
JOURNAL OF CATALYBIS 41,384-396 (1976) 

Design of Pores in Alumina 

Y. F. CHU AND E. RUCKENYTEIN 

Faculty of Engineering and Applied Sciences, State University of New York at Buflalo, 
Bufalo, New York 14.814 

Received August 22, 1975 

Various procedures are suggested for obtaining alumina foils containing parallel cylindrical 
pores of uniform diameter over the size range of 1.5-20 nm. Pores larger than 6 nm are ob- 
tained by anodizing ctluminum foils in solutions of sulfuric acid at low temperatures and 
subsequently etching them in a phosphoric acid solution. Smaller pores are obtained by 
anodizing 30-60-nm-thick aluminum films at low temperatures in a dilute sulfuric acid bath 
or in a bath containing a mixture of sulfuric and tartaric acids. 

Porous aluminas can be prepared by 
chemical precipitation of aluminum hy- 
droxide followed by dehydration at high 
temperatures. This method of preparation 
leads to pores with radii ranging from less 
than 2 to 20 nm (1). The size distribution 
of the pores cannot be controlled in this 
preparation. Aluminas can also be obtained 
by anodizing aluminum sheets in different 
electrolytes. They will be porous or non- 
porous, depending on the anodization con- 
ditions (2). For example, when prepared 
in the presence of aggressive electrolytes 
(sulfuric acid, phosphoric acid, oxalic acid, 
etc.), t,he aluminas are porous (S), while 
preparation in the presence of tartaric 
acid produces aluminas which are non- 
porous (2). The size and the density of 
the pores depends upon the nature of the 
electrolyte, the temperature, and the ap- 
plied voltage (4, 6). The pores produced 
so far have been parallel to each other 
and closed at one end by a nonporous 
film (3-6). They generally have had dis- 
torted cylindrical shapes and average radii 
larger than 6 nm. Rai and Ruckenstein (6) 
have used the anodization procedure to 

prepare aluminas from aluminum foils con- 
taining essentially cylindrical parallel pores 
which, penetrate the entire foil. 

This paper is concerned primarily with 
the control of the size of the pores. If the 
size, shape, and density of the pores can 
be controlled, the aluminas can be very 
useful not only in the characterization of 
the effect of t.ransport phenomena in 
porous catalysts upon the kinetics but 
also in the cont’rol of size-sensitive reac- 
tions (dependent,, for instance, upon the 
size of the metal crystallites in the sup- 
ported metal catalysts) or perhaps even 
for shape-select’ive catalysis. These tech- 
niques can also provide materials useful for 
calibrating pore size distribution met,hods. 

As indicated above, the size of the pores 
can be affected by the nature of the elec- 
trolyte and the temperature of the bath. 
For instance, a solution of 4 wt% phos- 
phoric acid at 24°C leads to pores of 
16.5 nm, while a solution of 15 wt% sul- 
furic acid at 10°C leads to pores of about 
6 nm (3). The pore density can be in- 
fluenced by the applied volt.age; higher 
pore density is obtained by lowering the 

384 

Copyright Q 1976 by Aoademio Press, Inc. 
AU righta of ~eprcduotion in any form moved. 



DESIGN OF PORES IN ALTJMINA 385 

voltage. Consequently, the control of the 
size of the pores can be carried out by 
selecting an electrolyte (or a mixture of 
electrolytes, perhaps even a mixture com- 
posed of an electrolyte which leads to 
porous aluminas with one which leads to 
nonporous aluminas), the temperature and, 
as will be shown, the thickness of the foil. 
The pores obtained from thick foils after 
anodization have distorted cylindrical 
shapes which can be improved by etching. 
The etching makes the shape more cylin- 
drical but increases the radius. 

EXPERIMENTAL 

Preparation of the alum&as. The alumina 
was obtained by anodizing aluminum 
sheets of 30-nm-2.5~pm thickness in dif- 
ferent electrolyte solut’ions. Before each 
experiment the solutions were cooled in a 
refrigerator and maintained at 0°C during 
the anodization process. The aluminum 
sheets of 2.5~pm thickness were purchased 
from Ventron Corporation and precleaned 
wit,h acetone before anodization. The very 
thin aluminum films of 3CL60-nm thickness 
were prepared by vapor deposition of 
99.999% pure aluminum in an Edwards 
high vacuum coater unit at lo-” Torr. 
Before the aluminum was deposited, Vic- 
tawet (purchased from Ernest F. Fullam, 
Inc.), was deposited as a first layer on a 
microscope slide in order that after anod- 
ization the alumina film could easily be 
removed by dipping the slide in distilled 
water. 

