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Program	
  Focus:	
  Develop	
  sodium-­‐based	
  baKery	
  chemistries	
  for	
  large	
  
scale	
  energy	
  storage	
  

H.	
  Zhu,	
  S.	
  Bhavaraju,	
  and	
  R.	
  Kee.	
  “Computa(onal	
  model	
  of	
  a	
  sodium–copper-­‐iodide	
  rechargeable	
  baKery,”	
  Electrochimica	
  Acta	
  (2013).	
  

Na discharge! "!!! Na+ + e# CuI2
! + e! discharge" #""" Cu(s)+ 2I !

•  Sodium-­‐air	
  
•  Sodium-­‐ion	
  
•  Low	
  temperature	
  sodium-­‐sulfur	
  
•  Sodium-­‐bromine:	
  	
  Na	
  	
  +	
  	
  ½	
  Br2	
  	
  çè	
  	
  Na+	
  	
  +	
  	
  Br-­‐	
  	
  	
  	
  
•  Sodium-­‐iodine:	
  	
  Na	
  	
  +	
  	
  ½	
  I2	
  	
  çè	
  	
  Na+	
  	
  +	
  	
  I-­‐	
  
•  Sodium-­‐copper	
  iodide:	
  Na	
  +	
  CuI2-­‐	
  çè	
  Na+	
  +2I-­‐	
  +	
  Cu(s)	
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•  High	
  ionic	
  conduc(vity	
  

•  High	
  electrical	
  resis(vity	
  

•  Robust	
  stability	
  in	
  extreme	
  
chemical	
  environments	
  

	
  

•  Facile,	
  low	
  cost	
  synthesis	
  	
  

The	
  ceramic	
  separator	
  is	
  central	
  to	
  Na-­‐ba3ery	
  performance!	
  

Ceramic	
  requirements:	
  

Na-­‐Based	
  BaKeries	
  Depend	
  on	
  
Ceramic	
  Solid	
  State	
  Electrolytes	
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Na1+xZr2P3-­‐xSixO12	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Na3Zr2PSi2O12	
  
x	
  =	
  2	
  

What	
  is	
  NaSICON?	
   (Sodium	
  (Na)	
  Super	
  Ionic	
  Conductor)	
  

F.	
  Delnick	
  

NaSICON	
  with	
  
10%	
  excess	
  ZrO2	
  

Key	
  NaSICON	
  aKributes:	
  	
  

•  High	
  ionic	
  conduc(vity	
  (up	
  to	
  10-­‐2	
  S/cm	
  at	
  RT)	
  

•  High	
  electrical	
  resis(vity	
  

•  Robust	
  stability	
  in	
  extreme	
  chemical	
  
environments	
  

	
  

•  Facile,	
  low	
  cost	
  synthesis	
  

These	
  quali9es	
  all	
  depend	
  on	
  the	
  materials	
  
chemistry	
  of	
  the	
  ceramic!	
  

?	
  
?	
  

?	
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§  Understanding	
  the	
  materials	
  chemistry	
  of	
  the	
  solid-­‐state	
  ion-­‐
conductor	
  NaSICON	
  

	
  
§  Correla(ng	
  material	
  chemistry	
  to	
  materials	
  proper(es	
  (e.g.,	
  
chemical	
  stability,	
  ionic	
  conduc(vity,	
  ceramic	
  integrity)	
  

	
  
§  Designing	
  improvements	
  to	
  NaSICON	
  through	
  processing	
  and	
  
composi(on	
  to	
  op(mize	
  performance	
  for	
  Na-­‐based	
  baKeries	
  

Research	
  Focus:	
  NaSICON	
  	
  
Ceramic	
  Solid	
  State	
  Electrolytes	
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Ahmad,	
  et	
  al.	
  Sol.	
  St.	
  Ionics.	
  (1987)	
  24:	
  89-­‐97.	
  	
  

A. Ahmad et al.INASICONS, their composition and processing 

I 1 I I I I I 1 

0.48 1.2 I.6 20 2.4 3.04 

Kov 

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 
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NaSICON	
  performance	
  depends	
  on	
  phase	
  chemistry!	
  
	
  

Secondary	
  phase	
  forma(on	
  can	
  have	
  a	
  significant	
  impact	
  on:	
  

•  structural	
  integrity	
   •  chemical	
  stability	
  •  ionic	
  conduc9vity	
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Sodium	
  phosphates	
  

NaSICON	
  performance	
  depends	
  on	
  phase	
  chemistry!	
  
