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•  Bryan	  Blackburn,	  CEO/CTO	  
– ExperPse	  in	  SOFC	  materials	  /stack	  /	  reformer	  development,	  design/test	  of	  
electrical	  and	  mechanical	  systems,	  and	  manufacturing	  

– Currently	  PI	  on	  4	  large	  Dept.	  of	  Energy	  SOFC	  projects	  (EERE,	  NETL,	  ARPA-‐E)	  
– Project	  management	  experience	  leading	  teams	  of	  dozens	  of	  engineers	  working	  
on	  materials,	  subsystems,	  and	  systems	  development	  

•  Thomas	  Langdo,	  VP	  of	  R&D	  
– ExperPse	  in	  the	  design,	  fabricaPon,	  and	  manufacturing	  of	  advanced	  materials,	  
solid	  state	  devices,	  and	  microelectronics	  

– ExperPse	  in	  SOFC	  materials	  scale-‐up,	  techno-‐economic	  analyses,	  and	  stack	  
development	  	  

•  Sean	  Bishop,	  Sr.	  Materials	  Engineer	  
– ExperPse	  in	  materials	  characterizaPon,	  processing,	  design	  and	  defect	  modeling	  
– ExperPse	  in	  thermal	  and	  chemical	  expansion	  of	  materials	  and	  stoichiometry	  
– Project	  management	  experience	  for	  large	  R&D	  groups	  at	  MIT	  and	  Kyushu	  
University	  (Japan)	  focused	  on	  SOFC	  and	  related	  materials	  characterizaPon	  and	  
development	  

Introduction to Redox Project Team 
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•  CALCE	  	  
– Prof.	  Michael	  Pecht	  

• world	  leader	  in	  accelerated	  tesPng,	  electronic	  parts	  selecPon,	  supply-‐chain	  management	  
• led	  first	  academic	  research	  facility	  in	  the	  world	  to	  be	  ISO	  9001	  cerPfied	  
• developed	  techniques	  for	  extending	  the	  lifePme	  of	  ba`eries	  and	  related	  devices	  under	  
real	  world	  operaPng	  condiPons	  

– Prof.	  Peter	  Sandborn	  
• expert	  in	  system	  life-‐cycle	  and	  risk	  economics	  for	  various	  technologies	  
• experience	  in	  analyses	  for	  return	  on	  investment,	  design	  for	  availability,	  and	  maintenance	  
opPmizaPon	  for	  energy	  technologies	  

•  UMERC	  
– Prof.	  Eric	  Wachsman	  

• acPve	  in	  NETL	  SOFC	  degradaPon	  invesPgaPons	  for	  more	  than	  a	  decade	  
• developed	  unique	  techniques	  for	  invesPgaPng	  degradaPon	  of	  cathode	  materials	  
• ceramic	  anode	  material	  used	  in	  this	  project	  developed	  through	  a	  mulPyear	  UMERC/	  
Redox	  effort	  

Introduction to Partner Organizations 
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• Purpose:	  To	  develop	  a	  high	  power	  density	  solid	  oxide	  fuel	  cell	  
(SOFC)	  stack	  that	  is	  reducPon-‐oxidaPon	  (red-‐ox)	  stable	  for	  
robust,	  reliable,	  and	  lower	  cost	  distributed	  generaPon.	  

• Objec=ves:	  To	  improve	  the	  red-‐ox	  stability	  of	  Redox	  stacks	  
while	  reducing	  costs	  through:	  	  
– the	  scale-‐up	  and	  opPmizaPon	  of	  all-‐ceramic	  anode	  material	  processing	  and	  cell	  
fabricaPon	  for	  lower	  cost	  manufacturing;	  	  

– the	  determinaPon	  of	  all-‐ceramic	  anode	  degradaPon	  mechanisms	  and	  
opPmizaPon	  of	  anode	  composiPons/geometries	  for	  enhanced	  red-‐ox	  stability;	  	  

– the	  demonstraPon	  of	  a	  1-‐2	  kW	  stack	  that	  is	  more	  robust	  for	  red-‐ox	  cycling	  with	  
the	  use	  of	  accelerated,	  lifecycle,	  and	  failure	  tesPng;	  and	  	  

– the	  demonstraPon	  of	  at	  least	  a	  10%	  reducPon	  in	  system	  cost	  and	  at	  least	  a	  30%	  
reducPon	  O&M	  costs	  compared	  to	  a	  system	  without	  a	  red-‐ox	  stable	  stack.	  

