
•  No	
  crossover,	
  eliminates	
  cathode-­‐anode	
  materials	
  compa4bility	
  issues	
  
•  Planar	
  bipolar	
  stacks	
  &	
  flow	
  designs	
  are	
  possible	
  	
  

Phosphate	
  Glasses	
  Silicate	
  Glasses	
  

Engineered	
  sol-­‐gel	
  processing	
  allows	
  for	
  lower	
  temperature	
  processing	
  and	
  tailoring	
  of	
  
NaSICON	
  composi4on	
  to	
  address	
  secondary	
  ZrO2	
  forma4on.	
  	
  	
  

Reducing	
  firing	
  temperature	
  
below	
  1100oC	
  or	
  introducing	
  a	
  
small	
  excess	
  of	
  sodium	
  to	
  the	
  
sol-­‐gel	
  precursors	
  drama4cally	
  
reduces	
  ZrO2	
  forma4on.	
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Dissolu4on	
  of	
  phosphate	
  glassy	
  
par4cles	
  is	
  implicated	
  in	
  the	
  
degrada4on	
  of	
  NaSICON.	
  

Under	
  alkaline	
  condi4ons	
  (14	
  
days,	
  RT)	
  NaSICON	
  pellets	
  show	
  
signs	
  of	
  physical	
  degrada4on.	
  

Programma4c	
  Goals	
  and	
  Objec4ves	
  	
  	
  

Na1+xZr2P3-­‐xSixO12	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Na3Zr2PSi2O12	
  
x	
  =	
  2	
  

The	
  Chemistry	
  of	
  NaSICON	
  –	
  Toward	
  understanding	
  and	
  op:mizing	
  behavior	
  
•  NaSICON	
  is	
  a	
  mul4-­‐component	
  material	
  having	
  complex	
  

chemistry.	
  
•  High	
  temperature	
  synthe4c	
  routes	
  oXen	
  produce	
  secondary	
  

“contaminant”	
  phases.	
  
•  These	
  secondary	
  phases	
  can	
  and	
  do	
  drama4cally	
  affect	
  

performance	
  and	
  stability.	
  

Decreased	
  ionic	
  conduc5vity	
  leads	
  to	
  decreased	
  ba7ery	
  performance.	
  	
  	
  
How	
  can	
  we	
  address	
  excess	
  ZrO2?	
  

Ahmad,	
  et	
  al.	
  Sol.	
  St.	
  Ionics.	
  (1987)	
  24:	
  89-­‐97.	
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Fig. 3 - Energy dispersive X-ray peaks for 
Na-ka, Si-ka and Zr-La ! P-Ku. The 
broken line and the solid line 
represent, respectively, the spectra 
of the light grey and dark grey phases 
in Fig. 2 (bottom). 

glass phase considerably. The effect is 
dramatically illustrated in Fig. 4 which is a 
scanning electron micrograph of a polished 
section of the interface between a H Naaicon of 
x = 2.0 and alumina when they are heated in 
contact with each other. The bottom portion of 
this micrograph represents the Naaicon and the 
top part the alumina. An amorphous material has 
formed between the two, from which alpha alumina 
has crystallized out on cooling. The Nasicon 

Fig. 4 .- SEM of a polished section of the 
interface between Hong Nasicon and 
alumina when sintered in contact. The 
dark phase at the top is the site of 
the alumina; the bottom portion is the 
Naaicon substrate and the grey 
interface, a sodium 
aluminoailicophoaphate with some 
dissolved zirconia from which alpha 
alumina has precipitated. 

Fig. 5 - SEM of polished sections of a Hong 
Naaicon of x = 1.5 aintered at 1300°C 
for 1 h (top) and 16 h (bottom). 

has lost a considerable part of its non-zirconia 
constituents to the glassy interface and has 
precipitated copious amounts of free zirconia in 
the process. 

The effect of aintering time on the 
microstructure of H Naaicon of x = 1.5 is shown 
in the SEM micrographs in Fig. 5. Because of 
the loss of Na and P from the surface (left aide 
of Fig. 5 top and bottom), large amounts of 
zirconia are precipitated at the surface. The 
size and amount of the zirconia crystals 
exsolved increases with an increase in  the 
sinter ing time. It is also observed that as a 
result of the precipitation of the coarse 
zirconia, and its consequent expansion on 
cooling, the body of the Nasicon disc cracks 
profusely after 16 h aintering, Fig. 5. 
Although precipitation of free zirconia was 
detected in all Hong compositions, only the H, x 
= 1.5 exhibited cracking upon extended aintering 
to 16 h. No such cracking occurs in VA samples; 
also the zirconia precipitation at the surface 
is negligibly small, Fig. 6. This difference in 
behaviour between H and VA materials can be 
qualitatively understood to result from the 
compositional changes which occur during the 
firing cycle : microprobe data have established 
(15) that considerable amounts of phosphorous 

Scanning	
  electron	
  micrograph	
  of	
  monoclinic	
  ZrO2	
  in	
  
NaSICON	
  produced	
  at	
  1300oC	
  sintering	
  temperature.	
  

Why	
  NaSICON?	
  
(Sodium	
  (Na)	
  Super	
  Ionic	
  Conductor)	
  

•  Reduce	
  the	
  cost	
  of	
  energy	
  
to	
  	
  <	
  100	
  $/kWh	
  

•  Develop	
  a	
  suite	
  of	
  sodium-­‐
based	
  ba`ery	
  solu4ons	
  to	
  
fill	
  the	
  mul4ple	
  applica4on	
  
needs	
  for	
  sta4onary	
  
storage	
  	
  

•  Facilitate	
  short	
  
development	
  4meframe	
  

Fully	
  realizing	
  sodium	
  ba7ery	
  
poten9al	
  will	
  require	
  stable,	
  high	
  

conduc9vity	
  NaSICON.	
  

