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The crystal structures of nonstoichiometric and stoichiometric NH+? p-alumina compounds were 
refined by the single crystal X-ray diffraction method. They were synthesized by NH: ion exchange 
(200-210°C) from K p-aluminas (K,+,Al 0 ii 17+x12) of different nonstoichiometry (x = 0.2 and x = 0.5). 
The nonstoichiometric NH: p-alumina having a composition of (NH,),,,Al,,O,,, was derived from a 
large single crystal of K,,, p-alumina (x = 0.2). The stoichiometric NH: p-alumina (NHI()I,OAIIIO,,~O 
was derived from a very thin crystal of extremely nonstoichiometric K,,, p-alumina (x = 0.5). It 
contained only a stoichiometric amount of NH: ions and no interstitial Al and 0 ions were detected 
by the X-ray method. Though the cause of the difference in the exchange reaction is not pinpointed 
yet, it is clear that excess cations could be eliminated during the NH: ion-exchange under certain 
conditions in the p-alumina system. The thermal decomposition of these NH: p-aluminas were also 
discussed on the basis of TGAiDTA data and the lattice parameters. D 1991 Academic PXSS, IK. 

Introduction 

A wide variety of p-alumina compounds 
having protonic species have been reported 
(Z-5). Among them, ammonium (NH:) p- 
alumina (6-8) is one of the most interesting 
material from the viewpoint of structure as 
well as ionic conduction mechanism. This 
compound was first synthesized by Yao and 
Kummer (2) using molten NH,NO, as the 
ion-exchange medium. In early 1980s stud- 
ies on the structure, thermal properties, 
conductivity, and other properties were 
published extensively (6-11). 

NH: p-alumina has been produced by 
NH,+ ion-exchange reaction of Na+ or K+ 
p-alumina in molten NH,NO, bath at about 
200-210°C. The resulting NH: p-alumina is 
known to have a composition of 
(NH4)1+xA111017+x,2 (x -‘I 0.3). Contrary to 

NH,+ @‘-alumina (12-14), water and/or hy- 
dronium ions have not been detected by IR 
study (4, 1.5). The crystal structure analysis 
was accomplished by Colomban et al. (6) 
and Newsam et al. (8). Essentially, their 
results agree with each other. Excess NH,f 
ions were found in the conduction plane and 
the Frenkel defect of the A13+ ion and inter- 
stitial 02- compensating for excess cation 
charge were discovered. In short, their re- 
sults were: (i) NH,f p-alumina contained 
neither water nor hydronium ions in its 
structure. (ii) The nonstoichiometry didn’t 
change during NH: ion exchange and ex- 
cess NH: ions remained in the structure. 
The thermal properties were also investi- 
gated in detail (4, 6-8) in connection with 
its potential use for battery fuel. 

Recently, the NH,+ ion exchange reaction 
of potassium @gallate, which has a /?-alu- 
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mina structure with the chemical formula 
%5Gal,.o%m~ was studied by Ikawa et 
al. (16, 17) and they reported that p-gallate 
lost excess NH: ions together with intersti- 
tial oxygen ions during NH,+ ion-exchange 
reaction, giving stoichiometric NH,f p-gal- 
late, (NH,),.,Ga,,,,0,7,, . They also sug- 
gested a similar reaction would occur in a 
p-alumina system, and threw doubt on the 
composition of the resulting NH: p-alumina 
so far reported. 

Thus, the problems of structure, composi- 
tion of NH,f p-alumina, and NH: ion-ex- 
change reaction are not settled yet. To eluci- 
date the NH: ion-exchange reaction of p- 
alumina, it was examined whether the (i) 
size of the crystal, (ii) amount of excess 
cation in the starting p-alumina, (iii) cation 
species of the starting p-alumina etc. influ- 
ence the resulting composition of NH: p- 
alumina. In the course of the study we could 
obtain stoichiometric as well as nonstoichio- 
metric NH,f p-alumina. So far, several stoi- 
chiometric p-alumina compounds have been 
produced and analyzed (6,18); however, no 
data have been published on the structure 
parameters of stoichiometric NH,f @- 
alumina. 

In the present paper the crystal structure 
of stoichiometric NH: p-alumina, as well 
as that of nonstoichiometric NH,f p-alu- 
mina, is described, and their thermal behav- 
ior is discussed on the basis of the TGA/ 
DTA and crystallographic data. 

Experimental 

1. Preparation 

Two kinds of NH: p-alumina compounds 
were prepared by NH: ion exchange from 
K+ p-alumina having different amounts of 
excess cations. They are designated as 
NH4-K and NH4-B in the present paper. 

