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Crystal Structure of NASICON by Rietveld Structural Refinement
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Abstract X-ray powder diffraction data were collected at room temperature and 250°C on NASICONS,
prepared by solid-state reaction and sol-gel methods. The results of Rietveld refinements of these data
were examined. The monoclinic-rhombohedral phase transition followed by only small atomic displace-
ments. The variations in the frameworks of these phases consisting of linked ZrOs and Si{P)O, groups
altered the distribution of Na* ions in the vacancies. These NASICONSs could be represented by the gen-
eral formula with a slight deficiency of zirconium, Na i+« ,Zr.—,S1.Ps- 1. The Na site occupancy slightly
changed with the methods of prepatation. The sum of the occupancy factors for Na(1) and Na(3) sites
was approximated one at room temperature but somewhat greater sodium ion than one per unit formula
occupied Na(1l) and mid Na sites at 250°C. The possible Na ion pathways at room temperature and 250
°C differed completely. It is concluded that mid Na sites present approximately at half way between Na
(1) and Na(2) sites and these sites play an important role of Na ion transport at 250°C
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Table 1. Final refinement parameters for the NASICONs

Compound }» SR v—f— SG
Room Temp. l 250°C Room Temp. \ 250°C
space group ‘ C2/c 3C ( C2/¢c R3C
a(A) | 156240(9) 9.0401(4) | 15617(2) 9.0321(6)
b(A) 9.0402(6) 904014) | 9027(1) | 9.0321(6)
c(A) 9.2040(6) 23014(1) | 9.210(1) 23.011(2)
Aldeg.) 123.691(3) 123.757(6)
y(deg.) 120(0) 120(0)
V(A" 1081.7(6) | 16288(2) 1079(6) 1625.7(2)
No. Contrib. refl. 680 { 683 229
R | 8.80% 4.94% 10.02% 5.55%
R, 455 F 457 1.73
Ry | 4.89 ; 5.81 7.38
R, 1 6.83 6.69 ] 401
Formula from Naj 2211 651:P Oz | Naj 56211 0S1.P1O | Nas 221 oS1,POy; | Nas osZry uS1P O
Rietveld occupancies |

a) Containing ca. 4.3% ZrO: refined together with the main phase

b) Rupr=100{ZW {y.—y.)/ZW(y,)*} "
Re=100{(N=P+C)/ZWy} ">
Ry=100% | L—L | /2L
Re=100% | yo~yea | 2| yal
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Table 2(a). Atomic positions, site occupancies, thermal parameters, and important bond lengh( A )

for SR at R.T..
X y z B Occupancy
Zr 0.102(1) 0.251(1) 0.057(1) 3.0801 0.978(2)
Si/P(1) 0.357(1) 0.108(2) 0.261(1) 2.5047 1
Si/P(2) 0 0.039(3) 1/4 4.5665 0.5
0o(1) 0.137(2) 0.438(3) 0.220(3) 8.3040 1
0(2) 0.438(1) 0.454(2) 0.090(2) 1.3401 1.
0(3) 0.254(2) 0.185(3) 0.206(0) 3.9480 1
O(4) 0.383(0) 0.135(0) 0.112(0) 2.7389 1
0O(5) 0.448(0) 0.175(0) 0.444(0) 5.2276 1
0(6) 0.081(0) 0.146(0) 0.237(0) 2.2523 1
Na(1) 1/4 1/4 1/2 20.9214 0.290(2)
Na(2) 1/2 0.894(3) 1/4 4.6555 0.5
Na(3) 0.827(2) 0.113(4) 0.882(4) 19.9367 0.830(3)

Zr-0(1) 1x2.12 (3)
Zr-0(2) 1x2.17 (2)
Zr-0(3) 1x2.07 (2)
Zr-0(4) 1x1.990(6)
Zr-0(5) 1x2.113(5)
Zr-0(6) 1x2.083(6)
<Zr-O> 2.09

Si/P(1)-0(1) 1x1.55(3)
Si/P(1)-0(3) 1x1.56(3)
Si/P(1)-0(4) 1x1.65(3)
Si/P(1)-0(5) 1x1.61(1)
<Si/P(1)-0> 1.59
Si/P(2)-0(2) 2x1.45(2)
Si/P(2)-0(6) 2x1.65(1)
<8i/P(2)-0> 1.55

Na(3)-0(1) 2x2.52(2)
Na(3)-0(2) 2x2.25(4)
Na(3)-0(3) 2x2.90(5)
Na(3)-0(3) 2x2.29(4)
Na(3)-0(5) 2x2.54(4)
Na(3)-0(6) 2x2.98(3)
<Na{3)-0> 2.58

Na(1)-0O(1) 2x2.572(1)

Na(1)-0(3) 2x2.76 (3)

Na(1)-0O(6) 2x2.80 (2)
<Na(1)-O0> 2.71

Na(2)-0O(1) 2x2.34 (4)
Na(2)-0(4) 2x2.67 (2)
Na(2)-0(5) 2x2.546(7)
Na(2)-0(6) 2x2.61 (2)
<Na(2)-0> 254

Table 2(b). Atomic positions, site occupancies, thermal parameters, and important bond lengh( A )

for SR at 250°C.

