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The preparation of ordered porous metal oxide films by
anodic oxidation is an efficient and simple preparation
method. However, there has been no unified explanation
about the formation mechanism of the porous structure for
many years. In this paper, the relationship between the
crystal structure of metals and the morphology of ordered
porous metal oxide films is proposed. The influence of the
crystal structures of different metals on the optimal mor-
phology of porous films is discussed. Systematic studies
show that anodic metals with face-centered cubic structure
form highly ordered porous metal oxide films after anodic
oxidation; metals with hexagonal dense arrangement form
ordered nanotube arrays after anodic oxidation, but those
with body-centered cubic structure form poorly ordered
porous films after anodic oxidation. These results provide a
new perspective and theoretical framework for the prepa-
ration of ordered porous metal oxide films by anodic
oxidation.
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Ordered porous metal oxide thin films (PMOTF) have
attracted much attention due to their unique microstruc-
tural, magnetic, optical and electrical properties [1-5].
Electrochemical anodization is a simple and highly effi-
cient preparation method that is now widely used in a
number of fields [6-12]. Porous anodic alumina (PAA)
membrane, in particular, is often used as a self-organized
template in the field of nanomaterials [13-20] or as a
substrate to prepare nanoporous materials by sputtering
[21-23] because of its highly ordered nanoscale pore
structural surface. The anodic growth of tantalum oxide
films has received important interest due to their specific
properties such as high dielectric strength, or as protective
coating for surgical instruments and chemical equipment.
Niobium and its oxide have been used as implant materials,
biocompatible coating, and alloying element [24-28]. In
recent years, titanium dioxide nanotube arrays prepared by
anodic oxidation have been widely used due to their high
specific surface area, unique structure and unidirectional
charge transfer [29-32]. In addition, compared with the
dense metal oxide films, the ordered porous metal oxide
thin films itself have many excellent properties, which can
be used in room temperature ferromagnetic materials,
nano-energy [33], optics [34—40], sensors [41], anti-coun-
terfeiting [42—44], and data storage [21-23, 45] fields.

Much progress has been made on the formation mech-
anism of the PMOTTF, and theories have been provided on
the synthesis of PAA [46-57], such as field-assisted dis-
solution (FAD) [47] and the critical current density model
[50]. In recent years, a new model of the oxygen bubble
mold effect (OBME) has been proposed (Fig. S1) [58-61].
Zhu et al. suggest that during the production of PMOTF,
oxygen bubbles are formed at the bottom of the barrier
layer. Under the action of electric field, the barrier layer
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which blocks the oxygen bubbles grows upwards and
finally forms a porous layer. Currently, this model can
reasonably explain the formation of porous structures;
however, it is still a question about what kind of pore
distribution different metal metals will exhibit after
anodizing. For example, the optimal morphology after
anodization of alumina can show a hexagonal close-packed
(hcp) ordered porous film structure [40, 53]. However,
many metals such as Fe, Nb, Ta, Sn and W form
porous/tubular structures after anodization
[10, 30, 32, 62-65], but achieving the optimal surface
morphology is difficult to form a highly ordered porous
structure, while Ti, Zr and Hf metals show tubular rather
than porous film  structures after anodization
[29, 31, 66-68].

Herein the distribution of holes after anodization of
different kinds of metals is studied, and the above phe-
nomenon is explained in combination with the OBME
model. It can be found that the lattice structure of a metal
determines its optimal pore distribution after anodizing, as
shown in Table 1 [13-18, 21-23, 29, 31, 46-57, 66-83].
For simple lattice metals with face-centered cubic (fcc)
structure, the pore distribution can form highly ordered
nanopore arrays. For complex lattice metals with hcp
structure, an ordered array of nanotubes is formed. How-
ever, for metals with body-centered cubic (bcc) structure,
the optimal morphology of anodizing also makes it difficult
to form ordered porous films. This work will provide
inspiration and guidance for the preparation of porous
metal oxides.

