicH

il *aka ESCA
1oto-electron Spectroscopy*
Electron Spectrum
1310000
Cu XPS
2 2p3 Survey Spectrum
‘E,.-' of Pure Copper
g (Cu)
Al
S E Cu
2 E 2pl
@
ks Cu Cu Auger
1* 2s electrons Cu Cu
3s 3P
r A\
: o : E : E

Binding Energy of Electrons (eV)

Usual Analysis
Area and Depth

Top 20 atomic layers

febetefetetetetetete

wikipedia
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, .
Ce Oxidation State with XPS J JUL'CH

CeO,: normally Ce**

but may be
reduced to Ce3*:

2Ce*"" + 0" +H,(g) &
2C€3+ -+ VQ -+ H2O

S5 CeO,,: mixture Ce4* & Ce3*
6 =
T contact less potential
, o measurement
S by change in kinetic
0 P==== =0
Electrachemically energy due to |Oca|
active region potential VL
Ho H: =anode .
cathode TS AE, =e-V,
e UL S
YSZ
_-.IG _GI_E tI] 075 Zhang et al. Nature Materials 9 (2010), 944

Distance (mm)

€ iy = —ee — .~ 2 Summer School for Fuel Cell and Hydrogen Technology




, ..
Ce Oxidation State with XPS <) JULICH

FORSCHUNGSZENTRUM

a
most Ce3* for
most reducing
conditions
5
L
>
c
2
=
observed
superposition
Ce 3d
hv=1180eV _
T T
920 900 880 860
Apparent binding energy (eV)
Zhang et al. Nature Materials 9 (2010), 944
67
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Ce Ox

vsz .
-0.2
E
£ _
8
& 04
a _
0.2
Au
68

, .
idation State with XPS o/ JUL'CH

shift due to
local potential

BO 1 120 M5 MO 105 130 125 120 M5 MO W05 130 125 120 M5 MO 105

Binding energy (eV) Binding energy (eV) Binding energy (eV)
electrolyser mode ocv fuel cell mode
Ce** disappear homogeneous homogeneous

in active region

Zhang et al. Nature Materials 9 (2010), 944
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6. Raman Spectroscopy

Robert Micke, Joint European Summer School for Fuel Cell and Hydrogen Technology

Raman Spectroscopy
Principle

70

incident light

A1

scattered light

sample

/-Raman-scattered light { new wavelength)

Virtual
energy

states A

Vibrational
energy states

A

N W

 —

Y I

Infrared  Rayleigh
absorption scattering

Stokes  Anti-Stokes
Ramarn Raman
scattering scattering

elastic scattering types

Solid state element Heat movement

+— Lightwawve

Raman ,nf Raman
zcattering scattering

Lazerlight
ing light
Spectral position N F

Antistokes Stokes
lime f\lil!
940 980 1020 A [nm]

fixed excitation wave length (typical: NIR)

shifts=f(molec. rotations, vibrations,
electronic transitions, temperature, stress)

=finger print of material and
chemical composition
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In situ Setup for SOFCs

2 87

/ /’

A: Objective lens
B: Heater

E: Air side
F: Fuel side
G: Gas in
H: Gas out

most difficult part:
optical access without changing
(too much of) the operating conditions

C: Anode supported type cell o\
D: 510, glass chamber ‘

beam splitter / s 1-
Qb

objective lens

can be extended for
3D structures (roughness)
by confocal imaging

_ spectrometer
) Photodetector

1 ——= Confocal pinholea

Olympus

z I specimen

Nagai et al.,ECS Transactions, 35 (1) 519-525 (2011)
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Temperature Dependence
of Raman Shifts

465
I\\- : —m—Sm Ce O,
—~ 460 - .\
= o
< ||
o st Tem
= \\\\||
_5) i F, Sm, Ce O, \.
450 -~ :
= 2 \\\\
g F g 800°C [ n "
= 2 B N
m 445 — T .
18°C
200 «‘w 6;10 800
Raman shift (cm™)
440 [ T R R NI R SR MR |

0 100 200 300 400 500 600 700 800

Temperature ("C)

Grlneisen parameter
(lattice volume V, photon frequ. o)

B 5‘(10g a))
6(log V)

thermal expansion changes
lattice

Nagai et al.,ECS Transactions, 35 (1) 519-525 (2011)
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Raman Shift
Stress Calculation

465
volume change due to in plane

stress o

455

NS
SIS
Il
[a—
|

‘ )
<
R—
[a—
-
‘ |
<
Q
\-.._./J
I
Raman shift [em |

much more sensitive to temperature
than to stresses =>

accurate temperature measurement necessary

Nagai et al.,ECS Transactions, 35 (1) 519-525 (2011)
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, .
Raman Shift ) JuLicH
Stress Measurement Example

446.0
before after 1,0 _ better would be in situ XRD
)
2~ ssh fracture fracture E (smaller error:
5§ [ 1 . 1" < approx. 20-50 MPa)
— " _ W
£ | = ] - $
‘= 4450 mmms [} a= 40 =
— L . ] + - @
= L e + T‘
s I B oln " Jwo =
E 4445 - = - ! =
=4 I s 3
T - 0 £
saso L L L .
Oxidized  Reduced Re-Oxidized

Nagai et al.,ECS Transactions, 35 (1) 519-525 (2011)
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, os
Carbon Detection LI

SOFC Fuel Oxidation

NiO Ni-COO

@ Intermediate
-5 CO fuel Ni.COO
> formation
§ H2 fuel further_ used for
< detection of
(4x exaggerated) , graphite
* NiS
I'I':I'I'I:'l'l:'l'l'l « swelling of Nafion
400 800 1200 1600 2000
Wavenumbers
M Raman:
lateral resolution: 0.5-1 ym
Pomfret et al., Anal. Chem. 79 (2007), 2367-2372 Informatlon depth 15 “m
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7. Scanning Probe Microscopy
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, os
Scanning Probe Microscopy (SPM) o JL 0

detector Simultaneous recording of
topography as well as

probe conductivity images
(working electrode)

counter — . .

electrode E _ sample Topographical images are
« furnace obtained like in a normal

I | AFM in contact mode

laser—

. piezo translator In situ electrochemical
impedance spectroscopy
(EIS) measurement can be

| | | done using the probe as a

Impedance measurement system working electrode
(connected to PC)

Controlled Atmosphere High Temperature SPM

Balasingam, Risoe
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, o
Scanning Probe Microscopy (SPM) 2 LIy

YSZ with LSM/YSZ probe

[157 nm ] 221 nm

measure single
particles and
potential profiles

oog
[wu]

sl

Electrolyte

[wr]

0 [pm] 60.0

Micro impedance

Current development stage:

probel/tips, micro electrodes,
u-EIS
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Summary

79

9 0LicH

Virtually all ex situ methods can be applied in situ with certain
restrictions, thereby large improvement of understanding

However, most in situ methods require special setups (cells,
stacks components, no out-of-the-box stacks etc.)

Modification should be evaluated (same behavior as normal)

Only electrochemical methods allow in-situ characterization of
any system without modification

Many methods allow similar investigations with different
resolution and experimental afford

Many in situ methods are expensive, can therefore not be
used for everyday business/benchmarking, only for well
planed purpose

Theoretical background (what do | see?) can be quiet
comprehensive (speak with experts)
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