X y z B Occupancy
Zr 0 0 0.147(1) 0.1628 0.324(3)
Si/p 0.288(1) 0 1/4 0.1116 0.5
o(1) 0.173(1) —0.040(1) 0.194(1) 2.8030 1
0(2) 0.195(1) 0.172(1) 0.191(4) 0.7628 1
Na(1) 0 0 0 4.2398 0.067(4)
Na(2) 0.636(1) 0 1/4 2.3654 0.315(5)
mid-Na 0.971(8) 0.810(7) 0.979(2) 8.0826 0.160

Zr-0(1) 3x2.064(7)
Zr-0(2) 3x2.118(9)
<Zr-0> 2.09

Na(1)-0(2) 2x2.667(9)
<Na(1)-0> 2.67

Na(2)-0(1) 2x2.85 (2)
Na(2)-O(1) 2x2.78 (1)
Na(2)-0(2) 2x2.56 (1)

Si/P-O(1) 2x1.59 (1)
Si/P-0(2) 2x1.582(9)
<Si/P-0> 1.59

mid Na-O(1) 1x2.80(8)
mid Na-O(1) 1x2.34(5)
mid Na-0(2) 1x2.57(6)

Na(2)-0(2) 2x2.471(3)
<Na(2)-O0> 2.67

mid Na-O(2) 1x2.25(7)
mid Na-0(2) 1x2.32(5)
<mid Na-O> 2.46
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Table 2(c). Atomic positions, site occupancies, thermal parameters, and important bond lengh( A )
for SG at R.T..

X y z B Occupancy
Zr 0.101(1) 0.250(2) 0.055(1) 5.0643 0.968(4)
Si/P(1) 0.355(2) 0.109(3) 0.264(3) 4.9754 1
Si/P(2) 0 0.034(4) 1/4 6.3111 0.5
0o(1) 0.139(4) 0.426(6) 0.227(5) 9.1153 1
0(2) 0.447(2) 0.456(4) 0.102(4) 4.9682 1
0(3) 0.258(3) 0.169(5) 0.210(4) 3.8436 1
0(4) 0.380(3) 0.137(5) 0.099(5) 7.8872 1
0(5) 0.447(3) 0.177(4) 0.429(4) 5.8622 1
06) 0.090(3) 0.144(5) 0.246(5) 7.7803 1
Na(l) 1/4 1/4 1/2 9.6057 0.239(7)
Na(2) 1/2 0.889(4) 1/4 5.2383 05
Na(3) 0.828(3) - 0.118(6) 0.883(6) 20.7548 0.908(3)

Si/P(1)-0(1) 1x1.65(6)
Si/P(1)-0(3) 1x1.41(5)
Si/P(1)-0(4) 1x1.78(6)
Si/P(1)-0(5) 1x1.53(3)
<Si/P(1)-0> 1.59
Si/P(2)-0(2) 2x1.33(4)
Si/P(2)-0(6) 2x1.73(6)
<Si/P(2)-0> 1.53

Na(3)-0(1) 1x2.49(7)
Na(3)-0(2) 1x2.23(5)
Na(3)-0(3) 1x2.35(6)
Na(3)-0(3) 1x2.81(7)
Na(3)-0(5) 1x2.49(7)
Na(3)-0(6) 1x2.91(6)
<Na(3)-O> 2.57

Zr-0(1) 1x2.09(5)
Zr-0(2) 1x2.22(4)
Zr-0(3) 1x2,16(3)
Zr-0(4) 1x1.90(5)
Zr-O(5) 1x2.12(4)
Zr-0(6) 1x2.09(5)
<Zr-0> 2.10

Na(1)-0(1) 2x2.65(4)

Na(1)-0(3) 2x2.83(4)

Na(1)-0(6) 2x2.45(3)
<Na(1)-O> 264

Na(2)-0(1) 2x2.31(7)
Na(2}-0(4) 2x2.73(5)
Na(2)-0(5) 2x2.66(4)
Na(2)-0(6) 2x2.65(6)
<Na(2)-O0> 2.59

Table 2(d). Atomic positions, site occupancies, thermal parameters, and important bond lengh( A )
for SG at 250C.

