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Structure of Anodic Oxide Coatings on Aluminum ** 
By Riidiger Kniep,* Peter Lamparter and Sieafried Steeb 

Porous surface coatings on aluminum are produced by 
anodic oxidation in acid electrolytes.[" Pore sizes (10- 
250 nm) as well as pore densities (10'2-1015 m-') are main- 
ly controlled by the anodizing voltage; the thickness of the 
layers may reach more than 100 pm and is determined by the 
amount of charge transferred. The remarkably uniform ar- 
ray of the pores in the centers of the almost hexagonally 
shaped cells makes the films of interest for application in the 
field of synthetic membranes and as supports for active ma- 
terials.[" s] Furthermore, the coatings are widely used as pro- 
tective layers which can also be colored by impregnation of 
the pores with organic dyes or by precipitation of inorganic 
pigments in the pores.[43 After coloring, the pores are 
closed by treatment with water or steam. This "sealing" pro- 
cess causes the formation of gelatinous boehmite and amor- 
phous oxide hydroxide by reaction of the pore wall material 
with water.l61 

The structure of the (amorphous) porous coatings is not 
clear at present. It is assumed that they are structurally relat- 
ed to the non-porous "barrier-layer" (in direct contact with 
the metal; thickness 0.1 -0.2 Fm) which consists of almost 
pure A1,0, and contains the q- and y-phases of alumina 
(spinel-type structures). This assumption is supported by the 
primary products of crystallization which are formed by 
thermal treatment of the porous coatings and which were 
identified as the y- and y'-phases of alumina.[71 A recent 
IR-investigation of dried porous layers['] is consistent with 
coordination numbers of four and six (tetrahedral and octa- 
hedral) for the aluminum atoms. 

In the present work freshly prepared porous coatings were 
investigated with X-ray and neutron diffraction methods. 
The aluminum atoms were found mostly to be surrounded 
tetrahedrally by four oxygen atoms. The close similarities of 
the radial distribution function (RDF) of the porous layers 
to that of vitreous silica suggest that the same structural 
model should be applied for both materials. 

Samples for the diffraction experiments were prepared by 
anodic oxidation of aluminum foils applying the following 
parameters: bath temperature 12 "C; natural bath convec- 
tion; current 1.5 A/dm2; voltage 15 V; A13@ content in the 
bath 5.2 g/l; HZS04(IoIa,, 200 g/l; HZS041f,,,, 172 g/l. The lay- 
ers were removed from the metal by treatment with Br,/ 
MeOH mixtures. The chemical composition of a large num- 
ber of samples was determined using XFA (A1 and S), IC 
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(SO;O), EDX (A1 and S) and TG (H,O) and yielded a mean 
brutto-formula of (5 AI,O, . SO, '0.66 H,O) . 1.33 H,O 
with deviations less than one wt-% for the distinct compo- 
nents. The amount of water given inside the brackets of the 
formula is regarded as the water of constitution (OH-groups) 
which is released only at temperatures above 470°C; the 
amount of water given outside the brackets is regarded as 
H,O-molecules (structural water and/or adsorbed water at 
the pore walls) which is already released between 80 "C and 
250 "C. 

Figure 1 (a) shows the X-ray structure factors S" (Q) from 
angular dispersive X-ray diffraction (ADXD) and from en- 

Fig. 1. Amorphous anodic oxide coatings on aluminum. Structure factors 
S(Q), calculated from a) ADXD (---), EDXD (-) and b) Neutron diffrac- 
tion. S ( Q )  = ([(Q) - [ ( h z )  - (h>'])/(b)* where [(Q) = coherently scattered 
intensity per atom; ( b ' )  = mean squared scattering length per atom; 
( h )  = mean scattering length (with X-rays depending on Q ) .  

ergy dispersive X-ray diffraction (EDXD). Both curves have 
the same overall shape without sharp reflexes, giving evi- 
dence that the anodic oxide coating material is amorphous. 
In the region of the first peak near Q = 2 A- '  the EDXD 
reflects lower resolution, whereas the high Q-tail of the 
ADXD curve near Q = 12 k' we judge to be less reliable. 
The observation of extended oscillations up to Q = 23.5 k' 
demonstrates the power of the EDXD method. The same 
high-Q oscillations are observed with the neutron structure 
factor SN (Q) in Figure 1 (b). At smaller Q, however, SN is 
different from Sx where the most drastic difference is the 
appearance of a large sharp peak in SN at Q = 2.8 k' 
which in Sx shows up only as a small hump. The reduced 
pair correlation functions G(R), calculated from the struc- 
ture factors by Fourier-transformation are shown in Figure 
2. The restriction of the range, up to only R = 6 A, is justi- 
fied by the abrupt loss of any correlations in the X-ray curves 
GX (R) beyond R = 4.6 A. This signifies that the structural 
units built up by the aluminum and oxygen atoms in the 
amorphous phase have a very small extension of maximum 
of about 5 A. On the other hand, the neutron curve G N  (R)  
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exhibits very extended oscillations up to R = 20 A. Obvious- 
ly, these extended correlations involve hydrogen atoms 
which are practically invisible to X-rays. Details of the hy- 
drogen scattering will not be under consideration in this 
study. 