As known to all, the porous structure produced in the
anodic oxidation process has a great relationship with the
type of electrolyte, concentration, voltage, temperature and
so on (Section SA) [84, 85]. In order to investigate the
influence of the crystal structure of anode metal on the
morphology of porous metal oxides, several kinds of metal
with different crystal structure were selected for anodic
oxidation. To obtain optimal samples, the method of two-

step anodization was used. Detailed anodic oxidation
parameters for each kind of metal and the morphologies of
anodic oxides are listed in Table 2

According to the OBME model, during the production
process of PMOTF, miniature oxygen bubbles are first
formed at the bottom of the barrier layer, and then the
barrier layer blocking the oxygen bubbles grows upwards
under the action of the electric field, and finally a porous
layer is formed. Due to the presence of OBMs, the
migration direction of anions and cations is restricted, so
the original complete blocking layer map is split into
independent upward-growing unit maps by each OBM, as
shown in Fig. 1. An examination revealed that the mor-
phology of nanomaterials, which was prepared by the
method of template-based electrochemical deposition,
exhibited a correlation with the crystalline structure of the
metal [7] (Section SB). Similarly, it can be found that the
optimal morphology of porous oxide films formed after
anodic oxidation of metals with different crystal structures
is also related to their crystal structures. This phenomenon
can be explained with the OBME theory.

Al is the representative metal for the fcc structure. The
detailed procedures of highly ordered porous anodic alu-
mina (PAA) films are similar to those in references [12, 24]
(Section SC). Figure 2a demonstrates the cross section of
PAA, from which it can be seen that the pore size is uni-
form and dense. Figure 2b, ¢ shows the surface morphol-
ogy of the scanning electron microscope (SEM) and the
scanning probe microscope (SPM) of PAA, respectively,
from which it can be seen that the nanopore arrays on the
surface of our prepared PAA films are in an ordered
hexagonal close-packed pattern and are highly
homogeneous.

According to the OBME model, the formation of the
porous structure of anodized metal oxides results from the
generation of oxygen bubbles [46—49]. In fact, the gener-
ation and distribution of oxygen bubbles are naturally
related to the structure of the metal itself and the applied

Table 1 Morphology and ordering of porous structure of anodic oxides

Crystal structure Method Metal oxide Pore distribution Ordered/disordered

Al (fcc) [13-18, 21-23, 42-53, 71-75] Anodic oxidation Al,O3 Nanopore Ordered

Ti (hcp) [64-66, 76—79] Anodic oxidation TiO, Nanotube Ordered

Zr (hcp) [66, 67, 80-83] Anodic oxidation ZrO, Nanotube Ordered

Hf (hcp) [68, 84] Anodic oxidation HfO, Nanotube Ordered
e (bcc) [85-87] Anodic oxidation TayOs5 Nanopore/tube Disordered
(bcc) [53, 88] Anodic oxidation Fe,O; Nanopore/tube Disordered

Nb (bcc) [89, 90] Anodic oxidation Nb,Os Nanopore/tube Disordered
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Table 2 Anodic oxidation parameters and morphologies of anodic oxides

Metal Electrolyte Potential /  Morphology of porous anode
(crystal \Y oxides
structure)
Al (fcc) 0.3 mol-L™" H,C,0, 45 Ordered nanopore array
Ti (hcp) Ethylene glycol containing 0.5 wt% NH4F and 4 vol% deionized 60 Nanotubes
water
Zr (hcp) Glycerol containing 0.35 mol-L=" NH4F and 4 vol% deionized water 50 Nanotubes
Hf (hcp) Ethylene glycol containing 0.1 mol-L™" NH4F and 1 mol-L™ 40 Nanotubes
deionized water
Fe (bcc) Ethylene glycol containing 0.1 mol-L™" NH4F and 1 mol-L™" 40 Disordered nanopore array
deionized water
Nb (bcc) 1 mol-L™" HzPO,4 and 1.5 wt% NH4F 15 Disordered nanopore array
Ta (bcc) 1 mol-L™" H,S0y; 3 W% NH4F 35 Disordered nanopore array

m O,
Al
u ALO,

Fig. 1 Schematic diagram of oxygen bubble mold effect causing material to form a porous structure

Fig. 2 a, b SEM cross-sectional image and surface image of PAA; ¢ SPM surface image of PAA

voltage in the process of electrochemical oxidation
(Fig. S2). It is known that the range of the oxidation
voltage required to form the PAA film is relatively large,
and the pore size of the film is also changed accordingly
(Fig. S3). The higher the oxidation voltage the more sig-
nificant the kinetic factors will be when using the same
electrolyte, and thus the larger the pore size will form
(Table S1). To obtain PAA film in sulfuric acid and oxalic
acid electrolytes, a low oxidation voltage (less than 60 V)
is needed. At low oxidation voltage, the reduced metal
particles are easy to move onto the solid surface due to the
dominant thermodynamic factors, which results in an

f
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orderly close-packing pattern of “OBM” to keep the
energy minimum. Thus, the PAA grown in accordance with
the OBME also shows a uniform and close-packing accu-
mulation of holes.

