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Research	
  Approach	
  
•  Ni	
  infiltraCon	
  of	
  commercial	
  Ni/YSZ	
  cermet	
  anodes	
  	
  

–  Ni/YSZ	
  anodes	
  are	
  already	
  percolaCng	
  
•  Increase	
  in	
  TPB	
  density	
  	
  

–  Decrease	
  in	
  acCvaCon	
  polarizaCon	
  
–  Increase	
  in	
  anodic	
  exchange	
  current	
  density	
  

•  Only	
  infiltrated	
  Ni	
  parCcles	
  on	
  YSZ	
  will	
  add	
  to	
  TPB	
  length	
  
–  QuanCfy	
  added	
  TPB	
  length	
  by	
  SEM	
  study	
  of	
  fracture	
  cross	
  secCons	
  

•  AddiConal	
  TPBs	
  will	
  be	
  acCve	
  only	
  if	
  they	
  have	
  an	
  electrically	
  
conducCng	
  pathway	
  
–  When	
  are	
  the	
  infiltrated	
  parCcles	
  part	
  of	
  an	
  electrically	
  conducCng	
  pathway?	
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Approach	
  1	
  
Spread	
  the	
  Ni	
  nanoparCcles	
  to	
  form	
  a	
  percolaCng	
  Ni	
  network	
  on	
  
YSZ	
  grains	
  

Ni	
   YSZ	
  

Ni	
  nanoparCcle	
  

Ni	
   YSZ	
  

Approach	
  2	
  
Co-­‐infiltrate	
  Ni	
  nanoparCcles	
  with	
  an	
  MIEC	
  like	
  GDC	
  for	
  electronic	
  
pathway	
  between	
  Ni	
  nanoparCcles	
  

Ni	
   YSZ	
  

GDC	
  

Ac(va(ng	
  Addi(onal	
  TPBs	
  



Characteriza(on	
  of	
  BuIon	
  Cell	
  Microstucture	
  
CAL	
  

AAL	
  

ACCL	
  

YSZ	
  

SEM	
  	
  

Phase	
  
Volume	
  
Frac(on	
  

TPB	
  
density	
  

(µm	
  µm-­‐3)	
  
Nickel	
   38.8%	
  

2.39	
  YSZ	
   32.5%	
  
Pores	
   28.7%	
  



Liquid	
  Infiltra(on	
  of	
  Ni-­‐YSZ	
  Anodes	
  

Peristal(c	
  pump	
  

Nitrate(s)	
  solu(on	
  
with	
  surfactants	
   Deposi(on	
  flask	
  

Vacuum	
  pump	
  

Pressure	
  
gauge	
  

Reduce	
  cell	
  	
  
(800°C,	
  2	
  hours	
  5%	
  H2)�

BuIon	
  cell�

Microstructural/	
  
Electrochemical	
  
Characteriza(on	
   �

Reduce	
  NiO	
  to	
  Ni	
  	
  
(800°C,	
  2	
  hours	
  5%	
  H2)�

N	
  cycles�
Weigh	
  cell �

Liquid	
  infiltra(on	
  
in	
  vacuum	
  
	
  (<10	
  mbar)�

Dry	
  in	
  air	
  (100°C,	
  20	
  
min),	
  decompose	
  
nitrates	
  in	
  air	
  
	
  (320°C,	
  20	
  min) �



Nanopar(cles	
  	
   Ni	
  	
   Ni/GDC	
   GDC	
  

Nitrate	
  
soluCon	
  
molarity	
  

	
  
1	
  M	
  Ni(NO3)2	
  

	
  

2M	
  Ni(NO3)2	
  
0.2M	
  Gd(NO3)3	
  
1.8M	
  Ce(NO3)3	
  

0.2M	
  Gd(NO3)3	
  
1.8M	
  Ce(NO3)3	
  

Rounds	
  of	
  
infiltraCon	
  

5	
   1	
   1	
  

Infiltrate	
   NiO	
   NiO+GDC	
   GDC	
  

Weight	
  gain	
   1.62	
  wt	
  %	
  NiO	
  
(1.27%	
  Ni)	
  

1.24	
  wt%	
  	
  
Ni+GDC	
  

1.3	
  wt%	
  GDC	
  

For	
  the	
  reduced	
  Ni	
  infiltrated	
  sample,	
  ader	
  5	
  cycles,	
  the	
  infiltrated	
  
Ni	
  content	
  is:	
  	
  
•  2.33	
  volume	
  %	
  of	
  anode,	
  or:	
  
