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High Temperature Steam Electrolysis Stack
Post-test Evaluation and Electrode Development

Overview
Timeline Argonne contributors
B Project start — FY’04 Ann Call, Jeremy Kropf,
Victor Maroni, and Deborah Myers
Budget

B FYO06 - $583k
B FYO07 - $344k

Barriers

B Stack degradation

B Electrode performance
and durability

Partners

® |daho National Laboratory

B Ceramatec, Inc.
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Objectives

1) Determine causes of degradation in stack
components from 25-cell (1000 h) and 22-celi
(200 h) stack tests

2) Develop oxygen and steam-hydrogen
electrodes that show significantly improved
area specific resistance and durability over
state-of-the-art electrodes.
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Approach

1) Post-test stack evaluation:

— Map cell and bipolar plate surfaces to find sources of
degradation using:

e 4-point resistivity
« X-ray fluorescence from Advanced Photon Source
 Raman-microspectroscopy

— Use mapping results and analyze selected cross
sections with Scanning Electron Microscopy

2) Improved oxygen and steam/hydrogen electrodes
— Pr,NiO, - polarization, stability tests

- La,, Sr,Mn, B, O, B=Cr, Al, Ga — polarization,
stability tests
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Resistivity maps for oxygen electrodes show degradation
at hydrogen exit of cell
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Raman micro-spectroscopy on oxygen electrodes identifies
unexpected phases

____________________________________

Monoclinic ZrO, observed

B Monoclinic zirconia near rim of #25.
observed on
exposed edges of
the ScSZ plate

| Tetragonal ZrO, observed
' near rim of #22 and #25

Ruby (Cr-Al,0,)

_ Fluorescence ’
CI,JbICO — ZrO, seen in #22
M Mn 3 and #25

B Chromium reacted — ot €Cubic LaMnO, Standard
with Al in sealant ’ =
near edge of
electrode

Five band spectrum characteristic
4 Seen in #22 and #25
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X-ray fluorescence and transmission show Cr migration and
thickness variations in the cell

B Cr deposits along edges of sealant air
+— Chremium abundance {ar side)

B Cr deposited only in electrode region
and not on zirconia = solid state
diffusion

Relatie= chramium abundance {air sidel

4+

B Gas flow direction is evident by Cr-
deposition pattern

5 00 O " oA o

B Cr has migrated into the electrode
towards electrolyte interface

Monoclinic [
Zirconia?

B Thickness variation in electrode

B Increased transmission near known
degraded edge

B Increased transmission near oxygen seal

B Would like to use XANES & EXAFS
determine chemical state of elements in
areas of interest
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SEM analysis of oxygen electrode shows
delamination in the oxygen electrode

Electrolyte

B Delamination near the edge
of the oxygen electrode was
found where high
resistance was measured
with the 4-point probe

B Internal defaults were also
seen near the edge




SEM analysis of steam-hydrogen electrode identifies Si
and Al contamination

B Area with low resistivity on 4-
point probe maps:

— Al present at electrode/bond
layer interface

— More Al near the sealed edge
(Al:Ce = 0.05 - 0.25)

Epdxy mount

B Area with high resistivity on 4-
point probe maps (at the edge):
— More Si found near where

bond layer was removed ® Increased contaminants
(Si:Ce = 0.05 — 0.24) near the sealed edges
— Al found throughout indicate that the seal
(Al:Ce = 0.16 — 0.29) material may be the source
of Si and Al




High temperature electrolysis oxygen electrodes improve with
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Increasing steam concentration increases
ASR of steam/H, electrodes

Temperature = 830°C
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Steady state performance of steam/hydrogen electrodes
shows that oxides may replace Ni-YSZ
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B Temp = 830°C B Degradation of the perovskite sample

B Current density = 200 mA/cm? is due in part to exfoliation of the

B Feed _y counter electrode, which was made

eedgas = Hy . out of the same material
® Steam to H, ratio = 6 — Exfoliation also occurred with Pt

and Ni-CeO, counter electrodes




Future Work

Stack evaluation:
B Use post-test examination to evaluate Integrated Lab Scale stack