PAA (H,SO,, H,C,04) was prepared using different
electrolytes. At low voltages, the nanopore arrays on the
PAA surface showed ordered hcp nanopores (Fig. S4a, b),
due to the thermodynamic dominance, where the crystal
structure of the metal plays a role. However, obtaining
PAA in sulfuric acid electrolyte usually requires higher
oxidation voltages (greater than 80 V). Therefore, kinetic
factors dominate, resulting in irregular pore sizes and
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arrangements of PAA films. In addition, the more pro-
nounced the kinetic factors are, the larger the diameters of
the oxygen bubbles become. This means that as the oxi-
dation voltage increases, the diameter of the pores also
increases. Therefore, dense and ordered PAA films cannot
be obtained at large voltages (Fig. S4c).

However, for the metal with fcc structure, oxygen
bubbles produced in the process of electrochemical reac-
tion are easy to arrange in the close-packing accumulation
mode under appropriate voltage due to its own close-
packing accumulation structure. According to the OBME
model, an ordered porous film with the holes of which are
approximately equal and uniform naturally are formed
(Fig. S5). Some special phenomena (nanotubes) occur in
PAA films under special conditions, for example, the pores
of anodic aluminum oxide (AAQO) under high voltage or
H,SO, electrolyte will show an irregular or tubular mor-
phology. However, the focus of this paper is solely on the
impact of metal crystal structure on the optimal morphol-
ogy of porous anodic oxides. These special phenomena
further prove the point of this paper, which are discussed in
detail in the supporting information (Section SD).

The commonly used metals for hcp structures are tita-
nium, hafnium and zirconium, so we performed anodizing
experiments with each of these three metals as samples
(Section SE). As can be seen in Fig. 3a, c, e, the nanopore
arrays distributed on the surface of the anodized TiO,,
HfO, and ZrO, films are also arranged in an ordered hcp
pattern, which seems to be similar to that of the PAA films.
However, it is clear from the SEM cross sections in
Fig. 3b, d, f that highly ordered arrangements of nanotubes
are inside the samples, which are quite different from the
nanopore structure found within PAA films.

It is well known that the hcp structure belongs to a
complex lattice structure, which is composed of two
interpenetrating simple hexagonal lattices (Fig. 4a). As can
be seen from Fig. 4b, along the c-axis, the lattice points are
displaced from one another by a distance ¢/2 and are hor-
izontally arranged. Figure 4c shows the stereoscopic dis-
tribution of atoms in the hcp structural metals visually.
Clearly, the points of one lie directly above the centers of
the triangles formed by the points of the other.

The whole hep structure lattice can also be considered to
be composed of two sets of sublattices, which translate a
distance in some specific direction. In the process elec-
trochemical reaction, it is different for the two sets of
sublattices to obtain electric field effect. As a result, the
sublattices with a larger electric field will be preferentially
anodized. According to the oxygen bubble mold, an orderly
close-packing holes distributed membrane can be formed.
At the same time, a similar anodizing process occurs in
another set of sublattices under a smaller electric field.
There is a dislocation between the two sets of sublattices,
which causes the porous structure formed by the two sets of
sublattices to separate at the closest point inside, and a
tubular structure is produced in the end. That is to say, the
tubular structure obtained by anodizing the metal of the hcp
structure is obtained through two sets of the porous struc-
ture formed by two sets of sublattices. Moreover, the two
sets of porous structures grow are not synchronized, and so
the lengths of the tubes corresponding to the two sets of
sublattices should also be different (Fig. S6a). Also, a
similar result was obtained by Zhang et al., with a 0.02 pm
difference in the length of the TiO, nanotubes, which
further confirms our inference [24]. SEM surface topog-
raphy of porous TiO, similarly demonstrates the internal

Fig. 3 SEM surface images and cross-sectional images about hcp structure: a, b TiOy; ¢, d HfO,; e, f: ZrO,
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separation of the tubular structure (Fig. S6b). Different
with the complex lattice (hcp), metals with simple lattice
structure can only form porous structural oxide films
instead of tubular structure ones because of all the atoms
are completely equivalent in them.

