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Project Overview

Project Partners
Scott A Barnett, PI, Northwestern Univ
Peter W Voorhees, co-PI, Northwestern Univ
Michael Tucker, co-PI, LBNL
Jim O’Brien, co-PI, INL

Degradation mechanisms in solid oxide electrolysis 
cells (SOECs), which are poorly understood at 
present, will be studied using accelerated testing at 
high current density, closely coupled with theory.

Project Vision

Award # EE0008079

Start Date
Year 1 End Date
Project End Date

09/01/2017
08/31/2018
08/31/2020

Total DOE Share
Total Cost Share
Year 1 DOE Funding

$846k
$94k
$250K

Developing accelerated testing protocols and a 
basic understanding of degradation mechanisms will 
have a broad impact on the field.  A key outcome will 
be improved SOECs that allow long lifetime at 
higher current density, significantly improving 
economic viability.

Project Impact
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Approach- Summary

Project Motivation
Barnett has been using accelerated 
testing combined with 3D tomography to 
develop quantitative Solid Oxide Fuel 
Cell degradation models for several 
years, and has worked with Voorhees in 
this area.  It was natural to extend these 
ideas and methods to electrolysis cells.

Key Impact

Partnerships
Michael Tucker at LBNL has long experience 
with solid oxide fuel cells, particularly metal-
supported cells, which have not been tested 
in electrolysis mode previously.
Jim O’Brien at INL has worked on solid oxide 
electrolyte cell technology for many years, 
and has extensive knowledge and testing 
facilities relevant to this project.  

Barriers
SOECs run at high current density typically 
exhibit fast degradation. Quantitative 
physically-based models of degradation 
mechanisms are needed. Models will be 
developed with input from extensive targeted 
experiments.  Understanding will show 
pathways to reduced degradation rates.

Metric State of the Art Expected Advance

Current
Density

0.5  A/cm2 > 1.0 A/cm2

Degradation
Rate

>10 mV/kh <  4mV/kh

Electrode
Overpotential

> 0.2 V < 0.2 V
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Approach - Innovation

Budget Period 1 Scope of Work
• Baseline SOECs are fabricated and accelerated electrochemical 

life testing carried out along with microstructural/chemical 
characterization.  

• The results are used to guide development of a theory for 
electrolyte degradation during electrolysis.  

• Based on the results, a detailed plan will be developed for 
extending the theory and improving cell stability in the 
following budget period.  

• Go/No-Go Decision Point based on successful prediction (within 
30% of cell resistance change) of degradation rate 
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Approach- Materials Innovation

• A model has been developed that predicts the oxygen potential across the 
electrolyte in a solid oxide electrolysis cell
– When compared with models that predict the effective oxygen 

pressures that causes electrolyte degradation, we can predict the 
materials and operating conditions causing degradation

– The model is broadly applicable to different materials & conditions
• Solid oxide electrolysis cells have been fabricated and preliminary tests 

indicate very good performance
– Basic cell design is similar to most SOECs under current development; 

thus, test results are broadly applicable
– A new oxygen electrode material shows excellent performance and low 

degradation rate at high current density
– Reduced-temperature co-firing of YSZ electrolyte, GDC barrier, and fuel 

electrode yields low polarization resistance
• First-ever results on metal-supported solid oxide electrolysis cells
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Relevance & Impact

• Solid oxide electrolysis cells have the potential to achieve the 
highest electricity-to-hydrogen conversion efficiency amongst 
electrolysis technologies.  This project addresses the long-term 
stability of these cells at high current density, widely regarded 
as being a critical barrier for their commercial development.

• Our project makes good use of the HydroGEN Consortium R&D 
model, enhancing our R&D with the input from two highly-
regarded groups 

• Enhancing the broader HydroGEN Consortium

– Our node utilization helps to strengthen the capabilities at LBNL 
and INL in preparation, testing, and analysis of solid oxide cells

– It could be valuable in the future if the HydroGEN Consortium had 
the capability to scale up small research cells to larger sizes for 
higher TRL development
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Accomplishments

• Budget period 1 Go/No-Go milestone: Electrolyte degradation 
model predicts the experimentally-observed electrolyte resistance 
degradation caused by overpotential and current density to within 
30% for multiple data sets.

• Significance of meeting this milestone: This will mean that the 
theory developed can make quantitative predictions regarding the 
conditions that cause degradation.  By matching the model to 
experimental data taken over a wide range of conditions, wide 
applicability is assured.  The theory will allow us to predict 
operating conditions that yield low degradation and design cells 
that allow higher current density without degradation.
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Milestones
‣ 1.1:  Successful fabrication of baseline cells with <20 µm thick, >90% dense 

electrolyte operating at < 1.3 V at 1.0 A/cm2

– Originally 12/31/17, moved to 2/28/18
– 90% complete

‣ 2.1: Successful cell life testing over a wide range of operating conditions.  
Assessment of this data to develop an experimental plan for Budget Period 2

– Originally 3/31/18, moved to 5/31/18
– 50% complete 

‣ 3.1:  Successful observation of changes in baseline cell structure and chemistry 
after life testing 

– Originally 6/31/18, moved to 8/30/18
– 20% complete

‣ 4.1: Successful development of a model for electrolyte degradation during 
electrolysis, based on the observations from Tasks 2 and 3 

– Originally 9/30/18, moved to 11/30/18
– 50% complete
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Accomplishments: Calculating oxygen 
potential in the electrolyte

‣ Milestone 4.1 Successful development of a model for electrolyte degradation 
during electrolysis, based on the experimental observations. 