In the electrolytic cell, the aluminum 
sheet forms the anode and stainless steel 
the cathode. The distance between the 
electrodes was 5 cm. The voltage was con- 
trolled between 20 and 45 V using a dc 
power supply (Model 6200B from the 
Hewlett-Packard Company). The current 
density varied for different operating con- 
ditions. For instance, for the aluminum 
sheets of 2.5~pm thickness anodized in 
5 wt% sulfuric acid at 2OV, the initial 
current density was 0.8 mA/cmZ. This 

dropped off continuously, but slowly, 
to zero when the aluminum was com- 
pletely anodized. For very thin aluminum 
films, less than about 100 nm, the current 
density dropped instantaneously to zero 
when the circuit was connected. The time 
of anodization varied from 2 to 35 min. 
The porous aluminas obtained were closed 
at one end by a layer of nonporous 
alumina. 

Specimen preparation for electrou mi- 
croscopy. After anodization, the aluminas 
of 2.5~pm t.hickness had to be thinned in 
a 48 wt% phosphoric acid solution at 
60°C for several minutes to decrease their 
thickness below 100 nm to make them 
suitable for examination by transmission 
electron microscope. The etching process 
enlarged the size of the pores and dis- 
solved the nonporous film which closed 
one of t)he ends of the pores. The thinned 
aluminas were picked up on grids and 
washed in distilled water for several 
minutes. Following the washing the film 
was picked up once again on the grid. 
Specimens prepared by the vapor deposi- 
tion method were cut into several small 
parts and dipped in distilled water. The 
alumina films floated off the slide were 
picked up on the grids. All the specimens 
were held at 300°C and lO-‘j Torr for 
several minutes in the Edwards vacuum 
coater and then stored under vacuum at, 
room temperature to avoid contamination. 

RESULTS 

Figure 1 is a micrograph of an alumina 
obtained from a 2.5-pm-thick aluminum 
sheet anodized at 20 V in a bath of 10 wt% 
sulfuric acid. The whole sheet was anod- 
ized completely in 35 min, after which it 
was removed from the bath and etched 
chemically for 3 min at 60°C in a 48 wt% 
phosphoric acid solution. The micrograph 
shows that all the pores are parallel cyl- 
inders which are rather uniformly distri- 
buted. The average radius of the pores 
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is 20 nm, which is larger than the size 
reported previously (9). The enlargement 
of the pores is caused by the chemical 
etching. The pores shown in the micro- 
graph in Fig. 2 were produced by anodizing 
a 2.5~pm-thick aluminum foil at 20 V in 
a bath of 5 wt% sulfuric acid for 25 min. 
The unanodized aluminum was removed 
by dissolution in a concentrated HgClz 
solution. The average radius of the pores 
before etching was 6.6 nm and after 
etching for 3 min in a 48 wt% phosphoric 
acid solution 11.4 nrn (see Fig. 3). The 
etching also dissolved the nonporous layer 
of alumina located at one end of the 
pores. Thus, after etching, the pores ex- 
tend across the whole thickness of the 
alumina ; they also posses a more cylin- 
drical shape. The pores are arranged in 
some order, each pore having six close 
neighbors. The density of the pores in the 
two micrographs shown in Figs. 2 and 3 
is the same (112 X log pores/cm2), which 

indicates that the chemical etching does 
not create new pores. Figure 4 is another 
micrograph showing the microstructure of 
a porous alumina produced in the same 
way as the one in the micrograph shown 
in Fig. 3 but with an anodizing voltage 
increased to 25 V and a 2-min chemical 
etching in a 48 wt% phosphoric acid solu- 
tion. The average radius of the pores in 
this film is 8.4 nm and the pore density 
(89.9 X lo9 pores/cm2) is 20% less than 
that of the alumina shown in the micro- 
graphs in Figs. 2 and 3. Pores with radii 
smaller than 6 nm were obtained by 
anodizing very thin (30-60 nm) aluminum 
films prepared by the vapor deposition 
method. When aluminum films of about 
60-nm thickness were anodized for 2 min 
at 20 V in a bath of 5 wt% sulfuric acid, 
pores with 3.4-nm radii were obtained (see 
Fig. 5). The pores are distributed rather 
uniformly and have well-defined cylindrical 
shapes. The small black particles observed 

FIQ. 1. Transmission electron micrograph of an alumina obtained from a 2.5~pm-thick alu- 
minum foil anodized for 35 min at 20 V in a 10 wt% sulfuric acid bath followed by etching for 
3 min in a 48 wt% phosphoric acid solution. 

