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N
anoporous anodic alumina, which
has been widely used as anticorro-
sion or decoration coating to im-

prove the mechanical properties of alumi-
num,1 is now attracting renewed attention
as an indispensable part of the nanoscience
and nanotechnology.2 The porous anodic
alumina (PAA) films possess uniform cylin-
drical pore sizes and high pore density,
which are known to be important mem-
brane attributes. These nanosized pores can
serve as perfect scaffold platform for syn-
thesizing nanostructural arrays of various
materials.3–8 Furthermore, nanoporous alu-
mina membranes are suitable for a number
of diverse applications, including DNA
translocation, size-exclusive filtration, gas
separation, and as photonic crystal.9–12

These versatile applications are due to the
special physical characteristics of the po-
rous anodic alumina, which can be fabri-
cated through the relatively simple and
low-cost anodization process. When a sheet
of aluminum is electrochemically anodized
in a certain acid electrolyte under specific
conditions, an almost perfectly regular or-
dered porous alumina film with controlled
pore size and thickness forms on a thin bar-
rier layer alumina (BLA) covered aluminum
substrate.13–16

To expand the application field and op-
timize the effectiveness of the porous an-
odic alumina, it is essential to improve the
regularity of the pores’ arrangement, and to
manipulate the size and position of the
pores. For instance, the mass transport
property, which is important in the applica-
tion of PAA as a separation membrane, is
strongly dependent on the pore diameter.
Potential utilization of PAA in membrane
separation requires precise control of the
pore diameter. For these purposes, a vari-
ety of investigations concerning the mor-

phology control have been extensively per-
formed after the confirmation of the
classical cell model proposed by Keller et
al.17 An extensive series of experiments by
O’Sullivan and Wood showed conclusively
that the barrier layer thickness, pore diam-
eter, and the interpore spacing all increase
nearly linearly with the voltage of the elec-
trochemical cell and decrease with increas-
ing acid strength of the electrolyte.18 Films
of controlled morphology can be possibly
developed by fine-tuning the acid used, the
pH of the electrolyte, the temperature, the
anodization voltage, and the current den-
sity. To achieve highly ordered PAA films, a
two-step anodization process and a pretex-
turing process were proposed by Masuda
and co-workers.3,19 Recently, most research
work in this aspect has been primarily con-
centrating on the formation procedures in
oxalic acid and sulfuric acid.20,21 But few at-
tentions have been paid on the relatively
hardly controlled phosphoric acid system.
Moreover, these studies were only focusing
on the interpore diameter modulation;
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ABSTRACT We used polyethyleneglycol (PEG) as a modulator to manipulate pore and cell sizes in the porous

anodic alumina (PAA) fabrication. It is shown for the first time that continuous manipulation of the pore size of PAA

can be realized. Combined with the coexistent cell-size controlling effect, the morphology and properties of this

important nanoscale template and separation membrane can be precisely regulated. The pore size modulation

mechanism is proposed on the basis of the morphological and electrochemical results. The presence of PEG in the

electrolyte results in a more compacted structure of the barrier layer alumina (BLA), although the barrier layer

thickness does not change considerably. In addition, the additive can obviously restrain the chemical dissolution

of alumina and shape smaller pores. These two effects combined with the increased viscosity of the electrolyte

slow down the ion transportation and diminish the anodization current. Thus, the burning-down phenomena of

the aluminum substrates can be avoided at relatively high voltage anodization, and an interpore distance up to

610 nm can be achieved.

KEYWORDS: porous anodic alumina · anodization · morphology control ·
polyethyleneglycol · phosphoric acid
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the pore diameter was seldom a concern, although it

is also an important parameter in the PAA applications.

As it is generally believed that the formation volt-

age significantly determines the pore morphology, an-

odization performed at as high a voltage as possible

could result in a relatively larger cell. Practically, many

authors have suggested that this goal can only be

achieved by anodizing the aluminum in a phosphoric

acid solution but not in other acidic solutions.22 How-

ever, a major limitation associated with this electrolyte

type is its aggressiveness, which results in the serious

chemical dissolution of pore walls that thus promotes

the enlargement of the pore openings. In addition, the

uppermost issue of high voltage anodization is the

avoidance of breakdown or burning of the oxide film

caused by catastrophic flow of electric current.