Boundary conditions:

Determine Oxygen partial pressure 
via electron concentration:
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Accomplishments: Effect of Oxygen 
Electrode Polarization Resistance

‣ Critical oxygen pressure for 
YSZ electrolyte fracture: 

‣ c is a crack radius, v is the 
Poisson ratio and 𝐾𝐾𝐼𝐼𝐼𝐼 the 
fracture toughness of the 
material

‣ Higher oxygen electrode 
resistance yields higher 
overpotential.  Beyond a 
critical value this yields 
fracture near the oxygen 
electrode

𝑅𝑅𝑃𝑃𝐻𝐻 = 0.1 Ω 𝑐𝑐𝑐𝑐2

i =-1.5 A/cm2

T  = 800𝑜𝑜𝐶𝐶
𝑡𝑡𝑌𝑌𝑌𝑌𝑌𝑌=20µm

97%  𝑯𝑯𝟐𝟐 + 3% 𝑯𝑯𝟐𝟐O Air
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Accomplishments:
Effect of Current Density

‣ Higher electrolysis current 
density yields higher oxygen 
pressure at the oxygen 
electrode

– Can lead to fracture 
when critical value is 
exceeded

‣ Higher electrolysis current 
density yields lower oxygen 
pressure at the fuel electrode

– Can yield fuel electrode 
degradation by, e.g., 
formation of Ni-Zr alloy 
formation at Ni-ZrO2
interface.

𝑅𝑅𝑃𝑃𝑜𝑜 = 0.9 Ω 𝑐𝑐𝑐𝑐2

𝑅𝑅𝑃𝑃𝐻𝐻 = 0.1 Ω 𝑐𝑐𝑐𝑐2

T  = 800𝑜𝑜𝐶𝐶
𝑡𝑡𝑌𝑌𝑌𝑌𝑌𝑌=20µm

97%  𝑯𝑯𝟐𝟐 + 3% 𝑯𝑯𝟐𝟐O Air
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Accomplishments: Solid Oxide 
Electrolysis Cell Fabrication

‣ SOECs have been fabricated using 
a combination of tape casting and 
screen printing

‣ The cell structure and performance 
has been optimized and fabrication 
of a large set of cells in underway

‣ This meets Milestone 1.1
– Successful fabrication of at least 

20 baseline cells with porous 
electrode structures allowing for 
high electrochemical activity and a 
<20 µm thick, dense (>90%) 
electrolyte 

※ STFC: Sr(Ti0.3Fe0.63Co0.07)O3

GDC: Gd0.1Ce0.9O2

YSZ: 1 mol.% Fe2O3-doped 8YSZ
8YSZ: 8 mol.% Y2O3-stabilized ZrO2



HydroGEN: Advanced Water Splitting Materials 13

-3 -2 -1 0 1 2 3
0

0.3

0.6

0.9

1.2

1.5

1.8

 

 

Ce
ll V

ol
ta

ge
 / 

V

Current Density / A cm-2

Accomplishments: Solid Oxide 
Electrolysis Cell Performance

‣ Cell performance has been fully 
characterized

‣ Cell current density at expected 
electrolysis voltage, and cell 
resistance, are as desired

‣ The performance results meet 
the second part of Milestone 1.1:

– < 1.3 V at 1.0 A/cm2 (800 oC, 
in air and humidified 
hydrogen)

0 0.2 0.4 0.6 0.8 1.0 1.2
0

0.1

0.2

0.3

 

 
- Z

" /
 Ω

 c
m

2

Z' / Ω cm2 

[I–V curves with different temperatures]
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[EIS results]

The SOEC indicates the cell voltage of ~1.15 V
at 1 A cm–2 (800 oC).
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Accomplishments: Life tests of 
SrTi0.3Fe0.7O3 air electrode 

‣ EIS data collected from cells with STF electrodes tested at various current 
densities (800 oC)

– Ohmic and polarization resistance components are extracted by fitting 
the EIS spectra

‣ Results show initial changes in cell performance followed by stabilization
– Electrodes appear stable even at high current density

‣ Meets Milestone 2.1: Successful life testing (~1000 hr) of the baseline cell 
type showing different degradation rates and mechanisms over a wide range 
of operating conditions 
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Accomplishments: Metal-Supported 
Solid Oxide Electrolysis Cells (LBNL)