NH4-K was obtained by ion exchange 
from K,., p-alumina which was derived from 
Nat,, p-alumina. Nat., p-alumina (Toshiba 
Monoflux) crystals were confirmed to have a 

composition of Na,,,,Al,,,,O,,,, by chemical 
analysis. This means 20% excess Naf over 
stoichiometry. Nat,, p-alumina single crys- 
tals used for ion-exchange were sliced into 
bars with 0.5 mm thickness in the c-plane. 
Conversion of Na,,, p-alumina into K,,, ,8- 
alumina was conducted by conventional K+ 
ion exchange in molten KNO, at 380°C for 
3 days. Sections of exchanged bars were 
checked by line scanning using EPMA (elec- 
tron probe microanalyzer), and no re- 
maining Na+ ion was detected. The re- 
sulting crystals were wrapped in a Pt mesh 
bag, and NH,+ ions were substituted for K+ 
by ion exchange in molten NH,NO, at 
200-210°C for 3 weeks. A polished section 
perpendicular to the c-direction showed no 
remaining K+ ion by EPMA. The exchange 
scheme was 

The starting material of NH4-B was Ba p- 
alumina (B~.,,A1rl,,O,,.,,) which was grown 
by the floating zone (FZ) method (19). At 
first, Ba p-alumina was converted to K p- 
alumina, and then into NH: p-alumina by 
ion exchange. As the NH,+ ion exchange 
was very sluggish, the starting Ba p-alumina 
boules were cut and polished to thin plates 
with 100 pm thickness in the c-plane due 
to an extremely low exchange rate. Ba p- 
alumina was ion-exchanged into K1,5 /I-alu- 
mina in molten K,CO, at 1000°C (20, 21). 
K1,5 p-alumina was further converted to 
NH: p-alumina by an NH: ion exchange 
reaction at 200-210°C for a duration of more 
than 3 weeks. The obtained crystals still re- 
tained transparency. The ion exchange se- 
quence was 

2. Characterization 

The progress of the exchange was moni- 
tored by EPMA (JEOL, Shimadzu) oper- 
ated at 15 kV. This method was also used 
for determination of the ion-exchange con- 
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dition. Each time after ion exchange, the 
composition within the crystal was checked 
by the line scanning. 

The NH, content was determined by the 
Kjeldahl method. After pulverized in an 
agate mortar, the specimen was dried at 
100°C for 2 hr to eliminate adsorbed water, 
and then it was digested in concentrated 
H,SO, solution at 160°C for 1 night under 
pressure, followed by steam distillation and 
titration. The recovery of the NH, after this 
treatment was estimated to be 99.5% on the 
basis of the standard material, (NH&SO,. 
K+ , Na+ ions were determined by atomic 
absorption analysis. The ingition loss was 
measured by heating the pulverized samples 
at 1100°C for 0.5 hr. This weight loss reflects 
the conversion of NH,+ p-alumina into (Y- 
alumina. Thermogravimetric (TGA) and dif- 
ferential thermal analyses (DTA) were car- 
ried out for NH4-K and NH4-B up to 1100°C 
on a TG-DTA apparatus (TAS-200, Rigaku 
Denki Co.). The heating rate was 5”Cimin. 
TGA/DTA was carried out in flowing dry 
nitrogen as well as atmospheric air. 

Refinements of the crystal structure were 
carried out for these NH,+ p-alumina com- 
pounds, NH4-K and NHCB. Specimens 
were cut into rectangle crystals, among 
which some specimens having good shape 
were selected and the crystallinity was 
checked by the X-ray precession photo- 
graphs. Selected crystals had a dimension 
of 105 x 150 x 80 pm for NH4-K and 85 x 

120 x 80 pm for NH4-B. The X-ray photos 
(the Precession and Weisenberg methods) 
and electron diffraction (Hitachi H-500 op- 
erated at 100 kV) revealed that the structure 
belonged to the hexagonal space group P6,l 
mmc and showed no sign of superstructure. 
Using rectangular crystals, intensity data 
were collected on an automatic four-circle 
diffractometer (AFC-3, Rigaku Denki Co.) 
using graphite-monochromatized MO& ra- 
diation (X = 0.71068 A). The w-28 scanning 
was used for intensity data collections up to 
28 = 120”. The final set of nonzero indepen- 

dent reflections below 20 = 120” was cor- 
rected for Lorenz polarization and absorp- 
tion effects. The lattice parameters were 
determined on the basis of 28-data (20-25 
reflections within 28 = 50-90”, MoKorl radi- 
ation, A = 0.70926 A) collected on the four- 
circle diffractometer. An anisotropic ab- 
sorption correction due to crystal shape was 
applied. Absorption correction was based 
on the algorithm of Busing and Levy (22). 
The neutral scattering factors were taken 
from Ref. (23). The full matrix least-squares 
program was a modified version of RSFLS-4 
(24) and Fourier syntheses were done by 
using RSSFR-5 (25). Secondary extinction 
corrections were based on the algorithm of 
Becker and Coppens (26). The nomencla- 
ture of the sites in the mirror plane was taken 
after Peters et al. (27). The numbering of 
atoms was after Ref. (28). 