Fxo. 2. Transmission electron micrograph of an alumina obtained from a 2.5-pm-thick alu- 
minum foil anodized for 25 min at 20 V in a 5 wt% sulfuric acid bath followed by dissolution 
by amalgamation of the remaining aluminum. 

FIG. 3. Transmission electron micrograph of the alumina shown in Fig. 2 etched supplementarily 
for 3 min in a 48 wt% phosphoric acid solution. 

FIQ. 4. Transmission electron micrograph of an alumina obtained from a 2.5~pm-thick alu- 
minum foil anodized for 25 mm at 25 V in a 5 wt% sulfuric acid bath followed by etching for 
2 min in a 48 wt% phosphoric acid solution. 

FIQ. 5. Transmission electron micrograph of an alumina film obtained from a 60-nm-thick 
aluminum film anodized for 2 min at 20 V in a 5 wt% sulfuric acid bath. 

FIQ. 6. Transmission electron micrograph of an alumina fdm obtained from a 60-nm-thick 
aluminum film anodized for 2 min at 30 V in a 5 wt% sulfuric acid bath. 

FIQ. 7. Transmission electron micrograph of an alumina film obtained from a 30-nm-thick 
aluminum film anodized for 2 min at 20 V in a 5 wt% sulfuric acid bath. 

FIQ. 8. Transmission electron micrograph of an alumina film obtained from a 30-nm-thick 
aluminum film anodized for 2 min at 45 V in a 3 wt% oxalic acid bath. 

FIQ. 9. Transmission electron micrograph of an alumina obtained from a 30-nm-thick alu- 
minum film anodised for 2 min at 20 V in a mixed bath which contains 5 wt% sulfuric acid and 
1 wt% d-tartaric acid with the pH maintained at 5.5 by addition of ammonium hydroxide 
solution. 
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in the micrograph are unanodized alumi- 
num (identified by selected area diffrac- 
tion patterns). The pore density in this 
alumina was not affected by an increase 
of the voltage to 30 V (see Fig. 6). The 
average radius and pore density in t,hese 
films are still 3.4 nm and 673 X log pores/ 
cm2, respectively, but fewer aluminum par- 
ticles are left after the anodization process. 
Some pores, however, are more or less 
distorted. By anodization of an aluminum 
film of 30-nm thickness for 2 min at 20 V 
in a bath of 5 wt% sulfuric acid, pores of 
1.7-nm radius were obtained (see Fig. 7). 
The pore density of this alumina is 157 
X lOlo pores/cm2 which is twice that of 
the alumina8 shown in the micrograph in 
Fig. 5. 

By anodization of 30-nm-thick aluminum 
films for 2 min at 45 V in 3 w-t% oxalic 
acid, low density, small and shallow pores 
having a radius of 1.5 nm were obtained 
(see Fig. 8). When an aluminum film of 
about the same thickness was anodized for 
2 min at 20 V in a mixture of 5 wt% 
sulfuric acid and 1 wt’% d-tartaric acid, 
well-defined cylindrical parallel pores 
having an average radius 1.4 nm and a 
pore density of 179 X lOlo pores/cm2 were 
obtained (see Fig. 9). 

CONCLUSION 

Alumina films prepared by anodization 
of foils or films of aluminum contain pores 
which are essentially parallel cylinders 
uniformly distributed but closed at one 
end by a nonporous film. The nonporous 
film closing the pores can be eliminated 
by etching in phosphoric acid solution. 
Pores which penetrate the foil over its 
entire thickness are thus obtained. The 
etching process makes the shape of the 
pores more cylindrical but enlarges their 
diameter. The size and density of the pores 

can be controlled by selecting appropriate 
preparative conditions. In this work, pores 
larger than 6 nm were obtained by anod- 
izing 2.5~pm-thick aluminum sheets in a 5 
or 10 wt% sulfuric acid bath at 0°C at 
different voltages followed by etching for 
several minutes in a 48 wt% phosphoric 
acid. Higher pore densities were obtained 
by lowering the applied voltage. Pores 
with radii less than 6 nm were obtained 
by anodizing 30-60-nm-thick aluminum 
films at different voltages in a 5 wt% 
sulfuric acid bath at 0°C. In the anodiza- 
tion process, low temperatures and low 
concenbrations of sulfuric acid were used 
because they favor the formation of small 
pores. The applied voltage did not affect 
the pore density in the thin alumina films 
but fewer aluminum particles were left in 
the alumina films at the higher voltages. 
A bath containing a mixture of an elec- 
trolyte (sulfuric acid) which produces a 
porous alumina and an electrolyte (tar- 
taric acid) which produces a nonporous 
alumina produced a film having small 
pores. These pores were more densely and 
more uniformly distributed than pores in 
films produced with sulfuric acid alone. 
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