Similar to the above studies on hcp structure, three other
metals of niobium, tantalum and iron with bcc structure
were chosen for experiments and obtained similar results
(Section SF). For the bee-structured metals, the distribution
of nanopore arrays in the anodized niobium, tantalum and
iron films is no longer uniformly ordered. As shown in
Fig. 5a, c, e, the surface of the anodized bcc-structured
metal exhibits an extremely irregular and porous structure.
Figure 5b, d, f shows that the interior of the anodic oxide of
the bce-structured metal exhibits a haphazard distribution
of irregular holes or tubes. This is because both the fcc
structure and the hcp structure belong to the close-packed
arrangement of metals, while the distribution of metal ions

on the (111) crystal plane of the bce structure is similar to
that of the close-packed arrangement of the fcc structure.
However, the distribution of metal ions on the (100) crystal
plane is similar to the ion distribution of the hcp structure,
so the anodic oxide film with both porous and tubular
structures can be obtained. When the metal of bcc structure
with the preferred orientation of (111) plane is used, the
porous structure is obtained. When the (100) plane orien-
tation is preferred, the tubular structure is obtained
(Fig. S7). When the metal ions are distributed on the (111)
and (100) crystal planes of the bcc structure, it can be seen
from Fig. S8 that the lattice point distribution can be
approximated as two sets of simple cubic sublattices when
the plane direction is [100], while it can be regarded as a
dense stacking arrangement when the plane direction is
(111). If there is no preferred orientation, the holes and
tubes are mixed, making the inside of the anodized film
very irregular. Although the metal with bcc structure can

Fig. 5 SEM surface images and cross-sectional images about bcc structure: a, b Nb,Os; ¢, d Ta,Os; e, f Fe,O3

f
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form both porous and tubular films, the metal atoms cannot
form evenly spaced close-packed accumulation, the cor-
responding oxygen bubbles naturally vary in size, which
leads to varying sizes of porous or tubes and poor order.
For example, when the (001) oriented bce metal is used, an
ordered porous structure may also be obtained after anodic
oxidation. However, further research is needed on this
issue.

From the experimental results described above, it is
found that the morphology of porous metal oxide film
prepared by anodic oxidation is closely related to the
crystalline structure of the metals. For fcc structure metals,
the highly ordered nanoporous film will be formed after
anodic oxidation, and the nanopore arrays in the surface of
the film are arranged in an orderly hcp pattern. For hcp
structure metals, a thin film constituted of nanotubes after
anodic oxidation. For bcc structure metals, however, a
disordered porous film is formed after anodizing. It is
interesting in finding that simple lattice structure and
complex lattice structure determine the formation of
nanopores and nanotubes in anodic oxides. And whether
the crystal structure is close-packed or not determines the
ordered/disordered nature of the formed nanopores.
Specifically, after anodic oxidation, simple lattice metals
and complex lattice metals have different internal struc-
tures. Metals with simple lattice structures (fcc and bec) are
anodized to form a nanoporous structure film. The metal
with a composite lattice structure (hcp) is anodized to form
a nanotube structure film.

From the above discussion, it can be inferred that the
morphology of the porous anode oxide is related to the
structure of the anode metal. This is mainly due to the
distribution of oxygen bubbles related to the crystal
structure of the anode metal. Therefore, it is not difficult
to understand that the morphology of the corresponding
oxides may change for specially treated metals or metals
grown in different orientations. This is especially true
when these orientation-grown metals are used for
anodizing. Although the morphology that emerges after
anodizing does not correspond to our proposed morphol-
ogy, these metals still demonstrate the influence of the
crystal structure on the surface morphology of the anodic
oxides.

In summary, it is found that the morphology of the
porous anode oxide is related to the structure of the anode
metal. For metal materials with close-packed crystalline
structures (fcc and hcp), an ordered porous distribution
pattern will be formed by anodizing. For simple lattice
metals (such as aluminum) with fcc structure, the distri-
bution of holes is a highly ordered nanoporous array. While
for complex lattice metals (such as titanium, zirconium,
hafnium) with hcp structure, the ordered nanotubes arrays
are formed by anodic oxidation. The unique tubular

Rare Met. (2024) 43(10):5410-5418

structure may be caused by the distribution of oxygen
bubbles produced by anodic oxidation, which is related to
the crystal structure. It is noted that, for simple lattice
metals (such as iron, niobium and tantalum) with bcc
structure, although porous or tubes films are also formed
after anodizing, they are usually irregular. In conclusion,
the formation of porous metal oxides is essentially the
result of a combination of crystal structure and thermody-
namic and kinetic factors.
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