High temperature X-ray powder diffrac- 
tion was carried out on freshly ground 
NH4-K by using a diffractometer (RINT 
1000, Rigaku). 28-Data within 28 = 30-50 
(Ct.&a radiation, A = 1.5418 A) were col- 
lected at temperatures from 200 to 600°C at 
50°C intervals and from 600 to 1100°C at 
100°C intervals. The heating rate between 
the steps was 20”C/min. The scanning speed 
was 2”/min. The lattice parameters were cal- 
culated using the least-squares method. 

Refinement 

1. NH4-K 

A set of 956 nonzero independent reflec- 
tions was used for refinement. As the start- 
ing parameters, those of NH: p-alumina (6) 
were used assuming stoichiometric compo- 
sition with no defects. Difference Fourier 
synthesis at this stage showed positive elec- 
tron density at the m0 site in the mirror 
plane, so N atoms were included in the re- 
finement as N(2). Secondary extinction cor- 
rection (Lorenzian, Type II) was also in- 
cluded in the next refinement leading to R 
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FIG. 1. Difference Fourier sections showing the electron density at z = 0.18 for (a) NH4-K (R = O.OSO), 
(b) NHCK heat treated at 370°C (R = 0..037), and (c) NHCB (R = 0.038). Contour lines are drawn 
with the interval of 0.4 ek3. Dashed contour lines indicate negative electron density. Zero contours 
are omitted. The positions of A1(3).and iA are indicated. 

= Iz llF,l - lF,llE IF,1 = 0.050 (WR = (Ix 
w(lF,I - IFc1>2/x IFo12)1'2 = 0.054, w  = 
l/&2, s = [E w(lF,I - IF,l)2/(m - .)I”2 = 
3.28). (Secondary extinction correction 
without including N(2) led to R = 0.055. 
The difference Fourier map at z = 0.25 is 
shown in Fig. 2a.) Difference Fourier syn- 
thesis at this stage still indicated residual 
positive electron density at the 12k (0.83, 
0.66,0.18)(Fig. la),and6h(0.86,0.72,0.25) 
sites, so interstitial ions were included in 
the next refinement as Al(5) and O(6). Final 
isotropic refinement yielded R = 0.044 (wR 
= 0.049, w  = 1/oF2, S = 2.95). Anisotropic 
refinement was performed with the isotropic 
temperature factors of Al(5) and O(6) being 
fixed. The final anisotropic refinement gave 
a final R-value of 0.034 (wR = 0.042, w  = 

llaF2, S = 2.54). The g-value was 1.76(5) 
x 104. The difference Fourier synthesis at 
the final stage showed random peaks and 
depressions in the range of -0.9 (at 
(O,O,O.lO)) to +0.7 eAm3 (at (0.4,0.15,0.09)). 

The previous two works (6,8) are consis- 
tent; however, there is a discrepancy in the 
excess N site. Colomban et al. (6) reported 
the N atom at the uBR site (O,O,i); Newsam 
et aZ. (8) did not observe any electron den- 
sity at the aBR site. No extra electron den- 
sity was observed in the Fourier sections in 
the course of the refinement, so we con- 
cluded that there were no NH: ions at the 
aBR site.Our results are in good agreement 
with the latter work. The crystallographic 
data are shown in Table I. The final parame- 
ters are given in Table II; the bond lengths 
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(a) (b) 

FIG. 2. Difference Fourier sections showing the electron density in the mirror plane at z = 0.25 for (a) 
NH4-K (R = 0.059, (b) NHCK heat treated at 370°C (R = 0.037), and(c) NH4-B (R = 0.038). Contour 
lines are drawn with the interval of 0.4 ek3. Dashed contour lines indicate negative electron density. 
Zero contours are omitted. 

and angles were presented in Tables IV and 
V, respectively. 

To check the effects of the cation species 
of the starting material, the same character- 

TABLE I 

CRYSTALLOGRAPHIC DATA 

NHI-K NHCB 

FOlTIUIl~ 

Symmetry 
space group 

a = 5.5980(Z) A 5.5983(Z) A 

e = 22.876(1)A 22.843(l) A 

v= 620.83(5) & 620.02(5) L 

2=2 2 

DC& =3.17 s/cm” 3.14 glcm” 

ization (chemical analysis, thermal behav- 
ior, structure refinement) was conducted on 
the NH,f p-alumina ion exchanged directly 
from Na,,, p-alumina; the results showed no 
significant difference from those of NH4-K. 