•  8.1	
  volume	
  %	
  of	
  the	
  pores	
  

Details	
  of	
  Liquid	
  Infiltra(on	
  



Ni	
  Nanopar(cles	
  in	
  Liquid	
  Infiltrated	
  Anodes	
  

1	
  µm	
  

Liquid	
   infiltraCon	
   of	
   convenConal	
   Ni/YSZ	
   cermet	
   can	
   lead	
   to	
  
deposiCon	
  in	
  the	
  anode	
  acCve	
  layer	
  

Uninfiltrated	
   Infiltrated	
  



Loca(on	
  of	
  Ni	
  Nanopar(cles	
  

•  Ni	
  nanoparCcles	
  on	
  
YSZ	
  grains	
  have	
  
rounded	
  shapes	
  

•  The	
  shape	
  of	
  the	
  
nanoparCcles	
  are	
  
approximately	
  
hemispherical	
  

Ni	
  
nanoparCcles	
  
on	
  YSZ	
  grains	
  
will	
  create	
  

TPBs	
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SEM	
  of	
  fracture	
  
cross-­‐sec(on	
  

Ni	
  Par(cle	
  
Selec(on	
  

Par(cle	
  
Separa(on	
  

Par(cle	
  
Sta(s(cs	
  

SEM	
  of	
  Fracture	
  Cross-­‐Sec(ons	
   FIB-­‐SEM	
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Areal	
  parCcle	
  
density	
  in	
  AAL	
  	
  

(#/µm2)	
  	
  

Average	
  parCcle	
  
diameter	
  in	
  AAL	
  

(µm)	
  	
  

Surface	
  area	
  of	
  pores	
  
per	
  unit	
  volume	
  of	
  
AAL	
  (µm2/µm3)	
  	
  

Volume	
  
fracCon	
  of	
  
pores	
  in	
  AAL	
  	
  

	
  

AddiConal	
  TPB	
  
density	
  in	
  AAL	
  
(µm/µm3)	
  	
  

Calcula(on	
  of	
  Added	
  TPB	
  Density	
  



Addi(onal	
  TPB	
  Density	
  

Ques(on?	
  
Are	
  these	
  TPBs	
  acCve,	
  i.e.,	
  are	
  they	
  a	
  
part	
  of	
  an	
  electrically	
  conducCve	
  
pathway?	
  

TPB	
  in	
  AAL	
  (µm/µm3)	
  
Original	
  Ni/YSZ	
  cermet	
   2.39	
  
Ni	
  nanoparCcles	
   5.99	
  
Total	
  in	
  infiltrated	
  sample	
   8.38	
  



Crea(ng	
  Percola(ng	
  Ni	
  Nanopar(cles	
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  on	
  Nickel	
  Surface	
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Z.	
  Jiao	
  and	
  N.	
  Shikazono,	
  Acta	
  Mater.,	
  vol.	
  135,	
  p.	
  124-­‐131,	
  2017	
  

Ni-­‐YSZ	
  Contact	
  Angle:	
  Thermodynamic	
  Model	
  

Higher	
  current	
  density	
  
Higher	
  cathodic	
  pO2	
  



Electrochemical	
  Ni	
  Spreading	
  Procedure	
  
Group	
  1:	
  With	
  Ni	
  spreading	
  
•  Ni	
  spreading	
  was	
  carried	
  out	
  at	
  high	
  current	
  densiCes	
  with:	
  
•  Pure	
  O2	
  on	
  cathode	
  side,	
  97%H2-­‐3%H2O	
  on	
  anode	
  side	
  
•  800°C	
  
•  I-­‐V	
  down	
  to	
  400	
  mV	
  (into	
  the	
  anode	
  mass	
  transfer	
  limit)	
  

•  Cathode	
  atmosphere	
  was	
  switched	
  to	
  dry	
  air	
  without	
  cooling	
  
•  I-­‐V	
  curves	
  at	
  different	
  temperatures	
  (data	
  presented).	
  

Group	
  2:	
  No	
  Ni	
  spreading	
  
•  I-­‐V	
  measurement	
  carried	
  out	
  at	
  low	
  current	
  densiCes	
  with:	
  
•  Pure	
  O2	
  on	
  cathode	
  side,	
  97%H2-­‐3%H2O	
  on	
  anode	
  side	
  
•  800°C	
  
•  I-­‐V	
  only	
  to	
  725	
  mV	
  (not	
  into	
  the	
  anode	
  mass	
  transfer	
  limit)	
  

•  Cathode	
  atmosphere	
  was	
  switched	
  to	
  dry	
  air	
  without	
  cooling	
  
•  I-­‐V	
  curves	
  at	
  different	
  temperatures	
  (data	
  presented).	
  