	
  

Secondary	
  phase	
  forma(on	
  can	
  have	
  a	
  significant	
  impact	
  on:	
  

•  structural	
  integrity	
   •  chemical	
  stability	
  •  ionic	
  conduc9vity	
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High	
  solubility	
  of	
  sodium	
  phosphates	
  in	
  
acid	
  and	
  base	
  can	
  lead	
  to	
  mechanical	
  

failure!	
  



Phase	
  Dependence	
  on	
  Processing	
  

Phase	
  composi(on	
  of	
  NaSICON	
  depends	
  on	
  processing	
  
–  Solid	
  state	
  processing	
  of	
  NaSICON	
  ceramics	
  typically	
  involves	
  an	
  

extended	
  high	
  temperature	
  firing	
  stage	
  (>1200oC,	
  >12	
  hours)	
  

8	
  

244 R.S. Gordon et al. / Fabrication and  ,haracter izat ion ~¢ Nasicon electrolytes 
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Fig. I. Tentative phase relations in the Nasicon ZrO2 phase 
field (from X-ray analyses of sintered specimens). 

Another potentially economical approach 
[4] for the formation of Nasicon is the 
mechanical mixing, calcination (1150-1160°C), 
milling and subsequent sintering of ZrSiO2 and 
Na~PO~ powder mixtures. Bar samples of milled 
powder mixtures were isostatically pressed and 
sintered at temperatures between 1100 and 
1250°C. X-ray diffraction analysis of the calcined 
powder indicated that the phases present were 
Nasicon and ZrSiO4 at concentration levels of 
~95% and ~5%,  respectively. The sintered sam- 
ples possessed an approximate phase com- 
position consisting of Nasicon (~90%), ZrSiO4 
(=5%) and ZrO: (~5%).  The ZrO2 phase in- 
creased in amount with increasing sintering 
temperature. 

2.2. Gel-process preparation of Nasicon 

Two compositions were chosen for the 
production of homogeneous powders by gel 

formation: Na3Zr2Si2POI_, and Na~Zr2Si:~P, 7Ol> 
The raw materials used in the preparation of 
these powders were: (1) ammonium zirconium 
carbonate solution (AZC), (2) colloidal silica, (3) 
sodium nitrate (NaNO~), (4) ammonium 
hydrogen phosphate ((NH4)zHPO4), and (5) 
citric acid. Citric acid was used as an aid for gel 
formation. The preparation procedure involved 
the dispersion and stable suspension of the silica 
in a solution containing the remaining com- 
ponents. These mixtures were heated between 
90 and 12()°C where a glassy transparent matrix 
formed due to the presence of the polyfunc- 
tional acid. The mixtures were then pyrolized to 
their component oxides by heating to 400°C for 
4 h. Residual carbon was removed by calcining 
the material at 900°C. The resultant "'soft 
cakes" were then milled using dense a-alumina 
media leading to a mean particle size of 2 # m. 
Bar samples were uniaxially pressed and isos- 
tatically pressed. Sintering in air was performed 
at temperatures between 1175 and 1300°C. X- 
ray examination of the calcined powder in- 
dicated that the material was basically non- 
crystalline. Two detectable phases were present: 
Nasicon and trace amounts of ZrO2. The x = 2.3 
composition had only a trace of ZrO2 while the 
x = 2.0 composition had slightly more. 

An evaluation of selected sintering conditions 
for the two compositions studied is given in 
table I. The existence of single-phase Nasicon is 
highly dependent upon the firing condition and 
the overall composition. The presence of ZrO2 
as a second phase is clearly evident at all tem- 
peratures above 1175°C for the x = 2 com- 
position. In the x = 2.3 composition, its ap- 
pearance does not become apparent until the 
temperature exceeds ~-1250°C. In both com- 
positions, increasing amounts of ZrO2 formed as 
the sintering temperature was raised. The per- 
centage of zirconia present as a second phase in 
the x = 2 composition at 1125°C is essentially 
equal to the quantity that was observed in 
material prepared from mechanically mixed 
powders. This result supports the hypothesis 
that the presence of ZrO2 in sintered Nasicon is 
due to the phase equilibria of the system and 
not necessarily to kinetic limitations caused by 

R.S.	
  Gordon,	
  et	
  al.	
  Solid	
  State	
  Ionics.	
  3/4	
  (1981)	
  
243-­‐248.	
  	
  

“Decomposi(on”	
  of	
  NaSICON	
  

High	
  temperature	
  processing	
  leads	
  to	
  deleterious	
  secondary	
  phases!	
  