2. NH4-B 
A set of 659 nonzero independent reflec- 

tions was used for refinement. As the start- 
ing parameters, those of NH: p-alumina (6) 
were used assuming stoichiometric compo- 
sition with no defects. Isotropic refinement 
converged quickly to give an R-value of 
0.038 (wR = 0.048, w = 1/crF2, S = 3.72). 
Difference Fourier syntheses at this stage 
showed no significant positive electron den- 
sity. For the comparison with NH4-K, the 
difference Fourier map of the z = 0.18 layer 
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TABLE II 

THE POSITIONAL ANDTHERMAL PARAMETERS OF NH4-K" 

Position 
Number per 
unit cell x z 

N(1) 2d 1.74(9) 
NC3 6h 0.8701) 

Al(l) 

Am 
M3) 

.4K4) 

m5) 

12k 11.49(g) 

4f 4 

4f 4 

2a 2 
12k 0.44(4) 

O(1) 

O(2) 
O(3) 

O(4) 

O(5) 

06) 

12k 12 

12k 12 

4f 4 

4e 4 

6h 2 

6h 0.18(7) 

213 

0.909(3) 

0.8322(l) 

l/3 

l/3 

0 

0.839(3) 

0.1570(2) 

0.5019(3) 

2f3 

0 

0.326(4) 

0.854(7) 

l/4 

l/4 

0.10450(4) 

0.02454(6) 

0.17448(7) 

0 

0.1757(8) 

0.04928(7) 

0.14427(7) 

0.0547(2) 

0.1400(l) 

l/4 

l/4 

188(21) 

40(2) 

28(Z) 

59w 

36(3) 

54(3) 

41(3) 

47(4) 

38(4) 

139(17) 

3X2) 

PI1 
Pll 
Bll 

33(4) 

44(4) 

Pll 

Pll 

357(112) 

33(8) 

20(l) 

16W 

1X2) 

1x3 

wa 

35(2) 

19w 

20(3) 

17(5) 

0 

1.2(4) 

-l(4) 

0 

0 

0 

0.19(26) 

8(7) 

0 

0 

0 

0.23(71) 

a The thermal parameters are of the form: exp[-(h2& + k2pz2 + 12& + 2hk& + 2h/&, + 2kl&)]. plz = 
pz2i2; p,, = &,/2. y = 2x. 

is presented in Fig. lc. Contrary to the Fou- value of 0.031 (wR = 0.045, w  = l/uF*, S 
rier map of NH4-K, it clearly shows no re- = 3.45). The difference Fourier maps at this 
sidual electron density at the interstitial stage are shown in Fig. 3. Figure 3b shows 
A13+ site. So interstitial ions were not in- residual peaks ( +0.8 eAm3) at the 12j site 
eluded in the next anisotropic refinement. around the BR (2d) site, which corresponds 
The anisotropic refinement yielded a R- to the position of H in NH,f revealed by 

(b) 

L-z -2 

FIG. 3. Difference Fourier sections showing the electron density at z = 0.18 and 0.25 for NH4-B at R 
= 0.030. Contour lines are ddwn with the interval of 0.25 eAm3. Dashed contour lines indicate negative 
electron density. Zero contours are omitted. 
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TABLE III 

THE POSITIONAL ANDTHERMAL PARAMETERS OF (NH&, ~-ALUMINA' 

Position 
Number per 
unit cell x 7. p11x10 4 ~zzx104 @x105 ~m105 B 

N 2d 2.01(4) 213 l/4 182(E) Pll 35(7) 0 

Al(l) 12k 12 0.83254(8) 0.10538(2) 32@) 29(2) 2om 3(4) 

Al(Z) 4f 4 l/3 0.02487(4) 28(2) Pll 12(l) 0 

M(3) 4f 4 l/3 0.174876) 3X2) Pll 13(l) 0 

Al(4) 2a 2 0 0 3x31 Pll 13(2) 0 

O(1) 12k 12 0.1569(2) 0.04919(5) 4x31 35(5) 15(l) -2(7) 

O(2) 12k 12 0.5013(2) 0.14384(5) 33(3) 39(5) 22(l) 19(S) 

O(3) 4f 4 213 0.05478(9) 4X5) Pll ltx3) 0 

O(4) 4e 4 0 0.1397(l) 32(5) Pll 23(3) 0 

O(5) 2c 2 l/3 l/4 134(10) PI1 8(4) 0 

x Y 7. 

H 12j 4.02' 0.6' 0.178(20) l/4 l.Ob 

n The thermal parameters are of the form: exp[- (h2/3l1 + k*& + l*& + 2hkP12 + 2h@,, + 2kI&)]. plz = 
p2*/2; & = &/2. y = 2x (except for H). 

b Fixed. 
c Constrained; n(H) = 2.0 x n(N); n, occupation number. 