4	  

Relevance: Project Objectives 
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•  DegradaPon	  mechanisms	  of	  the	  cell	  components	  
include	  	  
–  coarsening	  of	  the	  microstructure	  over	  Pme	  
–  decomposiPon	  of	  materials	  
–  interfacial	  chemical	  reacPon	  of	  electrode	  materials	  
with	  electrolyte	  at	  the	  interface	  

–  layer	  delaminaPon	  	  
–  coking	  and	  sulfur	  poisoning	  of	  the	  anode	  	  

•  Furthermore,	  nickel	  cermet	  anodes	  are	  also	  
prone	  to	  re-‐oxidaPon,	  which	  causes	  a	  volume	  
change	  of	  >60%	  that	  can	  mechanically	  damage	  
the	  anode	  or	  other	  components	  

11/16/2016	   5	  
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• The	  main	  limitaPon	  for	  Ni-‐based	  cermet	  anodes	  
(e.g.	  NiO/YSZ)	  is	  poor	  stability	  in	  red-‐ox	  cycling	  

•  Red-‐ox	  cycles	  can	  be	  expected	  during	  long-‐term	  fuel	  cell	  operaPon	  	  
–  unexpected	  fuel	  supply	  interrupPons	  
–  high	  fuel	  uPlizaPon	  under	  high	  current	  loads	  
–  gas	  sealing	  failures	  

•  Re-‐oxidaPon	  can	  result	  from	  abnormal	  condiPons	  in	  fuel	  supply	  system	  	  
–  fuel	  starvaPon	  and	  a	  subsequent	  increase	  in	  the	  oxygen	  parPal	  pressure	  

above	  the	  Ni	  thermodynamic	  oxidaPon	  threshold	  
–  oxygen	  ingress	  into	  the	  anode	  through	  pinholes	  and	  other	  defects	  in	  the	  

electrolyte,	  or	  through	  imperfect	  gas	  seals	  

•  SOFCs	  have	  to	  cope	  with	  possible	  red-‐ox	  cycling	  during	  transient	  states	  
–  start-‐up/shut-‐down	  
–  cell	  condiPoning	  protocols	  (first	  operaPon)	  
–  thermal	  cycling	  or	  thermal	  runaway	  condiPons	  
–  reforming	  dynamics	  

11/16/2016	   6	  
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•  Nickel	  cermet	  anodes	  offer	  a	  good	  balance	  between	  
power	  density,	  structural	  strength,	  and	  efficiency	  

•  But,	  ulPmately	  will	  fail	  upon	  red-‐ox	  cycling	  
–  As	  much	  as	  69%	  volume	  change	  

–  Less	  than	  desirable	  robustness	  	  
creates	  the	  risk	  for	  long-‐term	  	  
reliability	  issues	  (microcracks)	  

–  Fast	  kinePcs	  for	  reducPon-‐oxidaPon	  
of	  nickel	  at	  high	  temperatures	  	  
(failure	  can	  be	  fast)	  

–  Irreversible	  changes	  to	  microstructure	  	  
during	  red-‐ox	  cycling	  can	  lead	  to	  	  
severe	  degradaPon	  in	  electrical	  	  
and	  mechanical	  properPes	  	  
(failure	  can	  be	  slow)	  

7	  11/16/2016	  
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Redox cycling of Ni-based SOFC

a Æ b
NiO–YSZ reduction

� NiO Æ Ni (41% ǻV)
� Increase in porosity
� Electrical 

conductivity
� Particle growth in the 

Ni phase
b Æ c
Re-oxidation

� Chemical expansion 
Ni Æ NiO (69% ǻV)