‣ Advantages include low cost, high 
strength, thermal cycling capability

‣ First MS-SOEC results
‣ Initial performance excellent
‣ Fast degradation

 Symmetric Structure Metal-Supported Solid Oxide Electrolysis Cells (MS-SOECs)
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 LBNL (this work), ScSZ as electrolyte
 [1] NorthwesternU, 2017 (ASC), LSGM
 [2] NorthwesternU, 2015 (ASC), YSZ
 [3] SICCAS, 2015 (MSC), ScSZ
 [4] DTU, 2014 (ASC), YSZ
 [5] DLR, 2009 (MSC), YSZ
 [6] EIfER, 2008 (ASC), YSZ
 [7] UBordeaux, 2010 (ASC), YSZ

with 50% H2 - 50% H2O (in General)

[1] Gao, Z. et al. (2017). ACS Appl. Mater. Interfaces, 9(8), 7115-7124. [2] Gao, Z. et al. (2015). J. Mater. Chem. A, 3(18), 9955-9964.
[3] Chen, T. et al. (2015). Electrochem. Commun., 54, 23-27. [4] Ebbesen, S. D. et al. (2014). Chem. Rev., 114(21), 10697-10734.
[5] Schiller, G. et al. (2009). J. Appl. Electrochem., 39(2), 293-301. [6] Brisse, A. et al. (2008). Int. J. Hydrogen Energy, 33(20), 5375-5382.
[7] Chauveau, F. et al. (2010). J. Power Sources, 195(3), 744-749.
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Accomplishments: 
Stability of MS-SOECs (LBNL)

‣ Fast initial degradation, probably due to nanoparticle coarsening
‣ Stability is improved by pre-oxidizing the cell before infiltration
‣ Further testing to longer times will show if performance stabilizes
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Accomplishments: 
Alternative cells and testing (INL)

‣ Developed anode supported solid oxide electrolysis cells 
– Provide additional electrochemical life test data from cells that are 

different from those made at Northwestern, providing a broader range of 
data on which to base theory development

‣ Electrochemical testing of both INL and Northwestern SOECs
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Accomplishments Summary

• Full cell development is complete, allowing us to prepare the required number 
of cells for testing in the remaining budget period

• Theory of oxygen potential versus position in electrolyte is complete.  Models for 
electrolyte degradation versus oxygen potential are nearly complete.  The 
combination will allow us to make direct comparisons of degradation with 
experiment in the remaining budget period.

• Life testing is partially completed, and we expect to be able to complete in the 
remaining budget period.

• We fully expect that we will be able to make good quantitative comparisons 
between model and experiment, and thereby vet the model as needed for the 
Go/No-Go milestone.

• The major impact of this milestone to the broader water-splitting research 
community will be in providing a better understanding of degradation 
mechanisms. This will in turn allow development of improved electrolysis cells 
with low degradation at high current density
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Collaboration: Effectiveness

• With the EMN node at LBNL: their metal-supported SOECs 
provide additional data for comparison with theory, and an 
alternative pathway to robust low-degradation cells

• The EMN node at INL is utilizing alternative electrolysis cells and 
testing methods, complementing results at NU

• We have communicated with and provided feedback to the “2B 
Benchmarking/Protocols” team – this is especially important for 
SOECs, for which benchmarks/protocols are mostly not defined

• We have begun sharing data with LBNL using the data hub.  If we 
can use the hub to obtain obtain SOEC data from the broader 
HydroGEN program, this will aid theory development
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Proposed Future Work

• Budget period 2* ($326k):
– Advanced versions of the solid oxide electrolysis cells (SOECs) will be life 

tested using electrochemical and microstructural characterization
– Refine electrolyte degradation theory, and develop electrode 

degradation models
– Achieve promising SOEC durability (e.g. < 20 mV/kh)
– Define the optimized SOEC design for the next project period
– HydroGEN EMN nodes (LBNL and INL) will continue to enhance the 

project with alternative cell designs and testing methods
• Budget period 3* ($336k):

– Optimized SOECs will be fabricated and life tested
– Longer life tests will be used to help refine and validate the electrolyte 

and electrode degradation theories  
– End of project goals include well-developed predictive degradation 

models and SOECs that meet program durability targets
– HydroGEN EMN nodes (LBNL and INL) will continue to enhance the 

project with input on alternative cell designs and testing methods
*   Any proposed future work is subject to change based on funding levels
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Project Summary

• A model has been developed that predicts the oxygen potential across the 
electrolyte in a solid oxide electrolysis cell. When compared with model 
that predicts the effective oxygen pressure that causes oxygen bubble 
nucleation, conditions where cell degradation occur are predicted
– Predicted effects of electrode resistance, current density, and operating 

temperature in basic agreement with experimental observations
• Solid oxide electrolysis cells have been fabricated 

– Preliminary tests indicate very good performance – these will be used in 
ongoing testing

– Results to date show that a new oxygen electrode material exhibits
excellent performance and low degradation rate at high current density

• First-ever results on metal-supported solid oxide electrolysis cells from LBNL 
show promising initial performance, but fast degradation

• On track to project goals – obtain quantitative electrolyte degradation 
theory and high-performance cells with low degradation rate
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