B Use XANES and XAFS to gain chemical information in areas of
interest on oxygen and steam/H, electrodes

B Work with Ceramatec in mitigating causes of stack degradation

Oxygen and steam/H, electrode development:

B Prepare steam electrolysis cells and test electrode durability for
500-h operation
B Investigate Cr-poisoning

B Continue development of steam/H, electrode using perovskite
oxides and alloys
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Summary on High Temperature Electrolysis Stack
Post-test Evaluation and electrode development

B 4-point resistivity measurements show

- Oxygij(en electrodes degraded along the seal at the hydrogen exit of the
stac

— Steam/H, electrodes degraded at the hydrogen exit of the stack
— The bipolar plate had a highly resistive chromium compound

B Raman micro-spectroscopy identified monoclinic zirconia, Cr-Al,O; crystals,
and Cr-spinel forming in the surface of electrodes

B APS X-ray fluorescence and transmission identified Cr diffusing into the
electrode toward the interface and electrode thickness variations

B SEM analysis verified edge degradation via delamination and Sr segregation in
the oxygen electrode

B SEM analysis of steam/H, electrodes identified Al and Si impurities in areas that
showed high resistivity in 4-point measurements

® Pr,NiO, with ceria interlayers show promise
B Perovskite compositions show potential for use as steam electrodes for HTSE
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Overview

 Timeline
— Project start date: Jan 2006

Barriers

— Electrolysis cell/plant
materials degradation

 Budget
— Total ject fundi t
otal project funding to date . Partners
« $858K
— Funding received in FY06 — Ceramatec Inc.
. $492K — Argonne National
. Laboratory
— Funding in FY07
« $366K
—

. |daho National Laboratory




Objectives

« Overall:

— Investigate the high temperature degradation behavior of
solid oxide electrolysis cell (SOEC) and electrolysis
balance-of-plant materials.

— ldentify degradation mechanisms and kinetics to help
determine component lifetimes and propose new materials
for long-term device operation with minimal property
degradation.

 FYO7

— Conduct corrosion experiments on Ceramatec electrolysis
cell materials

—t
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Approach

2. Corrosion testing

» Ceramatec SOEC materials
— Ferritic stainless steel

« With and without proprietary
rare-earth-based coatings

1. Develop high temperature
corrosion test capability

« Single and dual atmosphere (“bi-polar”) _ _
corrosion experiments — Ni-Cr high temperature alloy

« Gas mixtures: + Balance-of-plant materials

— H,O/H, (simulates cathode-side)
— Air/O, (simulates anode-side) 3. Sample characterization
 Temperatures to 1000°C

» Safety engineering for laboratory use of
H, and O,

 Corrosion kinetics

« Corrosion scale phase
identification, thickness, and
microstructures

» Area-specific resistivity of scale

—t
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Corrosion test stand development

* Three independent
furnaces

« Three sets of parallel gas
supply lines

1. H,O/H,/N, (steam provided
by heated water bath)

2. Air/O,

 Gas mixtures set with mass
flow controllers

« Automatic data logging
* H, and O, gas safety systems:

High temperature | v - — Trace He injection to detect
steam electrolysis A H,-O, gas cross-mixing

corrosion test stand — Interlocked H, and O,
G monitors in laboratory

—t
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Initial corrosion test results (1)

* 500 h tests completed at 850°C with Weight gain data
the following gas mixtures: 0; s00n ] e
- H,0/H,=5.3, 0.5 .| e o eomenes
— Dry air 07

0.6

« Sample characterization is ongoing:
— Scale microstructures and thickness
— Scale chemistry

— Scale resistivity as a function of
temperature:

0.5 -

0.4 |

Weight gain (mg/cm 2?)