� Expansion of the 
anode substrate

� Stress upon the 
electrolyte

a b

c

J. Malzbender et al. / Solid State Ionics 176 (2005) 2201– 2203

621/09/2011

Redox instability of SOFC
• Re-oxidation is NOT a problem if

1. cumulative RedOx strain is low enough 
so that the electrolyte can take the cyclic 
load without breaking

2. redox cycling shows a reversible 
behaviour – anode/cell return to original 
dimension after a redox cycle

• Unfortunately, often an irreversible
behaviour is observed

• Model describing the RedOx
mechanism (2005)
• cyclic RedOx is irreversible due to 

mobility/coarsening of the Ni
• causes a cumulative (irreversible) bulk 

expansion of the anode support leading 
to disruption of the cell

T. Klemensoe et.al. / J. Electrochem. Soc., 152 [11] A2186-A2192 (2005)

Red-Ox Cycling and Ni-cermet Anodes 



•  Metal-‐supported	  SOFCs	  
–  A	  metal-‐supported	  SOFC	  with	  a	  thin	  anode	  helps	  reduce	  impact	  
of	  red-‐ox	  cycling	  

–  Processing	  difficulPes	  make	  such	  cell/stack	  approaches	  difficult	  
•  generally	  results	  in	  lower	  power	  densiPes	  and	  thus	  higher	  costs	  

•  Ceramic	  anode	  supported	  cells	  
–  Various	  materials	  developed	  

•  Ptanates	  (e.g.,	  SrTi0.75Nb0.25O3)	  
•  molybdates	  (e.g.,	  Sr2MgMoO6)	  
•  chromates	  (e.g.,	  La0.2Sr0.7	  Cr0.5Mn0.5	  O3-‐δ)	  
•  ferrites	  (e.g.,	  La0.6Sr0.4	  Fe0.9Mn0.1	  O3-‐δ)	  
•  vanadates	  (La0.8Sr0.2VO3-‐δ)	  	  

–  ConducPvity	  sufficient	  but	  not	  outstanding	  
–  Require	  high	  temperature	  pretreatment	  to	  acPvate	  conducPvity	  

•  therefore	  cannot	  leverage	  advantages	  of	  lower	  	  
temperature	  operaPon	  (e.g.,	  lower	  TEC	  mismatch)	  

Alternate Approaches to Red-Ox Stable Stack 
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•  Control	  system	  malfuncPons,	  emergency-‐stop	  
situaPons,	  and	  natural	  gas	  supply	  disrupPon	  are	  
real	  possibiliPes	  

•  Safety	  gas	  system	  is	  one	  way	  to	  deal	  with	  this	  
– Help	  with	  respect	  to	  catastrophic	  failure	  but	  with	  
increased	  cost	  and	  size	  

•  More	  than	  1.5	  Pmes	  the	  physical	  size	  
•  PotenPally	  contributes	  to	  doubling	  of	  the	  levelized	  cost	  of	  
electricity	  (LCOE)	  if	  stack	  needs	  to	  be	  replaced	  every	  2-‐3	  years	  

•  Does	  not	  address	  long-‐term	  performance	  issues	  
associated	  with	  seal	  degradaPon	  

Potential System Solutions and Tradeoffs 
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•  Ceramic	  anode…minor	  non-‐stoichiometry	  should	  
create	  only	  small	  dimensional	  change	  
–  Minimize	  internal	  stress	  
–  Chemical	  tolerance	  
–  Engineer	  thermal	  	  
expansion	  coefficient	  

•  New	  Redox	  material	  
–  High	  conducPvity	  ~	  20	  S/cm	   	   	   	   	   	   	   	   	   	  

	  when	  acPvated	  below	  650°C	  
–  AlternaPves	  must	  be	  	  
acPvated	  >900	  °C	  and	  	  
sPll	  have	  lower	  conducPvity	  

• SNT	  pretreated	  at	  930°C:	  8.2	  S/cm	  
• SNT	  pretreated	  at	  650°C:	  1.7	  S/cm	  

–  Most	  other	  materials	  
lack	  compaPbility	  with	  GDC	  	  
electrolytes	  

Temperature	  dependent	  DC	  conducPvity	  of	  ceramic	  
anodes	  in	  comparison	  to	  standard	  Ni-‐GDC	  anode	  
measured	  in	  reducing	  gases.	  	  