X y z B Occupancy
Zr 0 0 0.147(1) 0.1015 0.323(6)
Si/P 0.283(1) 0 1/4 0.0168 0.5
o) 0.175(1) —0.040(2) 0.195(1) 3.0367 1
0(2) 0.195(1) 0.174(1) 0.190(1) 1.1465 1
Na(1) 0 0 0 1.9398 0.074(2)
Na(2) 0.636(2) 0 1/4 2.1654 0.335(6)
mid-Na 0.97(1) 0.817(8) 0.986(3) 3.0826 0.134

Si/P-0(1) 2x1.55(1)
Si/P-0(2) 2x1.57(1)
<Si/P-0> 1.56

Zr-0(1) 3x2.109(8)
Zr-0(2) 3x2.13 (1)
<Zr-0> 221

Na(1)-0(2) 6x2.66(1)
<Na(1)-0> 2.66

Na(2)-0(1) 2x2.82 (2)
Na(2)-0(1) 2x2.80 (1)
Na(2)-0(2) 2x2.54 (2)
Na(2)-0(2) 2x2.485(4)
<Na(2)-O0> 2.66

mid Na-O(1) 1x2.85(9)
mid Na-O(1) 1x2.30(6)
mid Na-O(2) 1x2.39(7)
mid Na-0(2) 1x2.31(8)
mid Na-O(2) 1x2.45(7)
<mid Na-O> 2.46
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(b), (c), and (d) represent calculated datas, observed datas,

Bragg reflections for separated mineral phases, and residuals, respectively.
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Fig. 2. Final Rietveld refinement plot for SR-250C. (a),
datas, Bragg reflections for separated mineral phases, and residuals, respectively.

(b), (¢), and (d) represent calculated datas, observed
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Fig. 3. Final Rietveld refinement plot for SG-RT. (a), (b), (c), and (d) represent calculated datas, observed datas,
Bragg reflections for separated mineral phases, and residuals, respectively.
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Fig. 4. Final Rietveld refinement plot for SG-250C. (a), (b), (¢), and (d) represent calculated datas, observed
datas, Bragg reflections for separated mineral phases, and residuals, respectively.
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Table 3. Refinements results for the 250°C data sets forced into the other models.
SR SG
Rhombohedral with Rhombohedral with
Na(l) and Na(2) Monoclinic Na(1) an Na(2) Monoclinic
sites sites
space group R3C C2/C R3C C2/C
a(A) 9.0385(5) 15.660(3) 9.0318(6) 15.638(2)
b(A) 9.0385(5) 9.040(2) 9.0318(6) 9.035(1)
c(A) 23.010(2) 9.279(2) 23.010(2) 9.273(1)
V(A?) 1627.9(2) 1085.9(7) 1625.5(2) 1083.8(5)
Ruwr 5.30% 5.35 5.75 5.42
R: 1.74 1.74 1.73 1.73
Rs 5.84 6.40 9.42 8.54
R» 3.99 4.05. 5.98 3.89
4 slth. 22 Rietveld refinement parameter ZLe] A4t el g4 @e 3E Fubglic
= Table 1 velidc}. (259 ¢4, oc I gdeA glemzn Aot FolZ 83
cupation, thermal parameter ¥ 8% 2% t} o 7)o M+ refinementd] Z7] 2wle] E
ZAolE Table 2(a),(b),(c),{d)ell vhehHgloh g5 279 xS YA =Y Hxe}
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2 sich(Fig.3,4). = HhdHel Na(l) #gle Ads) d A4
Aew 250C Yy AAA e e 7zt U2 Zratg+ ohi BFsA Vel ol
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Fig. 5. Schemetic projection of the monoclinic
NASICON structure in the (010) plane obtained from
X-ray Rietveld refinement. Open circles represent sodi-
um ions: Na(1), smallest circles; Na(2), intermediate
size circles; Na(3), largest circles.
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Fig. 6. The NASICON structure of rhombohedral phase
obtained from X-ray Rietveld refinement. Open circles
represent sodium ions: Na(1), smallest circles; Na(2),
intermediate size circles; mid—Na, largest circles.
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Fig. 7. Schemetic projection of the rhombohedral NASICON structure in the (001) plane obtained from X-ray
Rietveld refinement. Open circles represent sodium ions: Na(1), smallest circles; Na(2), intermediate size circles;

mid-Na, largest circles.