0.3

0.2 1 :
Stainless

0.1 |

Ni1 FSS FSS+C1 FSS+C2 FSS+C3

* Ni-Cr alloy base metal more
corrosion resistant in both
H,O/H, and air than ferritic

Area specific resistivity apparatus stainless steel

* Proprietary Ceramatec coatings

(.
\I'“'. daho National Laboratory effective in reducing corrosion

in H,O/H,; less effective in air

o




Initial corrosion test results (2)

FeCr,0O,

Fe,O,

In H,O/H,:
* Ferritic stainless steel
forms chromite (FeCr,0,)

* Ni-Cr alloy forms duplex
layer of magnetite (Fe;0,)
and chromia (Cr,0,)

Cr,0,

Surface microstructures of uncoated stainless
steel and nickel alloy specimens and results of
x-ray diffraction phase analysis
(187 h @ 825C; H,O/H, = 0.9)

. |daho National Laboratory




Future work

FYO07

« Complete initial corrosion tests (Apr 2007 milestone) and
sample characterization

« Select candidate electrolysis balance-of-plant materials for
future tests

FYO08

 Perform long term (> 1000 h) corrosion tests on electrolysis
cell and balance-of-plant materials

« Construct dual atmosphere corrosion cell and perform
corrosion tests on metallic interconnects




Summary

Relevance: Address issues with materials degradation in SOECs
and in balance-of-plant components that can affect
process efficiency and operational lifetimes.

Approach: Conduct corrosion tests on electrolysis cell and plant

component materials to assess material performance
and degradation behavior.

Accomplishments:  Built corrosion test stand; performed initial 500 hour tests
on Ceramatec eIectronS|s cell materials (in progress);
demonstrated coating effectiveness in corrosion
inhibition

Future work: Perform long term tests on electrolysis cell and balance-
of-plant materials; construct experimental apparatus and
perform dual-atmosphere corrosion studies on metallic
interconnect materials.
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SO, Electrolysis:
Reduced Temperature Sulfur-lodine Cycle

Sulfur-lodine cycle to produce hydrogen:

H2804 (1) - H20 (9) + 803 (9) ~500°C

2H1 ) - |, + H, High ~400°C

Temperature

Reduce temperature by electrochemical reduction (electrolysis)
SO, » SO, + 72 O, + electricity 500-600°C E°=0.11V
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Overview

Timeline
B Start — Oct 2005

Budget

B FYO06 - $164k
B FYO07 -$120k

Barriers

B Economical production of
hydrogen from water

B High temperature of sulfur-

lodine thermochemical cycle

B Electrode stability and
activity in corrosive H,O-
SO,-SO, atmosphere
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Objectives

B Determine feasibility of SO, electrolysis to
reduce temperature of Sulfur-lodine
thermochemical cycle to 500-600°C

B Build electrochemical test reactor to develop and
test SO, electrodes

B Develop electrochemical cell materials to build
SO, electrolyzer
— Oxygen electrodes
— SO, electrodes
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Approach

H Build single atmosphere H,0/S0O,/SO, test
reactor to analyze candidate SO electrodes

B Determine elements that are
thermodynamically stable in SO,/SO,
atmosphere

B Fabricate new SO, electrodes based on
thermodynamic study and understanding of
ceramic electrochemical devices

PDP30 31




SO, electrode test fixture

® H,S50,/H,0O mixture is
sprayed into sample tube
above the cell

B O, and SO, monitored by
mass spectrometry

Results:

B Electrochemical cell was
. Workm electrode E|eCtr0|yte
shown by cyclic ®-
VOItammetry tO reduce side wek top view
some 803 to SOZ Counter electrode

Reference electrodes
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Stability diagrams help identify candidate electrode elements
B Calculated

e pRO30E Predesdsaser Diagram fer Cr5.0 Sysem
1]

predominance
diagrams illustrate Example:
stable phases in SO,- , Chromium
SO, “ Predominance
 Blue = Sulfate undesirable : Diagram
 Red = Oxide ,
. = Metal
B Gold is only stable "
metal F | Ne
| Ar

B Traditional SOFC
electrodes are not
stable in SO,/SO,

B Candidate oxide has
been identified,
fabricated and tested
as electrodes, others
being fabricated

Lu
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Future Work

B Fabricate, test and improve SO, electrodes

B Develop cell design for the SO, electrolyzer

Summary

B Electrochemical test stand built to test SO; electrodes

B Cell containing Pt electrodes showed electrolysis by cyclic
voltammetry

B Periodic element chart was developed to identify possible
candidates for SO, electrode materials
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