To obtain PAA with adjustable pore size and constant

interpore distance, we used polyethyleneglycol (PEG, MW

400) as a modulator in the anodization process in a phos-

phoric acid solution. It was found that the pore opening

effect could be significantly restrained. By changing the

concentration ratio of PEG to phosphoric acid, the pore

size of the PAA membrane fabricated at constant voltages

can be tuned at will. Furthermore, the addition of PEG de-

creases the anodizing current, which suppresses the

breakdown effect and enables the uniform growth of

the oxide films at high voltages (�200 V). Therefore, the

fabrication voltage can be extended to 230 V at near

room temperature in a 0.2 M phosphoric acid electrolyte,

and the interpore distance can be increased to 610 nm

which is ca. 100 nm larger than that reported previously.

This information provides us with the ability to tailor-

make membranes with a range of characteristics that

can be used for a number of different experimental stud-

ies and practical applications.

RESULTS AND DISCUSSION
The surface morphology images of the PAA mem-

branes fabricated in a 0.2 M phosphoric acid electro-

lyte with different concentration of PEG are shown in

Figure 1. The size of pores opening decreases signifi-

cantly by the addition of PEG and is inversely propor-

tional to the content of PEG in the electrolyte. The pore

size manipulation may be due to two effects caused

by the PEG addition. First, as reported previously by

Ono and co-workers,23 the ratio of pore to cell diam-

eter (or interpore distance) is controlled by the electric

field strength during anodizing. This ratio decreases

with the increase of electric field strength. Generally,

the electric field strength is inversely proportional to

the dielectric coefficient of the electrolyte. Since the di-

electric coefficient of PEG is lower than that of water,

the addition of PEG could cause the increase of the elec-

tric field strength. It is assumed that the film with a

low pore-to-cell diameter ratio would be formed with

the increase of electric field strength because of the ad-

dition of PEG. Thus, the pore size controlling mecha-

nism is assumed to be partially related to the high elec-

tric field strength during the anodic film growth in the

presence of PEG. Another effect which may play a prior

role in the pore size dwindling is the protecting effect

of PEG on the chemical dissolution process. It is gener-

ally accepted that the pores generally broaden toward

the film surface owing to the chemical dissolution of

pore walls by electrolyte during the film growth.24 The

reduced diameter of the pore opening in the presence

of PEG could be explained by the decreased chemical

dissolution reaction rate. To verify this hypothesis, the

PAA films were immersed in a fresh phosphoric acid so-

lution for 4 h after anodization. The total amount of

the aluminum cations dissolved in the electrolyte was

Figure 1. Influence of the PEG addition on the morphology of alumina films electrochemically grown in 0.2 M H3PO4 at 165
V and 15 °C. The outer surface SEM images of the film formed with (A) 0% PEG, (B) 30% PEG, and (C) 50% PEG; (D) depen-
dence of the pore diameter on the PEG proportion in the electrolyte; (E) dependence of the PAA and BLA thickness on the
PEG proportion in the electrolyte.
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determined by spectrophotometry. The chemical disso-
lution rate was calculated to be 0.625 and 2.5 mg/h in
the presence and absence of 50% PEG, respectively.
This implies that the presence of PEG could obviously
decrease the chemical dissolution rate of alumina in
phosphoric acid solution.

The thickness of the porous anodic alumina and
the barrier oxide layers was measured by SEM charac-
terization. The PEG concentration dependent thickness
of the PAA films and the corresponding barrier layers
anodized under the same conditions is shown in Fig-
ure 1E. It is well-known for alumina that the barrier layer
thickness is linearly proportional to the applied poten-
tial, which guarantees that no new pores nucleate be-
tween existing pores.25 It is clear that the thickness of
the barrier layer keeps the same in the PEG concentra-
tion ranging from 0% to 50%. The growth parameter of
the barrier layers formed during the anodization of alu-
minum is usually quoted in term of anodizing rate (the
number of nanometers of oxide layer formed per Volt
applied). With the knowledge of the oxide film thick-
ness and the voltage applied, the anodizing ratio can
be approximately calculated. It is about 1.4 nm/V un-
der our experimental conditions, which is in good con-
sistence with the expectation of the voltage depen-
dence reported in ref 1. In contrast, the PAA film
thickness decreases with the increase of PEG concentra-
tion. This could be explained by the formation mecha-
nism which will be discussed in the latter section.