Redox’s Approach: A New Ceramic Anode Support 
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Nyquist	  plot	  of	  the	  impedance	  spectra	  for	  the	  same	  cell.	  

I-‐V	  characterisPc	  for	  ceramic	  anode-‐
supported	  cell	  with	  a	  GDC	  electrolyte	  in	  
humidified	  H2	  at	  various	  temperatures.	  	  

Peak	  Power	  Density	  
~0.75	  W/cm2	  @	  550°C	  
~0.3	  W/cm2	  @	  450	  °C	  

Ceramic Anode Cell Performance 

Ohmic	  ASR:	  0.17	  Ω-‐cm2	  @	  550°C	  	  
Total	  ASR:	  0.24	  Ω-‐cm2	  @	  550°C	  	  
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Using	  reformate	  gas	  mixture	  (>	  15%	  CH4)	  at	  ~500	  °C	  
with	  a	  fixed	  current	  density	  of	  0.2	  A/cm2.	  	  

Long-‐term	  Stability	  	  

Summary	  
•  RelaPvely	  high	  open	  circuit	  voltage	  and	  high	  power	  density	  even	  at	  
low	  temperatures	  

•  Stable	  performance	  with	  degradaPon	  rate	  <	  0.3%	  per	  1000h	  
•  AddiPonal	  opPmizaPon	  is	  possible	  (focus	  of	  this	  project)	  

Ceramic Anode Cell Operational Stability 
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650	  °C.	  	  

Bar	  of	  composite	  (ceramic	  anode	  +	  GDC)	   Ceramic	  anode	  material	  on	  YSZ	  pellet	  
650	  °C.	  	  

Red-Ox Cycling Stability of New Ceramic Anode 

• AlternaPng	  between	  10%	  H2/N2	  (iniPal)	  and	  air	  
• Aver	  first	  few	  cycles,	  slight	  decrease	  in	  
conducPvity,	  a`ributed	  to	  sample	  preparaPon	  
rather	  than	  intrinsic	  property	  of	  the	  material	  	  

• ConducPvity	  relaPvely	  stable	  even	  aver	  20	  cycles	  

• Three-‐electrode	  symmetric	  cell	  arrangement	  
• Successive	  red-‐ox	  cycles	  in	  air	  and	  5%H2/N2	  
with	  a	  N2	  purge	  in	  between	  each	  change	  in	  
gas	  composiPon	  

• Almost	  no	  change	  in	  ohmic	  and	  non-‐ohmic	  
contribuPons	  to	  ASR	  
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(A)	


(B)	


(C)	


(A)  SEM	  showing	  ceramic	  anode	  before	  
exposure	  to	  reducing	  gas	  	  

(B)	  SEM	  showing	  ceramic	  anode	  aver	  9	  red-‐ox	  
cycles,	  illustraPng	  that	  no	  major	  
reconstrucPons	  or	  other	  changes	  occur,	  
aside	  from	  some	  minor	  texturing	  of	  grains.	  	  

(C)	  A	  comparison	  showing	  the	  micro-‐cracks	  
that	  form	  during	  red-‐ox	  cycling	  of	  a	  
convenPonal	  Ni-‐YSZ	  cermet.	  	  

Red-Ox Cycling Stability of New Ceramic Anode 

Journal	  of	  Power	  Sources	  195	  (2010)	  5452–5467	  
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15	  11/16/2016	  

Red-Ox Cycling Stability of New Ceramic Anode 
•  XRD	  (not	  shown)	  shows	  the	  absence	  of	  impurity	  phases	  when	  the	  sample	  

is	  reduced	  at	  650	  °C	  in	  hydrogen	  for	  24	  hours	  

•  Dilatometer	  used	  to	  measure	  dimensional	  changes	  of	  ceramic	  anode	  
pellet	  during	  red-‐ox	  cycling	  (H2/N2	  mix	  à	  N2	  purge	  à	  air)	  using	  an	  
atmosphere-‐controlled	  quartz	  reactor	  

•  ~0.12%	  linear	  expansion	  in	  switch	  between	  
a	  reducing	  and	  oxidizing	  gas	  environment,	  
which	  amounts	  to	  a	  <0.4%	  volume	  
expansion	  

•  Considerably	  be`er	  than	  69%	  volume	  
change	  for	  NiàNiO	  

650	  °C.	  	  