514 FEANB3R] A6H A5 (1996)

mid Nazl2]l& =z}A]8l¢ct. SR3} SG A &E&
o] #AS$ 2x4(free zirconia)olvt $-z]Ato]
A5t dAAY FellA U7t Heojd A
2 Az

4.4 B

Solgell o2 Alz=% NASIL-
250°Cel A8 XAl 34 "ol
Ag P A oy FES

kg
CON¢j #2-=
£ flEdE
At

1) monoclinicell 4 rhombohedral® A o]
7 delv® A5 Hee of% zgted,
ZrOs ZhAet SHP)O, AHHAZ 7R F
AL ta 2 A vebsdch

2) ol& Wy o g Az NASICONE Zro]
-5 vl 3hetof & 3484, Navr o Zr-,SiPs-
Op28 ®2dd 5 i

3) Mzl wel Na o]E9 #te] Hf
£o] Wistslgdn} Ab&ol A+ Na(l)zk Na(3)
Apeje] Apel HF vlgel go] Aol 14 7}t
7h o), Bhehale] Abg-st =S #HAkgk 250°C
o419 Na(1)3} mid Nazle]9 =g
o & 18 433t

3) &3 250°CA 48] Na o] &2f o] A=
b g o 7 Uy =¥ 250CeAA=
Na(1)zt2]¢} Na(2)#}2] Ale]e] mid Naz} &
sk, o] b7} Naol&9f o]Fe| F8%
Ag¢E ¢& o4 F Ao

zAte) 2
ol

B AFE fFFeae] SHAT A (3
AWM3F :92-23-00-03)F Ad¥Z FPF
B olel ZHAE =3uiT,

Z2 g 8

oy

A&

1. H Y. -P. Hong, Mater. Res. Bul, 11, 173
(1976)

2. J. B. Goodenough, H. Y. -P. Hong and J.
A. Kafalas, Mater. Res. Bull, 11, 203
(1976)

3. U Von Alpen, M. F. Bell and H- H
Hoefer, Solid State lonics, 3/4, 215(1981)

4. H Kohler and H. Schulz, Solid State
Tonics, 9/10, 795(1983)

5 P. R. Rudolf, M. A. Subramanian, A.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

. U. Von Alpen,

Clearfield and J. D. Jorgensen, Mater. Res.
Bull, 20, 643(1985)

. J. P. Boilot, G. Collin and R. Comes, J.

Solid State Chem., 50, 91(1983)

. J. P. Boilot, G. Collin and Ph. Colomban,

Mater. Res. Bull., 22, 669(1987)

. J. P. Boilot, J. P. Salanie, G. Desplanches

and D. Le Porter, Mater. Res. Bull, 14,
1469(1979)

M F. Bell and W.
Wickelhaus, Mater. Res. Bull,, 14, 1317
(1979)

H. Kohler, H Schulz and O. Melnikov,
Mater. Res. Bull,, 18, 1143(1983)

H. Kohler and H. Schulz, Mater. Res. Bull.,
20, 1461(1985)

P. R. Rudolf, A. Clearfieid, and J. D.
Jorgensen, J. Solid State Chem., 72, 100
(1988)

R. A. Young, Pers. Comm.

M. Schneider, Pers. Comm.

J. -J. Didisheim, E. Prince, and B. ].
Wuensch, Solid State lonics., 18/19, 944
(1986)

P. R. Rudolf, A. Clearfield, and J. D.

Jorgensen, Solid State Ionics, 21, 213
(1986)
J. -L. Robert, G. Della Ventura, M.

Raudsepp. and F. C. Hawthorne, Eur. J.
Mineral,, 5, 199(1993)

G. Della Ventura, J. -L. Robert, M
Raudsepp. and F. C. Hawthorne, Am. Min-
eral., 78, 980(1993) :
J. P. Boilot, G. Collin and Ph. Colomban, J.
Solid State Chem., 73, 160(1988)

R.J. Hill, J. Appl. Cryst., 25, 589(1992)

R. J. Hill, and L M.D. Cranswick, J. Appl
Cryst., 27, 802(1994)

Ak, Mo, Zhed, e e,
32(8), 957(1995)

W. H. Baur, J. R. Dygas, D. H. Whitmere,
and J. Faber, Solid State Ionics, 18/19, 13
(1986)

C. T Prewitt and R. D. Shannon, Trans.
Am. Cryst. Assoc., 5, 51(1969)