The energy dispersive X-ray (EDX) spectrum of the
PAA film formed in the phosphoric acid solution con-
taining 75% PEG reveals that the alumina film is mainly
composed of Al (K�, 1.5 keV) and O (K�, 0.525 keV) (Fig-
ure 2). A small peak for P is observed at 2.0 keV, indicat-
ing a small amount of phosphate anion incorporated
into the PAA film during the anodizing process. This is
good agreement with the classical PAA formation
mechanism. From the spectrum, we can also infer that
PEG is not incorporated into the PAA film because no
X-ray emission peak for C was observed. In addition, el-
emental and thermalgravimetric analysis was also car-

ried out to confirm the EDX result. There is no carbon
or hydrogen detected by the elemental analysis, and no
PEG weight loss step exists in the thermalgravimetric
characterization (see Supporting Information, Figure
S1). These results imply that the variation in morphol-
ogy of PAA films formed in the presence of PEG cannot
be ascribed to the chemical composition.

As studied in the previous works, the formation pro-
cess in the constant-voltage mode is accompanied by
a high initial current for the formation of the insulating
barrier oxide film. With the increase of the insulating
layer thickness, a steep current decrease occurs. This
current then increases because of the formation of
pores and finally reaches a constant value in the re-
gime of steady-state pore growth.26 The variation of
the anodizing current�time curves during constant-
voltage anodizing in phosphoric acid solutions contain-
ing various concentrations of PEG is shown in Figure
3A. The initial current decrease associated with the for-
mation of a continuous barrier oxide proceeds much
slower in the case of PEG addition, which means that it
takes a longer time to form a barrier oxide layer of ho-
mogeneous thickness. The lowest current, which im-
plies the beginning of the pore initiation, was reached
within 30 s when anodization was performed in pure
phosphoric acid solution. However, this initial pore
nucleation was notably delayed in the presence of PEG,
indicating a slow pore initiation. AFM images of the
PAA film at the different stages of the anodization were
collected to confirm this effect (Figure 3B). In the ab-
sence of PEG, a barrier oxide layer starts to grow imme-
diately after switching on the anodic bias. Within 2 s,
relatively fine-featured pathways are revealed in the
outer regions of the barrier layer prior to any true pore
formation. It suggests that the pore nucleation takes
place almost at the same time as the barrier layer
growth. Further anodization (e.g., for 50 s) results in
the propagation of individual paths through the bar-
rier oxide layer and the formation of a steady-state pore
structure. In contrast to the conventional anodization
process discussed above, the pore formation procedure
obviously slowed down when PEG was added into the
electrolyte. By anodizing for 2 s, there was an impercep-
tible change of surface morphology as compared to
the aluminum substrate. The morphological variation
can be observed only after about 50 and 500 s for pore
nucleation and formation, respectively.

It is believed that the steady state anodization cur-
rent is mainly related to the migration of oxygen-
containing ions (O2-/OH�) and Al3� ions in the barrier
layer.13,26 The mass transport of the oxygen-containing
anionic species from the bulk solution to the oxide/
metal interface determines the current density during
the anodization process. Accordingly, a decreased mass
transport rate is expected with the increase of solution
viscosity caused by the presence of PEG, which results
in the decreased ionic current. Due to the intense agita-

Figure 2. Energy dispersive X-ray (EDX) spectrum of porous
anodic alumina film formed in 0.2 M phosphoric acid con-
taining 75% PEG at 165 V and 15 °C.
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tion, the influence of PEG on the ions migration in the

bulk solution can be neglected. However, the influence

of solution viscosity on the ions migration rate in the

nanopores should be taken into consideration. This ef-

fect can be explained in detail by the variation of the

electromigration velocity. The electrophoretic velocity

(v) of the ions in the nanopores can be described as v �

��E/4�	, where �, �, E, and 	 represent the dielectric co-

efficient, zeta potential, electric field strength, and the

viscosity coefficient, respectively.