For  the identification of the peaks in the G(R) functions in 
Figure 2 the weighting factors of the ten partial correlation 

4 p x 2  

Fig. 2. Amorphous anodic oxide coatings on aluminuin. Correlation functions 
G(R) .  calculated by Fourier transformation from the structure factors S(Q) in 
Fig. 1 (a): EDXD; (b): Neutron diffraction; G(R)  = i. f Q[S(Q) - 11 sin Q R  
dQ where G ( R )  = 4nR [Q(R) - eo];  p ( R )  = pair density distribution function; 
en = niean number density; R = distance in real space. 

functions Gi,j  (R), (i, j = AI,O,S,H), which contribute to G 
(R)  are listed in Table 1. 

The most important information on the short range order 
in the amorphous coatings is extracted from the main peak 
of G ( R )  at R = 1.80-1.82 A (X2 and N 2  in Fig. 2) which 
represents the AI-0 nearest neighbors. The almost equal 
W,,, for X-rays and neutrons (Tab. 1 )  are in accordance 

Tab. 1. Weighting factors W,, of the partial correlation functions G,,(R) 
( i j  = AI,O,S,H). Upper numbers for X-rays; lower numbers for neutrons. 
G ( R )  = 1 W,,G,,(R), where W,j = &,c,b,h,/(h)’; c, = atomic concentration; 

6 = 1 when 1 = j .  rS = 2 when i Cj 
i 

H 

A1 0.176 
0.062 

0 0 433 
0.41 8 

S 0 043 
0.010 

H 0.01 1 
- 0.054 - 

0 266 
0 703 
0 053 
0.035 
0013 

- 0.181 

~ 

~ 

~ - 
~ ~ 

0.003 
0.000 
0.001 0.000 
0.005 0.012 

~ 

- 

with the equal amplitudes of the corresponding peaks. From 
the area under the peaks in the radial distribution functions 
(RDFXXN (R) = 4nR2eXSN (R) = RGXxN (R)  + 4 n R 2 ~ , )  the 
coordination number of oxygen atoms around Al is obtained 

as 4 5 Z,,, 5 5 depending on the choice of e,, i.e., the 
macroscopic density D. According to  this method the alu- 
minum atoms are mostly surrounded tetrahedrally by four 
oxygen atoms. Z,,, = 4 is obtained using the macroscopic 
density D = 2.75 g cm-3 as determined by the Archemedean 
method. This experimental D-value might be somewhat too 
small, due to  amounts of adsorbed air in the pores of the 
films. An estimated extrapolation of the densities of 
amorphous SiO, . AI,O, materials ( Z  = 4.3-4.6)L9] yields 
D = 3.3 g cm-3 for pure amorphous A1,0,. The AI-0 dis- 
tance at 1.81 8, in the amorphous porous coatings (Fig. 2) is 
smaller than the octahedral A1(6)-0 distances observed in 
a-Al,O, (1.86-1.97 and in boehmite (1.88-1.948,[”]) 
and is somewhat larger than the tetrahedral bond lengths 
A1(4)-0/OH (1.73-1.78 A) in the isolated dimeric anion 
[A1,O(OH),]e .[I 

According to the significant amount of sulfate in the po- 
rous anodic oxide coatings, the peaks X l (N l )  and X 3 (N 3) 
in Figure 2 can be attributed to  SO,-tetrahedra. The peaks 
X 1 (N 1 )  at  R = 1.45 8, correspond to S - 0 bonds (1.47- 
1.50 A) in SO:’ groups. Its height scales well with the re- 
spective W,, in Table 1. The 0-0 distance along an edge of 
aS0,-tetrahedronisexpected at R,-,=1/8/3 R,_,=2.38 A, 
and shows up at  X 3  (N3) in the correlation functions. 
In accordance with W0-, the peak appears higher with 
neutrons. 

In the following we discuss the G ( R )  curves in Figure 2 on 
the basis of the structural model for the short range order in 
the amorphous anodic coatings as presented in Figure 3: 

n 

W 

Fig. 3. Short range order in amorphous anodic oxide coatings on aluminum. 