Group	
  1:	
  Ni	
  Infiltra(on	
  with	
  Spreading	
  

Power	
  Density	
  at	
  750	
  mV	
  (W/cm2)	
  
Temperature	
  Uninfiltrated	
   Ni-­‐infiltrated	
   Change	
  

800°C	
   0.762	
   0.930	
   +23%	
  
700°C	
   0.292	
   0.418	
   +43%	
  
600°C	
   0.058	
   0.090	
   +54%	
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  Density	
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  97%	
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  H2	
  -­‐	
  3%	
  H2O,	
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  Infiltrated	
  

+23%	
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Current	
  Density	
  (A/cm2)	
  

600°C,	
  97%	
  H2	
  -­‐	
  3%	
  H2O,	
  21%	
  O2	
  

Uninfiltrated	
  
Nickel	
  Infiltrated	
  

+54%	
  Power	
  

750	
  mV	
  

750	
  mV	
  

+43%	
  Power	
  

•  Ni	
  spreading	
  acCvates	
  infiltrated	
  Ni	
  
nanoparCcles	
  

•  Performance	
  improvement	
  increases	
  
with	
  decreasing	
  temperature	
  



•  Ni	
  infiltraCon	
  without	
  Ni	
  spreading	
  
is	
  deleterious	
  to	
  cell	
  performance	
  

Power	
  Density	
  at	
  800	
  mV	
  (W/cm2)	
  
Temperature	
  Uninfiltrated	
   Ni-­‐infiltrated	
   Change	
  

750°C	
   0.264	
   0.288	
   +9%	
  
700°C	
   0.16	
   0.128	
   -­‐20%	
  
650°C	
   0.08	
   0.064	
   -­‐20%	
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  O2	
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  (A/cm2)	
  

700°C,	
  97%	
  H2	
  -­‐	
  3%	
  H2O,	
  21%	
  O2	
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Nickel	
  Infiltrated	
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Current	
  Density	
  (A/cm2)	
  

650°C,	
  97%	
  H2	
  -­‐	
  3%	
  H2O,	
  21%	
  O2	
  

Uninfiltrated	
  
Nickel	
  Infiltrated	
  

+9%	
  Power	
  

800	
  mV	
  

-­‐20%	
  Power	
  

800	
  mV	
  

-­‐20%	
  Power	
  

800	
  mV	
  

Group	
  2:	
  Ni	
  Infiltra(on	
  Without	
  Spreading	
  



Cathode	
  
Anode	
  Electrolyte	
  

300	
  nm	
  

Anode	
  AcCve	
  layer	
  under	
  cathode	
  
(Electrochemically	
  acCve)	
  

300	
  nm	
  

Anode	
  acCve	
  layer	
  not	
  under	
  cathode	
  
(Electrochemically	
  inacCve)	
  

Nanopar(cles	
  Aler	
  High	
  Current	
  Densi(es	
  
Ader	
  Ni	
  spreading	
  and	
  electrochemical	
  tesCng	
  at	
  800°C	
  



Nanopar(cles	
  Aler	
  Extreme	
  Current	
  Densi(es	
  

Cathode	
  

Anode	
  Electrolyte	
  

Ni	
  mostly	
  nanoparCcles	
  
disappeared	
  from	
  the	
  AAL	
  at	
  

extremely	
  high	
  current	
  
densiCes	
  

As-­‐infiltrated	
  

Ader	
  tesCng	
  



1	
  um	
   Electrochemically	
  
ac(ve	
  AAL	
  

Electrochemically	
  
ac(ve	
  bulk	
  anode	
  

Electrochemically	
  
inac(ve	
  AAL	
  

Par(cle	
  Density	
  (#/µm2)	
   1.37	
   8.42	
   15.42	
  
Par(cle	
  Volume	
  (nm3/nm2)	
   0.367	
   0.878	
   1.98	
  

Anode	
  acCve	
  layer	
  not	
  under	
  
cathode	
  

(Electrochemically	
  inacCve)	
  

Nanopar(cles	
  Aler	
  Extreme	
  Current	
  Densi(es	
  
Anode	
  AcCve	
  layer	
  under	
  

cathode	
  
(Electrochemically	
  acCve)	
  

Anode	
  bulk	
  layer	
  under	
  
cathode	
  

(Electrochemically	
  acCve)	
  

Decreasing	
  local	
  current	
  density	
  



Mechanism	
  of	
  Morphology	
  Changes	
  
TPB	
  Ni	
   YSZ	
  

Ni	
  nanoparCcle	
  

Ni	
  vapor	
  species	
  

Increasing	
  local	
  current	
  density	
  

Large	
  Current	
  Density	
  
(Ni-­‐spreading	
  condiCon)	
   Extreme	
  Current	
  Density	
  Low	
  Current	
  Density	
  

High	
  Temperature	
  

Room	
  Temperature	
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Current	
  Density	
  (A/cm2)	
  

