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Porous anodized aluminium oxide (PAA) has wide and important applications in photonic crystals, energy
science, nanotemplates, life science, medicine, aerospace and other scientific research and industrial
manufacturing fields. The decisive factors determining its application value and specific performance are its
own structural parameters. Therefore, the accurate calculation (but not destructive measurement) of each
PAA structural parameter is of great significance for the design and application of PAA structures to satisfy
different practical requirements. However, there is a significant problem because multiple distinct formulas
proposed by different researchers are used for calculating single independent PAA structural parameters
such as the pore diameter. Furthermore, these multiple distinct formulas for determining a single PAA
structural parameter frequently yield different results. Compounding this issue, these single structural
parameters serve as independent variables in formulas for calculating other PAA parameters. This
propagation of uncertainty leads to multiple distinct results for other subsequent parameters. Consequently,
in practice, for the calculation of a PAA structural parameter, it is difficult to discern which calculations are
the most accurate. Regarding the aforementioned issues, this paper systematically reviews the key structural
parameters of PAA and the most commonly used distinct calculation formulas of each key structural
parameter. The independent variables of almost all mentioned calculation formulas are unified to the
anodization voltage. Subsequently, extensive experimental data published by other researchers are
substituted into all the formulas with the unified independent variable to perform an objective competitive
screening for the optimal calculation formula of each PAA structural parameter. Finally, on the basis of the

competitive screening and independent variable unification, an equation set of PAA structural parameter
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Accepted 11th January 2026 calculations is proposed for the accurate and convenient calculation of all key PAA structural parameters.

The proposal of an equation set for the PAA structural parameter calculation provides a systematic,
DOI: 10.1039/d5ra09220e comprehensive theoretical model and mathematical tool for the design and calculation of PAA structures

rsc.li/rsc-advances according to practical requirements in scientific research and engineering applications.

semiconductors," and superconductors,”” with potential appli-
cations in various fields of science like energy," electronics,*
information," biology,'® medicine,"” environment,*® catalysis,

1 Introduction

Nanotechnology is currently one of the most researched fields of 19

science. By some estimates, it promises to far exceed the impact
of the industrial revolution. Nanotechnology provides materials
like zero-dimensional nanodots,' one-dimensional nanowires,*
two-dimensional nanoplanes of monatomic layer,® three-
dimensional nanoframes,* periodical nanoarrays,” and nano-
composites,® which possess unique properties in comparison to
macroscopic materials. These nanomaterials may be made from
elemental carbon,” polymers,® metals,’ oxides,*°
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food,* agriculture,* military** and many others. One of the most
common nanotechnology issues is to obtain well-ordered arrays
of nanostructures on a large scale with completely controllable
structural parameters. Well-ordered arrays of nanostructures can
be achieved by the application of various lithographic techniques
such as electron beam lithography,* X-ray lithography,> and
focused ion beam etching,* but these techniques have two major
disadvantages: a limited working area of up to a few square mm
and the high cost of manufacturing.”®*” Therefore, some low-cost
and controllable nanofabrication methods are more popular
among researchers in nanoscience.

PAA membranes not only serve as well-ordered porous
nanostructures but also as multifunctional templates for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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forming other nanostructures, effectively satisfying the demand
for both porous nanomaterials and ordered templates. In
particular, PAA membranes present many desirable properties
such as tunable pore dimensions and membrane thicknesses,*®
good mechanical and thermal stabilities,* remarkable hard-
ness,* low-cost preparation process,** and large area fabrica-
tion.*> In recent decades, PAA membranes have attracted
increasing interest because of their potential applications in
ultrafiltration and gas separation,®** hemodialysis,**
fluids,*® and Li rechargeable batteries.*” Furthermore, PAA
membranes are widely used as templates for the fabrication of
nanomaterials.*® Various sophisticated materials are deposited
into the pores of PAA membranes by numerous techniques like
electrochemical deposition,* chemical vapor deposition,*
atomic layer deposition,** pulse laser deposition,* sol-gel
technique,” molecular beam epitaxy,** and magnetron sput-
tering.** The nanostructures that are fabricated by filling the
pores of PAA templates have uniform and adjustable diameter
and length, and they can be obtained reproducibly and
economically.

Well-ordered PAA membranes can be grown on the surface
of aluminum by electrochemical oxidation,*® which is referred
to as anodization in acid electrolytes. The surface of a PAA
membrane is a 2-dimensional closely packed hexagonal array
shaped as a honeycomb with an open cylindrical channel pore
in the center of each hexagonal unit.*” The interior of a PAA
membrane is characterized by parallel, non-interconnecting
cylindrical channels extending from the surface down to the
bottom of a PAA, and the channel bottoms are closed by a thin
alumina barrier layer, as shown in Fig. 1(a). The key structural
parameters of a PAA membrane include the interpore distance
(D3),*® pore diameter (Dp),* pore wall thickness (T,,),*® barrier
layer thickness (T},),”* pore channel length (L,) which is also
known as porous layer thickness (T},),** oxide layer thickness
(To,),” pore density (p),** and porosity (¢).* Dj, Dp, T, Tpy Lp, Tp
and T, are natural structural parameters, which can be

nano-
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measured and marked on a PAA directly, as shown in Fig. 1(a)
and (c). p and o are artificially defined structural parameters,
which cannot be measured and marked on a PAA directly, and
need to be calculated from the natural structural parameters.
Every structural parameter is closely related to the capabilities
of a PAA in various applications. For example, when a PAA is
used for filtration, D, will affect its filtration capability for
particles with different sizes, and p will influence its filtration
efficiency in a unit time. If a PAA is used as a template to assist
the growth of various nanomaterials, L, will directly determine
the morphological characteristics of the final materials, which
are nanodots, nanorods or nanowires. Thus, the accurate
calculations for the PAA structural parameters are very impor-
tant for the design and application of PAA structures. Depend-
ing on the accurate calculations, a PAA not only can be
preliminarily designed to be the target structure according to
the practical requirement before preparation but also can be
directly applied after preparation without structural parameter
measurements that would otherwise destroy or pollute the PAA
membranes.