Two A10, tetrahedra share a common oxygen corner; the 
irregular three dimensional structure is then controlled by the 
possible variations of the angle a, (AI-0-AI), as well as by the 
conformational statistics resulting from “free” rotation of 
the tetrahedra around their 0-Al-axes. Preferred tetrahedral 
coordination of aluminum (AI-0 1.81 A) has already been 
deduced from the peaks X 2 (N 2) in Figure 2. The distance 
between two 0-atoms along an edge of a tetrahedron is ex- 
pected for the case of perfect tetrahedra a t  &-, = 
R , , - ,  = 2.95 A. We attribute the peaks X 4  (N4) at  2.80 8, 
to this 0-0 distance which, according to Table 1 ,  appears 
stronger with neutrons. The average 0-0 distance along an 
edge of a tetrahedron in the structure of K, [AI,O(OH),] is 
2.868,.[’21 With X-rays, a peak X 5  appears at larger 
R = 3.20 A which reflects Al . . . A1 distances resulting from 
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corner-sharing A10, tetrahedra; according to Table 1 its 
contribution is much weaker with neutrons. The angle Al(4)- 
0(2)-A1(4) of 132" in the isolated dimeric tetrahedral anion 
[Al,O(OH),]e [121 corresponds with a respective distance 
A1 . . . A1 of 3.1 8 8,. Larger AI-0 as well as 0-0 distances give 
rise to the peak X 6 around 4.3 8,. Whether the fine structure 
in GN (R)  in this region is real or is caused by Fourier-ripples 
cannot be decided presently. It is expected that the broad 
peaks X 5 and X 6 are also contributed by non-bonding inter- 
actions which reflect the partial substitution of aluminum by 
sulfur in the amorphous structure. 

It should be noted that the short range order in amor- 
phous anodic oxide coatings on aluminum shows close simi- 
larities to the short range order reported for vitreous sili- 
c a , [ i 3 - 1 7 ~  

Standardization of the chemical composition ( 5  AI,O, . 
SO, . 0.66 H,O) . 1.33 H,O of the porous anodic oxide coat- 
ings to a structural formula (A)"[X,,,], which in the case of 
n = 4 represents the idealized structure of vitreous silica, 
leads to So.os)[3.391 [O,,, 5,2 (OH)o.24,,] with the water 
outside the brackets of the oxide formula not taken into 
consideration. The coordination number of oxygen atoms 
around aluminum (4 2 Z,,, 5 5)  which is derived from the 
RDFXIN shows that the oxygen and hydroxyl-groups are not 
exclusively bound to only two adjacent cations, an observa- 
tion which is also valid for the structure of vitreous silica.["1 

A final remark should be made concerning the morpholo- 
gy of the almost hexagonally shaped cells (each containing a 
pore) which has been discussed as an indication of crys- 
tallinity of the anodic oxide layers. The isotropic (circular) 
growth of cells starts at nuclei which are homogeneously 
distributed over the surface of the aluminum metal. In the 
course of growth the cells come into contact and develop a 
homogeneous nearly hexagonal array of cell boundaries 
which covers the complete coating surface. A pore size near 
150 8, and a distance between the pores of about 370 8, was 
determined from small angle neutron scattering (SANS)"'] 
studies on a deuterated sample which was prepared under the 
same anodizing conditions as applied for the materials for 
the structural investigations. 

Experimental 
The X-ray diffraction experiments were performed in transmission mode using 
two different techniques: Angular dispersive X-ray diffraction (ADXD) with a 
conventional D 500-Siemens diffractometer and energy dispersive X-ray dif- 
fraction (EDXD) with a laboratory-built set up.['91 The sample material was 
powdered and filled into a flat container with Kapton-foil windows mounted in 
a vacuum chamber. With ADXD (EDXD) the scattering could be recorded up 
to the scattering vectors Q = 13.5 k' (23.5 k'), where Q = 4min O//h. Cor- 
rection methods and normalization to absolute units were applied as described 
else where.[*"^"^ The structure factors S(Q) were calculated according to the 
Faber-Ziman definition.[221 

The neutron diffraction experiments were performed at the Institute-Laue- 
Langevinusingtheinstrument D4B up t o p  = 23.3 k ' .Theevaluationofthe 
structure factor S(Q) was done essentially as reported elsewhere.[z31 However, 
in the present case the incoherent scattering contribution of the hydrogen in the 
sample had to be corrected for. This was achieved by fitting a smooth function 
through the absorption corrected intensity curve in such a way that after the 
subtraction of the smooth H-contribution the resulting structure factor oscillat- 
ed properly around one. This smooth function agreed very well with a previous- 
ly reported[241 hydrogen scattering function. Furthermore, from its intensity an 
H-content of 10.6 at-% was calculated which corresponds well to the analytical 
value of 11.4 at-%. 
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Superconductivity at 7.5 K 
and Ambient Pressure in Polycrystalline 
Pressed Samples of f$-(BEDT-TTF),13** 

By Dieter Schweitzer *, Emil Gogu, Hans Grimm, 
Siegfiried Kahlich and Heimo J.  Keller 

Recently, bulk superconductivity at ambient pressure in 
polycrystalline pressed samples of an organic metal - 
a,-(BEDT-TTF),I, - was observed."' This is a remarkable 
fact because this finding shows that organic superconductors 
can in principle be used for the production of electronic 
devices, such as squids, and might even be suitable for the 
preparation of superconducting cables similar to the high 
temperature superconductors of the copper oxides. 

The polycrystalline pressed samples of a,-(BEDT-TTF),I, 
were prepared from pulverized single crystals of a-(BEDT- 
TTF),13 and the pressed samples had to be anealed at 75 "C 
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