Ionic	
  conduc4vity	
  
decreases	
  with	
  	
  
excess	
  ZrO2.	
  

ZrO2	
  Phase	
  Leads	
  to	
  Reduced	
  Conduc:vity	
   Glassy	
  Phases	
  Reduce	
  Stability	
  	
  

200 400 600 800 1000 1200 1400 1600
82

84

86

88

90

92

94

96

98

100

102

M
as

s%

T ime (minutes)

 1000 C
 1100 C

At thermal  hold temperature.

Below	
  1100oC,	
  sodium	
  and	
  
phosphate	
  vola4lity	
  is	
  
drama4cally	
  reduced.	
  

Thermogravimetric	
  Analysis	
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X-­‐ray	
  Diffrac4on	
  

Glassy	
  silicate	
  and	
  phosphate	
  phases	
  reduce	
  NaSICON	
  stability,	
  
thereby	
  compromising	
  reliability.	
  

ICP	
  analysis	
  of	
  NaSICON	
  
powder	
  dissolu4on	
  	
  

Aqueous	
  powder	
  dissolu4on	
  studies	
  (7	
  days,	
  RT):	
  
•  Zr-­‐solubility	
  in	
  acid	
  
•  Si-­‐solubility	
  in	
  base	
  
•  Na,	
  PO4	
  solubility	
  under	
  all	
  condi4ons	
  

Refinement	
  of	
  NaSICON	
  conversion	
  chemistry	
  and	
  sintering	
  
condi5ons	
  are	
  expected	
  to	
  address	
  deleterious	
  glass	
  forma5on.	
  

Op4mized	
  NaSICON	
  conduc4vity	
  and	
  stability	
  will	
  enable	
  advanced	
  
ceramic	
  structures	
  for	
  versa4le,	
  efficient	
  ba`ery	
  development.	
  	
  	
  	
  

NaSICON	
  is	
  a	
  high	
  conduc4vity	
  (up	
  to	
  
10-­‐2	
  S/cm	
  at	
  room	
  ToC)	
  solid	
  state	
  
electrolyte	
  that	
  is	
  stable	
  against	
  molten	
  
sodium	
  and	
  which	
  we	
  are	
  using	
  in	
  
development	
  of	
  a	
  family	
  of	
  sodium-­‐
based	
  ba`ery	
  technologies.	
  

Glassy	
  phases,	
  par4cularly	
  sodium	
  phosphates,	
  decrease	
  stability	
  in	
  alkaline	
  electrolytes.	
  
Select batteries under development	


1.  Sodium-air	


2.  Sodium-ion	


3.  Low temperature sodium-sulfur	


4.  Sodium-bromine:  Na  +  ½ Br2  çè  Na+  +  Br-   

3.79  V 987  Wh/kg	


5.  Sodium-iodine:  Na  +  ½ I2  çè  Na+  +  I-      

3.25 V  581 Wh/kg	
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NaSICON	
  with	
  
10%	
  excess	
  ZrO2	
  

NaSICON	
  with	
  
minimal	
  ZrO2	
  

1000/T 
F.	
  Delnick	
  

Au	
  contacts	
  
Measured	
  in	
  air	
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Our	
  approach:	
  	
  
1)  study	
  the	
  effects	
  that	
  secondary	
  phases	
  have	
  on	
  performance	
  	
  
2)  determine	
  how	
  to	
  tailor	
  the	
  phase	
  composi4on	
  in	
  order	
  to	
  control	
  

performance	
  	
  
3)  prepare	
  improved	
  materials	
  based	
  on	
  this	
  increased	
  understanding	
  of	
  

NaSICON’s	
  complex	
  chemistry	
  

CERAMATEC	
  

Tubes	
  

Discs	
  

Enabling	
  Prototype	
  Development	
  

Synthesis	
  and	
  Stability	
  of	
  NaSICON	
  for	
  Sodium-­‐Based	
  BaWeries	
  

Dr.	
  Erik	
  D.	
  Spoerke,	
  Dr.	
  Nelson	
  Bell,	
  Dr.	
  Frank	
  Delnick,	
  Cynthia	
  Edney,	
  Bonnie	
  McKenzie	
  	
  
*Team	
  Lead:	
  Dr.	
  David	
  Ingersoll	
  -­‐	
  Sandia	
  Na:onal	
  Laboratories,	
  Albuquerque,	
  NM	
  USA	
  

	
  Drs.	
  	
  D.	
  Ingersoll,	
  E.	
  Spoerke,	
  N.	
  Bell,	
  F.	
  
Delnick,	
  T.	
  Anderson,	
  R.	
  Cygan,	
  K.	
  Zavadil,	
  
C.	
  ApbleW,	
  J.	
  Ihlefeld;	
  	
  Sandia	
  Na:onal	
  
Laboratories	
  –	
  ion	
  transport,	
  long	
  term	
  
stability,	
  cathode	
  chemistry,	
  and	
  
prototype	
  development	
  

Prof.	
  E.	
  Wachsman;	
  	
  University	
  of	
  
Maryland	
  –	
  solid-­‐state	
  ionics	
  

Profs.	
  R.	
  Kee,	
  J.	
  Porter,	
  	
  Colorado	
  
School	
  of	
  Mines	
  –	
  system-­‐level	
  
modeling	
  and	
  simula:on	
  (Mod-­‐
Sim),	
  advanced	
  spectroscopy.	
  

Dr.	
  S.	
  Bhavaraj,	
  Ceramatec	
  –	
  prototype	
  
development	
  and	
  ceramic	
  supplier	
  

R. Kee, 	


conceptual designs	
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