Newsam et al. (8). In the final refinement, 
H was introduced with the occupancy of N 
being varied. Here, the occupancy of H was 
constrained to twice of that of N, and the x- 
coordinate of H was also fixed. A secondary 
extinction correction was also introduced as 
the intense reflections IF,1 were systemati- 
cally smaller than IF,I. The final anisotropic 
refinement gave a R-value of 0.029 (wR = 
0.031, W = l/oF*, S = 2.38). The g-value 
was 1.18(9) x 103. Final difference maps 
showed random peaks and depressions 
within the range - 0.9 (at (O,O,O. 1)) to + 1.2 
eAe3 (at (O,O,O)). The occupancy of N and 
lack of interstitials clearly indicate that 
NH4-B has stoichiometric composition. 
The crystallographic data are shown in Ta- 
ble I. The final parameters are given in Table 
III; the interatomic distances and bond 

angles are presented in Tables IV and V, 
respectively. 

Results and Discussion 

1. Diffusion 

Figure 4a depicts the compositional pro- 
file of NH4-K during the ion-exchange pro- 
cess. It shows a typical diffusion profile. In 
the case of NH4-B, however, the progress 
of the NH,+ ion exchange is indicated by an 
exchange front visualized by the difference 
of the refractive index between the ex- 
changed and the unexchanged layer. It 
caused a “photo frame” appearance in the 
basal plane. A similar phenomenon was al- 
ready observed in the system of silver-am- 
monium p-alumina (29). The profile of the 
K-content across the crystal is shown in Fig. 



STRUCTURE AND THERMAL PROPERTIES OF NH; P-ALUMINA 585 

TABLE IV 

INTERATOMIC DISTANCES 

TABLE V 

BOND ANGLES 

NUDllX?~ 

of bonds 

Distance (A) 

NHLK NH4-B 

Al(l)- O(1) 

- 063) 
- O(3) 

O(4) 

A1(4)- O(1) 

A(2)- O(1) 

- O(3) 

Al(g)- O(2) 

- O(5) 

A(5)- O(2) 

- O(4) 

- 06) 

N(1) -O(2) 

06) 

N(2) - O(2) 

O(4) 

- O(5) 

Octahedral coordination 

2 2.02X2) 

2 l&42(2) 

1 1.968(3) 

1 1.818(2) 

6 1.894(2) 

Tetrahedral coordination 

3 1.801(2) 

1 1.813(5) 

3 1.775(3) 

1 1.729(3) 

2 1.79(4) 

1 1.76(3) 

1 1.71(2) 

Polyhedron 9-coordinated 

6 2.89%2) 

3 3.25(4) 

(averaged) 

Polyhedron 8.coordinated 

4 3.19(2) 

2 2.67(l) 

2 2.89(5) 

(averaged) 

2.033(3) 

1.830(2) 

1.98X2) 

1.803(2) 

1.89X2) 

1.799(2) 

1.81X3) 

1.777(2) 

1.716(2) 

2.907(2) 

3.2322(l) 

4b. The two layers correspond to the com- 
positional difference; the outer part contains 
no K+ and the inner no NH:. This type of 
diffusion is very different from the normal 
compositional profile of NH4-K during ion 
exchange (Fig. 4a). The progress of the ex- 

(a) (b) 

A A 

o(1)-Alm-ow 
om-Al(l)-o(2) 
0(1)-Alu)-0(3) 

ou!-Alu~-o(4) 
0(2Ml(l)-O(2) 
0(2MlU)-O(3) 
O(2MlWO(4) 
0m-Al(4~-0(1) 
0(1)-Al(4)-0u)” 

ouMl(2)-ou) 
OUMl(2~-0(3) 
0(2M(3)-O(2) 
0(2Ml(3)-O(5) 
0(2Ml(5)-O(2) 
0(2)-A1(5I-O(4) 
O(2)-Al(5)-O(6) 
0(4Ml(5)-O(6) 

Bond Angles (“) 

NH4-K 

Octahedral coordination 
81.45(11) 
90.36(10) 
89.29(11) 
84.02(‘7) 
97.39(X) 
85.93(12) 
99.85(10) 
88.21(E) 
91.7X8) 

NH4B 

80.83(10) 
89.93(8) 
88&X7) 
83.80@) 
98.66X11) 
85.53(8) 
100.86(6) 
88.30(6) 
91.70(6) 

Tetrahedral coordination 
110.60(6) 
108.32(7) 
105.81(9) 
115.3(13) 
101.5(13) 
104.2(9) 
116.305) 
112.7(27) 

110.92(5) 
107.99(5) 
105.14(6) 
113.51(5) 

change front in the case of NH4-K during 
NH: ion exchange is shown in Fig. 5. The 
progress of the exchange front becomes ex- 
tremely sluggish as exchange proceeds, es- 
pecially beyond 50-60 pm. 