1.  Scale-‐up	  and	  opPmizaPon	  of	  all-‐ceramic	  anode	  material	  
processing	  and	  cell	  fabricaPon	  for	  lower	  cost	  manufacturing;	  

2.  DeterminaPon	  of	  all-‐ceramic	  anode	  degradaPon	  mechanisms	  
with	  an	  opPmizaPon	  of	  anode	  composiPons	  and	  geometries	  for	  
enhanced	  red-‐ox	  stability	  of	  the	  opPmized,	  robust	  cells;	  

3.  DemonstraPon	  of	  a	  1-‐2	  kW	  stack	  that	  is	  more	  robust	  for	  red-‐ox	  
cycling	  with	  the	  use	  of	  accelerated,	  lifecycle,	  and	  failure	  tesPng;	  
and	  

4.  DemonstraPon	  of	  at	  least	  a	  10%	  reducPon	  in	  system	  cost	  and	  at	  
least	  a	  30%	  reducPon	  O&M	  costs	  compared	  to	  a	  system	  without	  
a	  red-‐ox	  stable	  stack.	  

Project Objectives 
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Atmosphere	  and	  temperature	  controlled	  fixture	  for	  
mechanical	  tesPng	  of	  cell	  materials	  under	  relevant	  
condiPons	  and	  to	  be	  used	  in	  conjuncPon	  with	  
computaPonal	  modeling.	  	  

mechanical	  
strength	  
tesPng	  

Large	  format	  
cell	  process	  
opPmizaPon	  

Task	  Descrip=on	  

•  OpPmize	  shrinkage	  and	  sintering	  parameters	  for	  a	  target	  cell	  
camber	  of	  <	  100	  μm/cm	  without	  pinholes;	  

•  Scale-‐up	  producPon	  demonstraPon	  using	  roll-‐to-‐roll	  laminaPon	  
and	  other	  techniques	  for	  low	  cost	  manufacturing;	  

•  OpPmize	  performance	  with	  improved	  catalyst	  infiltraPon	  
•  Develop	  improved	  metrology	  techniques	  such	  as	  x-‐ray	  and	  
thermal	  imaging	  to	  improve	  quality	  control	  and	  thus	  reliability;	  	  

•  Use	  defect	  seeding	  to	  test	  both	  the	  defect	  metrology	  methods	  
and	  validate	  performance,	  reliability,	  and	  lifecycle	  cost	  models;	  

•  Determine	  the	  impact	  of	  red-‐ox	  cycling	  on	  electrical,	  
mechanical,	  catalyPc,	  and	  electrocatalyPc	  properPes;	  

•  Determine	  the	  long-‐term	  stability	  of	  the	  materials	  for	  
conPnuous	  cycles	  of	  reducPon-‐oxidaPon	  using	  techniques	  such	  
as	  dilatometry;	  

•  Determine	  the	  cell	  degradaPon	  of	  the	  anode	  under	  normal	  
operaPng	  condiPons	  (relevant	  to	  stack),	  and	  under	  
accelerated	  /	  life-‐cycle	  oriented	  condiPons	  with	  a	  focus	  on	  red-‐
ox	  cycling	  

1. Optimize Large Format Red-Ox Stable SOFC 
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Mul=-‐Physics	  Computa=onal	  Modeling	  

•  Takes	  into	  account	  thermochemical	  and	  physical	  
properPes	  of	  materials	  

•  Captures	  kinePcs	  of	  electrochemical	  and	  heterogeneous	  
reforming	  reacPons	  within	  anode	  

•  Includes	  impact	  of	  thermal	  gradients	  on	  mechanical	  stress	  

Task	  Descrip=on	  
•  Evaluate	  red-‐ox	  stability	  of	  interconnect	  coaPngs	  and	  opPmize	  as	  
necessary	  