All the results reported in the literature show that

the ionic current is in directly proportional to the elec-

tric field strength in the classical anodization system.

But in the present case, the effect of the increasing elec-

tric field strength is counteracted by the contribution

from the change of dielectric coefficient of the electro-

lyte. The product of � and E is a constant. Therefore, the

ionic current is solely dependent on the viscosity coef-

ficient of the electrolyte.

In addition, two other important factors, the struc-

ture of the barrier layer and the pore diameter, should

also be considered. In the presence of PEG in the phos-

phoric acid solution, barrier layer forms slowly at a

given anodization voltage. As shown in Figure 1E, the

thickness of the barrier layer keeps constant at fixed po-

tential regardless of PEG addition. However, the AC im-

pedance of the barrier layers, which formed in the pres-

ence of PEG, increases significantly (Figure 4A). This
could imply the formation of a tighter barrier layer

which certainly limits the ion transportation. The elec-

trokinetic measurements of the PAA membrane with a

complete barrier layer at a transmembrane potential of

1.0 V in an aluminum sulfate (0.2 M) solution reveal

that the ion migration through this anodic film sig-

nificantly decreases as compared to that formed in

the electrolyte without PEG (Figure 4B). This phe-

nomenon might be related to the more compact

barrier layer and smaller pores formed in the pres-

ence of PEG as well.

The current curves in Figure 3 can also help us to elu-

cidate the influence of PEG on the formation rate of PAA

films. According to the classical model, the continuous

formation and dissolution of the barrier layer at the

base of the pores result in a one-dimensional displace-

ment of this layer into the aluminum substrate. The film

thickness is found to increase linearly with time, and

the growth rate is found to be dependent on the anod-

ization conditions. The growth rate of PAA film can be

estimated by plotting the film thickness as a function of

anodization time, where the film thickness is deter-

mined from the cross-sectional SEM micrographs. From

the time-dependent thickness variations for different

PEG concentration, it is found that the growth rate of

the PAA film decreases with increasing PEG concentra-

tion at a given temperature because of the slower ion

transport rate. The formation rate is 6.93 and 1.26 
m/h

for the anodization in the absence and presence of
50% PEG, respectively.

Figure 3. (A) Current�time transients during anodization in a 0.2 M phosphoric acid solution in presence of different PEG
proportion at 165 V and 15 °C. (B) AFM images of aluminum substrate after pretreatment of annealing and electropolish-
ing; resultant surface topographies of the aluminum anodizing at 165 V in 0.2 M phosphoric acid in absence of PEG for 2 s,
50 s; and in presence of 50% PEG for 2 s, 50 s, 500 s.