2. Composition and Structure 

The chemical compositions of NH4-K, 
and NH4-B are listed in Table I. The starting 
Na,,, p-alumina was determined to be 
NaI.2&o%~ y and chemical analysis of the 
resulting NH4-K revealed NH, = 3.41 2 

..Startiw ______....__ composition 

Y 
F 
ii 
E 
s IL 

A A 
Edge center Edge Edge center Edge 

FIG. 4. The profile of potassium content in the c-plane across single crystals during NH: ion exchange 
for (a) NH4-K and (b) NH4-B. 
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10 12 

Days 

FIG. 5. The progress of ion-exchange front during 
NH,+ ion exchange for NHCB. 

0.02 wt%, and Na = 0.032 ? 0.006 wt%. 
Ignition loss was about 5.20 wt%. The 
amount of NH, clearly indicated the exis- 
tence of excess NH,+ ions in the structure. 
These values were consistent with the calcu- 
lated ones (total ignition loss = 5.27 wt%, 
and NH, = 3.45 wt%) for the expected for- 
mula (NH,+),,,A1,,0i7.i. Structure refine- 
ment also proved the existence of excess 
NH,+ ions in the conduction plane and 
clearly showed the Frenkel defect of the 
A13+ ion in the spine1 block which takes 
place in the case of nonstoichiometric com- 
position. (For the defect mechanism 
allowing nonstoichiometry in p-alumina, 
see Ref. (30).) The present result agrees with 
the works of Colomban et al. (6) and New- 
sam et al. (8) essentially. On the basis of the 
data of NH, analysis and ignition loss, no 
H,O+ species can be assumed to exist, 
which agrees with the works (4, 15) using 
the IR method. This result indicates that the 
nonstoichiometry was maintained through 
the ion-exchange reaction. The lattice pa- 
rameters measured on several single crys- 
tals were in the ranges a = 5.597-5.598 A 
and c = 22.867-22.876 A on the four-circle 
X-ray diffractometer. These values are also 
well consistent with the previous papers (2, 
8). In conclusion, p-alumina containing 

20-30% excess cations (Na+ and K+) was 
converted into NH: p-alumina maintaining 
the nonstoichiometry (defects) under the 
previously described conditions. 

In the case of NH4-B, the content of NH, 
was 3.1 rt 0.1 wt% and total ignition loss 
was 4.4 wt%. (The content of the remaining 
Ba2+ and K+ was a negligible amount.) 
Structure refinement revealed the existence 
of just a stoichiometric amount of NH: ion 
at the BR site and no apparent defects. 
These facts indicate a stoichiometric com- 
position, (NH4),,0A111,00,7,0, for NHCB. 
The calculated NH, content is 2.90 wt% and 
total ignition loss is 4.43 wt% for the ideal 
WH~h.oAh.o%.o~ The lattice parameters 
measured on several single crystals were in 
the ranges a = 5.5984-5.5988 A and c = 
22.843-22.848 A on the four-circle X-ray 
diffractometer. If the nonstoichiometry 
were retained, the expected product would 
be (NH,),,SA1,1,0017,25, for which calculated 
values were 4.26 wt% for NH, content and 
6.25 wt% for total ignition loss. However, 
the characterization result clearly showed 
that the excess cations were removed, and 
that the compound has changed into stoi- 
chiometric p-alumina during the NH: ion- 
exchange reaction. As described before, a 
similar phenomenon was reported in NH: 
p-gallate (16, 17). However, this is the first 
time that in the p-alumina system such an 
elimination of excess cations during NH,f 
ion exchange takes place. So, the number 
of excess cations can not always be assumed 
to be retained through NH,f ion exchange 
even in the p-alumina system. 

The differences of the exchange reaction 
of two different K /3-aluminas may be 
caused by the factors such as (i) the amount 
of excess cations in the starting p-alumina 
(x = 0.2for NH4-K, andx = 0.5forNH4-B) 
and (ii) the size of the crystal (thickness in 
the basal plane: 500 pm for NH6K, and 100 
pm for NH4-B). The cause of the different 
exchange reactions is now under investiga- 
tion. Preliminary study showed that the pro- 
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longed exchange (up to 6 weeks) of tiny K,., 
/?-alumina crystals (about 100 pm in the c- 
plane) lead to the decrease of the c-axis pa- 
rameter (to 22.84 A). The different behavior 
may be attributed to the size of the crystal. 
Further study is in progress (32). 