Will	
  a	
  lower	
  temperature	
  process	
  resolve	
  phase	
  impurity?	
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Solu<on	
  
reac<on	
  and	
  
precipita<on	
  

Ball	
  Mill	
  

Press	
  Pellets	
  

Sinter	
  (900	
  -­‐	
  1100C)	
  

Calcine	
  powder	
  
(600-­‐800C)	
  

	
  

Rotavap	
  
to	
  dryness	
  

Sol-­‐gel	
  processing	
   Thermal	
  analysis	
  
iden(fies	
  NaSICON	
  
forma(on	
  
temperature.	
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X-­‐ray	
  diffrac(on	
  shows	
  
the	
  presence	
  of	
  
Na3Zr2PSi2O12	
  (o)	
  and	
  
	
  

• Tetragonal	
  ZrO2	
  (Z)	
  
• Monoclinic	
  ZrO2	
  (�) 
	
  

• Na3PO4	
  (Y)	
  	
  
• Na2Si2O5	
  (X)	
  

secondary	
  phases.	
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X-­‐ray	
  diffrac(on	
  shows	
  
the	
  presence	
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Lessons	
  from	
  Low	
  	
  
Temperature	
  Processing	
  

•  Phase	
  evolu(on	
  during	
  hea(ng	
  is	
  complex!	
  
•  Lower	
  processing	
  temperatures	
  result	
  in	
  significant	
  secondary	
  

phase	
  forma(on.	
  
•  Secondary	
  phase	
  are	
  not	
  formed	
  just	
  from	
  high	
  temperature	
  

processes,	
  but	
  can	
  be	
  residual	
  from	
  incomplete	
  low	
  temperature	
  
conversions.	
  

•  Higher	
  temperatures	
  appear	
  to	
  be	
  needed	
  for	
  complete	
  phase	
  
conversion,	
  but	
  high	
  ToC	
  is	
  expected	
  to	
  lead	
  to	
  secondary	
  phases.	
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What	
  Next?	
  



Excess	
  Sodium	
  Addi(on	
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Thermal	
  Analysis	
  and	
  XRD	
  show	
  NaSICON	
  forma(on	
  at	
  lower	
  temperatures	
  with	
  
excess	
  Na!	
  

Excess	
  sodium	
  addi(on	
  appears	
  to	
  change	
  the	
  energe(cs	
  of	
  NaSICON	
  conversion,	
  likely	
  by	
  
affec(ng	
  mass	
  transport	
  in	
  liquid	
  phase	
  elements	
  of	
  sintering.	
  

905oC	
  

Excess	
  Sodium	
  Reduces	
  	
  
Effec(ve	
  Processing	
  Temperature	
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Wrapping	
  Up…	
  

•  NaSICON	
  ceramics	
  are	
  promising	
  solid	
  state	
  electrolytes	
  for	
  Na-­‐
based	
  baKeries.	
  	
  

•  Controlling	
  secondary	
  phase	
  chemistry	
  is	
  cri(cal	
  to	
  op(mizing	
  
NaSICON	
  performance.	
  

•  Reducing	
  processing	
  temperatures	
  does	
  not	
  improve	
  NaSICON	
  
phase	
  purity.	
  

•  Addi<on	
  of	
  small	
  amounts	
  of	
  excess	
  sodium	
  drama<cally	
  reduces	
  
secondary	
  phase	
  forma<on	
  at	
  lower	
  temperatures!	
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What	
  have	
  we	
  learned?	
  	
  



Looking	
  Forward	
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Targe9ng	
  synthesis	
  of	
  improved	
  NaSICON	
  stability	
  to	
  enable	
  integra9on	
  into	
  next	
  
genera9on	
  Na-­‐based	
  ba3eries:	
  	
  	
  

•  Explore	
  alterna(ve	
  mechanisms	
  to	
  reduce	
  
processing	
  temperatures	
  with	
  high	
  phase	
  
purity.	
  

•  Inves(gate	
  alterna(ve	
  precursor	
  pathways	
  
to	
  control	
  phase	
  chemistry.	
  

•  Evaluate	
  effects	
  of	
  phase	
  chemistry	
  on	
  
sodium	
  ion	
  transport/conduc(vity.	
  

•  Examine	
  chemical	
  stability	
  of	
  NaSICON	
  as	
  
affected	
  by	
  addi(ves	
  (such	
  as	
  sodium).	
  

•  Study	
  the	
  rela(onships	
  between	
  phase	
  
chemistry	
  and	
  microstructure	
  (e.g.,	
  grain	
  
structure)	
  with	
  respect	
  to	
  NaSICON	
  
performance.	
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