A
RT

IC
LE

VOL. 2 ▪ NO. 5 ▪ CHEN ET AL. www.acsnano.org962



It is reasonable to assume that the chemical dissolu-

tion effect correlates with the anodizing time. On ac-

count of slow film growth rate in the presence of PEG,

a given thickness should be obtained in longer anodiz-

ing time. For instance, a PAA film with thickness of

about 55 
m was obtained by 8 h anodization in the ab-

sence of PEG, while it required 48 h in the presence of

50% PEG. By anodizing in a long period (48 h), the pore

opening is slightly enlarged as compared to the film ob-

tained in the relatively short period (8 h). But it is still

much smaller than that of the film formed in the ab-

sence of PEG. Another approach to get the given thick-

ness in relatively short time is to increase the concentra-

tion of phosphoric acid. Accordingly, both the ionic

current and the formation rate of PAA film increase. A

PAA film with a thickness of about 55 
m could be

formed by 8 h in 0.8 M phosphoric acid solution con-

taining 50% PEG. The pore opening of the resultant film

is about 140 nm, which is larger than that formed in

0.2 M phosphoric acid with 50% PEG but still smaller

than that formed without PEG. The relationship of the

pore opening diameter among the above-mentioned

films is shown in Figure 5. The SEM image of the cross

section of the PAA film prepared from the phosphoric

acid solution containing 50% PEG shows that the size of

the pores is uniform throughout the whole film and is

the same as that of the pore opening (see Supporting

Information, Figure S2). From these results, we can eas-

ily fabricate PAA films with the same thickness but

with tunable pore size by appropriate design of the

concentration of PEG and phosphoric acid. In addition,
control of the pore sizes of PAA films could also be ex-
pected by using PEG additives with different molecular
weights (MW), as the solution viscosity changes with
the polymer MW. For instance, 30% PEG-2000 results
in films with 95 nm pores as compared to the film with
130 nm pore size formed in 30% PEG-400 (165 V, 0.2 M
H3PO4) (see Supporting Information, Figure S3).

It is well known that the anodizing current density
increases with the formation voltage. Applied voltages
higher than the optimum value required to maintain
stable anodization in a given electrolyte always result
in “breakdown” or “burning” of the alumina film be-
cause of the corrosive acid attack at high electric
fields.23 These process limitations reduce the potential
applications of nanoporous alumina. Substantial efforts
have been made to explore new self-ordering regimes
in a wider range of interpore diameter.20,21,23,27 Re-
cently, self-ordering anodization of aluminum has been
reported by the Masuda group. Porous alumina film
formed in 0.3 M phosphoric acid solution at 195 V and
0 °C had an almost ideally arranged hexagonal cell con-
figuration with cell size of approximately 500 nm.28

However, in the case of phosphoric acid electrolyte, it
is difficult to continue electrolysis for a long time with-
out burning even at a low temperature. The addition of
Al3� ions, vigorous agitation, and repeated experi-
ments are suggested to be required to perform rela-
tively stable electrolysis at 195 V for more than 1 h.23

Our experimental results show that stable anodization
in 0.2 M phosphoric acid solution at normal tempera-
ture is usually difficult to maintain when the formation
voltage exceeds 170 V. In this case, white burning spots
appear at the specimen accompanying the high cur-
rent density and uniform film growth process is termi-
nated. On the basis of the restrain effect of the anodiz-
ing current, stable anodization could conceivably be
carried out by the addition of PEG in the electrolyte. To
obtain PAA film with a higher interpore distance, an an-
odization voltage of 230 V was applied in the presence
of 50% PEG. In this case, breakdown phenomenon did
not occur even at a relatively high temperature as com-
pared to that normally used in the high voltage anod-

Figure 4. (A) Complex impedance spectra of BLA formed (a)
in the absence of PEG and (b) in the presence of 50% PEG at
165 V. (B) Transmembrane current�time curves of the an-
odic films containing barrier layer formed (a) in the absence
of PEG and (b) in the presence of 50% PEG. The transmem-
brane potential was 1.0 V and the electrolyte was 0.2 M alu-
minum sulfate.

Figure 5. Pore size of the PAA films grown at 165 V and 15
°C. (a) 0.2 M H3PO4 for 8 h; (b) 0.2 M H3PO4 containing 50%
PEG-400 for 8 h; (c) 0.2 M H3PO4 containing 50% PEG-400 for
48 h; (d) 0.8 M H3PO4 containing 50% PEG-400 for 8 h.
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ization, and PAA film with perfect morphology was
obtained.

For characterizing the cell configuration from the
bottom part of the oxide film, the remaining alumi-
num was etched in a saturated CuCl2 solution. The bar-
rier layer was then removed by chemical etching in a 5
wt % aqueous phosphoric acid solution at 45 °C for 180
min to open the pore bottoms. Figure 6 illustrates the
typical SEM images of the resultant anodic porous alu-
mina. The pores nucleated on the surface at almost ran-
dom positions (Figure 6A), which was due to the metal-
lurgical texture of the aluminum substrate.29 The pore
diameter is about 70 nm in average from the surface
observation. While the surface pore/cell order is poor,
the hexagonal ordering toward the metal/oxide inter-
face (Figure 6B) is inherent in the PAA film growth

mechanism.13,25 As shown in Figure 6C, a highly or-
dered pore arrangement with hexagonal texture is
achieved within domains that are separated by grain
boundaries from neighboring domains with different
orientations of pore lattice.