Another point to be noticed is that the c- 
axis parameter of the obtained stoichiomet- 
ric NH: p-alumina is only a little smaller 
than that of the nonstoichiometric one (Ta- 
ble I). So far, it was assumed that the large 
decrease in the c-axis would occur if there 
is no m0 site occupation of NH:, and the 
discussion of the structure was based on this 
assumption (8). However, this assumption 
proved not to be valid. 

In relation to the c-parameter, it was 
pointed out (28) that the c-parameter does 
not necessarily increase according to the re- 
duction of population on the conduction 
plane as generally believed. The c-parame- 
ter is composed of the mirror plane thick- 
ness (M& and the spine1 block thickness 
(S& (the equation is c = 2 (M,,, + S,,,), 
and M,,, is the distance between O(2) across 
the mirror plane), and we found that MiZk, 
not the c-parameter, generally increases ac- 
cording to the reduction of population on 
the conduction plane. See Ref. (32) for de- 
tails. In the present case, MiZk for NHCK 
(nonstoichiometric) is 4.837 A and that for 
NHCB (stoichiometric) is 4.850 A though 
the c-parameter of NH4-B is smaller, so it 
also follows the general rule we have pro- 
posed. 

The data of lattice parameters offer a clue 
to interpret the thermal behavior of NH,+ p- 
alumina. 

3. Thermal Behavior 

TGA/DTA was carried out on NH6K and 
NH4-B. In the case of NH4-K, the weight 
loss can be divided into three stages (Fig. 
6): (1) 0.79 wt% at 170-350°C (2) 2.80 wt% 
at 350-600°C (3) 1.48 wt% at 750-1000°C. 
Stages 1 and 2 are continuous and may be 

200 400 600 800 1000 

Temperature (“C ) 

FIG. 6. Thermal analysis of NHCK. The heating rate 
was S”C/min. 

overlapped, but are discerned by the change 
of slope. In air, DTA event was observed at 
280°C (minor), 380°C 790°C and 106O”C, 
which are all exothermic reactions. Exo- 
thermic behavior did not change in a dry 
nitrogen atmosphere. The first exothermic 
event takes place in stage 1, and the second 
starts at the beginning of stage 2. In the case 
of NH4-B, the weight loss consists of only 
two stages (Fig. 7): (1) 2.82 wt% at 
300-550°C (2) 1.44 wt% at 740-1000°C. The 
exothermic peaks were observed at 365, and 
770, and 1070°C. 

The thermal decomposition of nonstoi- 
chiometric NH: p-alumina was already re- 
ported by several researchers. Newsam et 
al. (8) reported the similar decomposition 
schemes in the case of (NH4f)1,3 p-alumina. 
They reported the three stages of thermal 
decomposition: (1) 0.83 wt% at 250-350°C 
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E m 4.0 
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FIG. 7. Thermal analysis of NHCB. The heating rate 
was YClmin. 
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FIG. 8. The c-axis parameters plotted against temper- 
ature for NH4-K. 

(2) 2.82 wt% at 350-580°C (3) 1.64 wt% at 
580-1000°C. The accumulated weight loss 
was 5.29 wt%. These values are consistent 
with our result of NH4-K. Their interpreta- 
tion of the decomposition process was as 
follows: At stage 1 (NH4+)1,3A1,10,7,,5 re- 
leases excess NH,. At 35O”C, the composi- 
tion was assumed to be (NH,),.,,H,,,, 
AW*7.,25 * In stage 2, NH, is further re- 
leased with leaving H+ in the structure, the 
amount of interstitial ions is retained at first, 
but then interstitial ions decrease toward the 
end of stage 2. NH,f ions were also assumed 
to be distributed among the m0 site and the 
BR site, and rearrangement of NH: ions 
among these sites takes place at about 
420°C causing an exothermic event. 

Their scheme was based on two assump- 
tions: (i) the stoichiometric NH,+ p-alumina 
would have a much smaller c-axis parameter 
(near 22.66 A) than the nonstoichiometric 
one, (ii) interstitial ions exist in stage 2 up 
to 570°C. The c-axis parameter at each stage 
was reported (4, 8): 22.87 A before stage 1, 
22.86-22.84 A at the beginning of stage 2 
(ca. 350°C) and 22.66 A at the end of stage 
2 (ca. 580°C). As the observed c-parameter 
at stage 2 is larger than they supposed, they 
considered the continued occupation of the 
m0 site even though a second ammonium 