Uninfiltrated	
  
Infiltrated	
  

Reducing	
  Local	
  Current	
  Density	
  by	
  using	
  MIEC	
  
Replace	
  Ni/YSZ	
  with	
  Ni/GDC	
  Anode	
  AcCve	
  Layer	
  

Infiltrate	
  Ni,	
  expose	
  to	
  extreme	
  current	
  condiCon	
  at	
  800°C	
  

Overall	
  performance	
  poorer,	
  but	
  posiCve	
  infiltraCon	
  effects	
  remain	
  



Not	
  Under	
  Cathode	
   Under	
  Cathode	
  
Par(cle	
  Density	
  (#/µm2)	
   5.50	
   4.13	
  
Average	
  Diameter	
  (nm)	
   113.72	
   130.94	
  

Par(cle	
  Volume	
  (nm3/nm2)	
   4.45	
   4.24	
  

AAL	
  not	
  under	
  cathode	
  
(Electrochemically	
  inacCve)	
  

Ni	
  Nanopar(cles	
  in	
  Ni-­‐GDC	
  AAL	
  at	
  800°C	
  
AAL	
  under	
  cathode	
  

(Electrochemically	
  acCve)	
  

1	
  um	
   1	
  um	
  

Ni	
  nanoparCcles	
  are	
  more	
  stable	
  under	
  reduced	
  local	
  current	
  density	
  
(electric	
  field)	
  due	
  to	
  the	
  presence	
  of	
  the	
  MIEC	
  (GDC)	
  in	
  the	
  AAL	
  	
  



Co-­‐infiltra(on	
  of	
  Ni	
  and	
  GDC	
  in	
  Ni/YSZ	
  Anode	
  

Ni:GDC	
  molar	
  raCo	
  of	
  1:1	
  



TEM	
  of	
  Ni/GDC	
  Nanopar(cles	
  in	
  Top	
  View	
  



•  Ni-­‐GDC	
  infiltraCon	
  is	
  effecCve	
  
even	
  without	
  Ni	
  spreading	
  

Ni-­‐GDC	
  Co-­‐infiltra(on	
  With	
  No	
  Spreading	
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  H2	
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  H2O,	
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  Coinfiltrated	
  

+39%	
  Power	
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Current	
  Density	
  (A/cm2)	
  

700°C,	
  97%	
  H2	
  -­‐	
  3%	
  H2O,	
  21%	
  O2	
  

Uninfiltrated	
  

Ni-­‐GDC	
  Coinfiltrated	
  

+56%	
  Power	
  

750	
  mV	
  

Power	
  Density	
  at	
  750	
  mV	
  (W/cm2)	
  

Temperature	
   Uninfiltrated	
  
Ni-­‐GDC	
  

Coinfiltrated	
   Change	
  
800°C	
   0.57	
   0.74	
   +30%	
  
750°C	
   0.34	
   0.47	
   +39%	
  
700°C	
   0.17	
   0.27	
   +56%	
  

+30%	
  Power	
  

750	
  mV	
  



•  Ni-­‐GDC	
  co-­‐infiltraCon	
  reduces	
  
acCvaCon	
  polarizaCon	
  

Ni-­‐GDC	
  Co-­‐infiltra(on	
  With	
  No	
  Spreading	
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Conclusions	
  
•	
   	
  Ni	
  infiltraCon	
  is	
  ineffecCve	
  if	
  Ni	
  nanoparCcles	
  are	
  not	
  

	
  percolaCng	
  
• 	
  An	
  iniCal	
  exposure	
  to	
  anodic	
  concentraCon	
  polarizaCon	
  

	
  condiCons	
  is	
  required	
  to	
  spread	
  and	
  percolate	
  the	
  Ni	
  
	
  nanoparCcles	
  and	
  improve	
  cell	
  performance	
  

• 	
  On	
  cooling,	
  percolated	
  nanoparCcles	
  exhibit	
  some	
  
	
  coarsening	
  without	
  significant	
  material	
  loss	
  

• 	
  Exposure	
  to	
  very	
  high	
  current	
  densiCes	
  should	
  be	
  
	
  avoided	
  since	
  it	
  leads	
  to	
  material	
  loss	
  

• 	
  Co-­‐infiltraCon	
  of	
  Ni-­‐GDC	
  is	
  an	
  effecCve	
  way	
  to	
  provide	
  
	
  stable,	
  electrically	
  percolaCng	
  Ni	
  nanoparCcles	
  with	
  
	
  morphological	
  stability	
  that	
  leads	
  to	
  improved	
  
	
  performance	
  and	
  lower	
  polarizaCon	
  resistance	
  

• 	
  Infiltrated	
  GDC	
  appears	
  to	
  have	
  catalyCc	
  acCvity	
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