• Develop	  red-‐ox	  stable	  anode	  current	  collectors	  /	  contact	  pastes	  
•  Characterize	  and	  if	  necessary	  develop	  red-‐ox	  stable	  sealing	  
configuraPons	  

• Modify	  Redox	  computaPonal	  model	  for	  all-‐ceramic	  anode,	  
incorporaPng	  electrochemistry	  and	  mechanical	  properPes	  under	  
relevant	  red-‐ox	  cycling	  condiPons	  

•  Perform	  thermo-‐mechanical	  studies	  related	  to	  stress	  	  
within	  cell	  /	  stack	  developed	  during	  assembly,	  	  
heaPng,	  and	  operaPon	  

• OpPmize	  stack	  designs	  through	  parametric	  studies	  
to	  improve	  fuel	  distribuPon	  and	  minimize	  thermal	  
gradients	  under	  normal	  operaPon,	  load	  following,	  	  
and	  shutdown	  condiPons	  

2. Develop Red-Ox Stable Stack 
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Stack	  Lifecycle	  Analysis	  Modeled	  and	  Evaluated	  Using:	  
• Strength,	  creep,	  and	  acousPc	  emission	  spectroscopy	  data	  of	  stack	  materials	  &	  
components	  

• MulPphysics	  modeling	  of	  components	  
• Long-‐term	  measurements	  under	  normal	  operaPonal	  condiPons	  

• Power	  output,	  voltage	  changes,	  component	  conducPvity	  
• Accelerated	  stack	  tesPng	  under	  extreme	  temperature	  and	  load	  
• Modeling	  of	  material	  and	  operaPonal	  costs	  over	  lifePme	  of	  stack	  
	  
	  

3. Demonstrate 1-2 kW Red-Ox Robust Stack 
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•  Detailed	  study	  of	  actual	  ISO	  9001	  manufacturing	  processes	  and	  how	  various	  
automaPon	  steps	  can	  decrease	  costs	  and	  improve	  product	  quality	  with	  the	  red-‐ox	  
stable	  stacks;	  

•  Trade	  studies	  on	  how	  best	  to	  form	  interconnects	  and	  seals	  in	  light	  of	  the	  design	  
changes	  that	  are	  likely	  to	  occur	  as	  a	  result	  of	  red-‐ox	  stack	  robustness;	  	  

•  SensiPvity	  studies	  of	  various	  aspects	  of	  the	  manufacturing	  process	  as	  it	  relates	  to	  
specific	  design	  choices	  for	  the	  red-‐ox	  stable	  stack;	  and	  

•  Use	  of	  roll-‐to-‐roll	  manufacturing	  and	  other	  techniques	  in	  scale-‐up	  efforts	  to	  assess	  
the	  impact	  on	  manufacturing	  cost	  in	  high	  volume.	  

4. Demonstrate Reduced System and O&M costs with TEA 

11/16/2016	   20	  

Manufacturing	  Cost	  Analysis	  of	  Sta]onary	  Fuel	  Cells,	  Strategic	  Analysis,	  2012	  



Project	  Schedule	  

11/16/2016	   21	  

NETL Gantt 10-24-2016

Task 1: Project Management, Planning& Reporting 2.17 years

M1.1. Hold Kickoff Meetings

Task 2: Optimization of Large Format SOFC 2.17 years

M2.1. Complete Materials/Cell Characterization

M2.2. Complete Cell Optimization/Start Manufacturing Scaling

Task 3: Develop Red-Ox Robust Stack 2.17 years

M3.1. Complete 10 cm x 10 cm Cell Testing

M3.2. Complete Stack Red-Ox Stability Optimization

M3.3. Demonstrate Target Cell Performance

Task 4: Demonstrate a 1-2kW Red-Ox Robust Stack 6.5 months

M4.1. 1-2kW Stack Demo

Task 5: Economic Analysis for System and O&M Costs 2.17 years

M5.1. Demonstrate 10% CAPEX and 30% O&M Cost Reduction
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Risk	  Management	  

Cannot 
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Risk	  Management	  