site is not demanded. However, the assump- 
tion is contrary to the fact as pointed out 
before. The stoichiometric NH,f ,&alumina 
has the c-axis parameter of 22.84 A, which 
is only a little smaller than that of the non- 
stoichiometric NH: p-alumina (22.87 A). 
As for the amount of the interstitial Al and 
0 at high temperature, supplemental experi- 
ments were made (32). NH4-K single crys- 
tals of 100-200 pm were heated up to 350, 
370, and 390°C at the rate of 2”C/min, held 
for 0.5 hr, and cooled to room temperature. 
The resulting c-parameters were 22.856, 
22.851, and 22.847 A, respectively. The 
structural refinement of the 370°C treated 
single crystal (R = 0.025, wR = 0.032 w  = 
l/aF2) revealed a drastic decrease of the 
occupancy of iA (0.1 per unit cell), and i0. 
The difference Fourier maps at z = 0.18 and 
0.25 are shown in Figs lb and 2b, which 
show clearly the rapid decrease of intersti- 
tial ions in stage 1. The interstitial ions can- 
not be assumed to exist in stage 2. 

High temperature powder diffraction was 
conducted to see the change of the lattice 
parameters. In Fig. 8, the present result of 
c-axis length of NHCK vs temperature is 
given. The stage of thermal behavior is indi- 
cated in the figure. Before stage 1, the c-axis 
length increases to 22.88 A due to thermal 
expansion; in stage 1, the length decreases 
to 22.84 A. Tofield et al. (4) stated that two 
c-axis lattice parameters, c = 22.66 A and 
c = 22.84 A, coexist between 400 and 600°C 
and that the former became dominant at 
higher temperature at the expense of the 
latter. This phenomenon was confirmed by 
the present study. Two phases of p-alumina 
structure appear in stage 2 (350-600°C). At 
the end of this stage, c = 22.84 A could not 
be detected. At stage 3, the c-axis parameter 
decreases rapidly and no p-alumina phase 
could be found beyond 9Oo”C, indicating de- 
composition of fundamental p-alumina 
structure. 

By comparing stoichiometric with non- 
stoichiometric NH: p-alumina, the thermal 
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behavior can be interpreted more clearly. It 
seems that the first stage of NH4-K lacks in 
the case of NH4-B, and that stage 1 of 
NH6B corresponds to stage 2 of NH6K, 
though the starting temperature is slightly 
shifted down temperature (300°C) in the 
case of NH4-B. At the end of the first stage 
the c-axis pOarameter is 22.84 A. Considering 
the 22.84 A of the c-axis parameter in the 
case of stoichiometric NH: p-alumina 
(NHCB), the first stage would be the con- 
version of NH6K into stoichiometric NH,+ 
p-alumina. At the beginning of stage 2, an 
exothermic reaction takes place. The exo- 
thermic peak can not be attributed to the 
rearrangement of NH: ions among the am- 
monium sites, because a similar peak can 
be observed in (NH,),,, p-alumina in which 
NH: ions occupy only the BR site. This may 
be due to the conversion into H+Al,,O,, 
caused by the elimination of NH, from the 
BR site in the conduction plane, not to the 
rearrangement of NH,+ ions. A dramatic de- 
cline of the ionic conductivity was reported 
to take place beyond 350°C (7). This may be 
because there is less than one NH: ion at the 
BR site in one conduction plane beyond 
350°C and because the conduction mecha- 
nism changes from an interstitial type to a va- 
cancy type. The coexistence of two phases 
in stage 2 (350-600°C) may be because two 
p-aluminas, (NH,),,,A1,,C)l, (c = 22.84 A) 
and HAltrOt, (c = 22.66 A), are immiscible 
with each other and form two compositional 
domains. 

The thermal behavior of (NH,),,, p-alu- 
mina can be summarized as follows: It con- 
sists of three stages. (1) Stage 1 is at 
200-350°C. Excess NH: ions are eliminated 
together with interstitial oxygen, leading to 
stoichiometric NH: p-alumina, (NH,),., 
A&,0,,. In the stoichiometric NH: p-alu- 
mina, NH: ions occupy only the BR site. The 
c-axis parameter changes from 22.87 to 22.84 
A. (2) Stage 2 is at 350-600°C. NH, is elimi- 
nated from the conduction plane, leading to 
HAlnO,, . Two immiscible@aluminaphases 

((NH,),,,Al,,O,,: c = 22.84 and HAl,,O,,: c 
= 22.66 A) coexist in this temperature range, 
and HAl,,O,, becomes dominant at higher 
temperature. (3) Stage 3 is at 700-1000°C and 
is the final decomposition to Al,O, . As for the 
DTA event, the exothermic peak at around 
380°C is due to the transformation into 
H+Al,,O,, caused by the loss of ammonia 
from the BR site; the exothermic peak at 
760°C is due to the conversion of p-alumina 
to a disordered spine1 structure. From the 
above assumption, (1) 0.88 wt% for stage 1 
(2) 2.57 wt% for stage 2 (3) 1.82 wt% for stage 
3, and 5.27 wt% for the total loss is expected. 
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