It is well-known for porous anodic alumina that the
interpore distance or the cell size, Dint (Dint � kU), is lin-
early proportional to the applied cell potential U with
a proportionality constant k of approximately 2.5 nm/V.
It is predicted by the equation that the Dint of the PAA
films formed at 230 V should be about 575 nm. As esti-
mated by AFM height profile (Figure 6D), the interpore
distance of this film is averaged to be 610 nm. It is con-
sistent with the value of the prediction.

The porosity (P) of the PAA film can be estimated us-
ing the equation

P ) 2π
√3( Dp

Dint
)2

by assuming an ideal hexagonal arrangement of the
pores, where Dp is the pore radius. Although highly or-
dered and compacted arrays can be obtained under our
experimental conditions, the porosity is much smaller
than 10% and estimated to be only about 1.6%. This
would mean that the 10% porosity rule proposed by
Nielsch et al. does not hold true in our case,25 where the
mechanical stress situated at the metal/oxide interface
is different from the conventional process. The decrease
in porosity can be ascribed to the weak chemical disso-
lution under the protection of PEG.

CONCLUSIONS
In summary, an important advantage of the pro-

cess proposed in this report is that it is possible to tune
the pore diameter with constant cell dimension. This
template structure provides a natural separation be-
tween nanowires or carbon nanotubes after growth,
thus preventing the latter to form ropes. By tuning the
pore size, the distance between parallel nanoobjects
can be facilely controlled. Moreover, in contrast to the
conventional methods, the strategy employed in this
work for the fabrication of PAA film can successfully
eliminate the “burning” of alumina film at high anodiz-
ing voltages. In phosphoric acid electrolyte, the stable
anodization can be carried out at voltages as high as
230 V. In this case, the pore interval extends to 610 nm.
On the basis of the identical principle, our approach
can also be applied in other acid systems to achieve alu-
mina nanostructures with pore/cell sizes in a large con-
tinuous range for various practical applications.

EXPERIMENTAL SECTION
A high purity (99.99%) aluminum sheet was used as the sub-

strate material. Prior to anodizing, it was annealed at 500 °C in ni-
trogen atmosphere for 5 h in order to remove mechanical

stresses and to recrystallize the samples. Subsequently, the foil
was electropolished in a mixture of perchloric acid and ethanol
(1:5 by volume) at a constant dc voltage of 20 V for 5 min to
smooth the surface. The surface morphology of the aluminum

Figure 6. SEM micrographs of anodic porous alumina pre-
pared under a constant voltage condition of 230 V in a 0.2
M H3PO4 solution containing 50% PEG at 15 °C for 4 h: (A)
surface view; (B) bottom view from the barrier layer; (C) bot-
tom view after pore-widening treatment for 180 min. Panel
D shows the AFM height profile of the PAA after pore-
widening treatment.
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substrate after pretreatment was evaluated by atomic force mi-
croscopy (AFM, SPI-3800N Seiko Japan). The roughness of the
electropolished surface was typically between 10 and 20 nm on
a lateral length scale of 10 
m. The aluminum foils were then
mounted on a copper plate serving as the anode and exposed
to the electrolyte in a thermally isolated electrochemical cell. An-
odizing process was performed at a constant cell potential con-
dition in a phosphoric acid solution containing various propor-
tions (mass percentage) of PEG (MW 400, Sinopharm Chemical
Reagent Company) which was maintained at 15 °C and rigor-
ously stirred. The PEG with MW 400 was used throughout the
measurements except otherwise stated. During the anodization,
the current�time (I�t) curves were recorded to monitor the
growth process and compare the influence of PEG on the geo-
metrical structure of the PAA membranes. The surface morphol-
ogies of the PAA membranes were characterized using a JSM-
6360 LV scanning electron microscope. Thermogravimetric
analysis (TGA) was conducted on a Perkin-Elmer TGA-7 instru-
ment. The samples were heated at 20 K min�1 from room tem-
perature to 800 °C in nitrogen atmosphere.
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