This paper summarizes various calculation formulas for
each PAA structural parameter. To ensure objectivity and
accuracy, this paper tests and contrasts the calculation result
difference for each formula by the method of the mean square
error (MSE) according to the experimental data of references,
which have been published by other researchers. Based on
a series of competitive screening, the optimal calculation
formula of each PAA structural parameter is identified. All of the
optimal calculation formulas are organized in the equation set
of the PAA structural parameter calculation with a unified
independent variable. The proposal of the equation set for the
PAA structural parameter calculation will provide a compre-
hensive, systematic and accurate theoretical model and math-
ematical tool for predicting, designing and realizing PAA
structural parameters to meet specific demands in practical
applications.
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Fig.1 The schematics of a PAA structure and the marking of the PAA stru
view.
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2 Interpore distance (D))

D; is the first natural structural parameter of a PAA. It is one of
the two most important structural parameters, which directly or
indirectly influences many other structural parameters. D;
limits the maximum value of D, and directly determines p, and
is one of the determining factors of T,, and ¢. It is well known
that D; increases with increasing anodization voltage (U).
Research groups have proposed different opinions to calculate
D; in relation to U. Leszek et al. proposed a 2.5 nm V!
proportional relationship between D; and U, as shown in
formula (1):*°

D, =25U (1)

Thompson et al. proposed a 2.77 nm V' proportional
constant for the dependence of D; on U, as shown in formula
()7

D, =2.77U (2)

Hélio et al. proposed a 2.8-times proportional relationship
between D; and U, as shown in formula (3):*®

D, =28U 3)

Sun-Kyu et al. proposed a D; calculation formula that is
suitable for oxalic acid anodization, as shown in eqn (4):*

D; =2.75U — 5.2 (oxalic) (4)

Ebihara et al. proposed another D; piecewise calculation
formula suitable for oxalic acid anodization, which contains
two different formulas corresponding to two different voltage
intervals, as shown in formula (5):°

(U=20V

b _ | 200U+ 145
i (U=20V

281U — 1.70 ; {oxalic) (5)

Furthermore, there is a D; calculation formula that is suit-
able for sulfuric acid anodization, as shown in eqn (6):**

D; = 1.99U + 12.1 (sulfuric) (6)

Eqn (1)-(6) are all formulas that can be used to calculate D;
with the same independent variable U, but possess different
mathematical expressions. Consequently, their calculation
results differ from one another. In that case, which formula is
the most accurate one? How does one choose and apply the D;
calculation formulas presented above? These are questions that
must be addressed in practical applications. In order to clarify
the above questions, extensive experimental (U, D;) data pub-
lished by other researchers (but not the authors of this paper)
are substituted into formulas (1)-(6) to objectively test and
compare the accuracy of formulas (1)-(6). Then, the MSE
between each D; formula calculation results and the corre-
sponding experimental measurement D; data is calculated
using the MSE formula, as shown in eqn (7):
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MSE = ; i = 1) )
where MSE is the mean square error, y; is the i-th experimental
measurement value, y; is the i-th calculation result, and 7 is the
number of research samples. A smaller MSE between the
experimental measurement values and the calculation results
indicate a more accurate formula.

Table S1 presents the experimental measurement data of D;
and the corresponding U from different ref. 27, 56 and 62-72.
The (U, D;) data point from the Table S1 is plotted as the black
dots shown in Fig. 2(a). In this figure, the linear regressions of
formulas (1)-(6) are shown as the red, orange, yellow, green,
cyan and blue curve, respectively. In Fig. 2(a), visually, the linear
regression of formula (1) appears to agree better for the exper-
imental data than the other formulas when the anodization
voltages are higher than 80 V. However, the differences between
the experimental data and the linear regressions of formulas
(1)-(6) are less clear and not easily discernible at voltages below
80 V. In order to quantitatively evaluate the errors between the
experimental data and the calculation results from formulas
(1)-(6), the U data from Table S1 were substituted into formulas
(1)-(6), and the MSE between the results of each formula and
the corresponding experimental measurement D; data were
calculated.

All the data from Table S1 were respectively substituted in
formulas (1)-(6). The MSE values of the six formulas are shown
in Fig. 2(b) and the ‘universal’ row of Table 1. Taken together,
these results demonstrate that formula (1) is the best equation
as the universal D; calculation formula because it has the
smallest MSE among formulas (1)—(6), when the electrolyte type
is not specially considered. When all the oxalic acid anodization
data from Table S1 are substituted into formulas (1)—(6), the
resulting MSE values of the six formulas shown in Fig. 2(c) and
the ‘oxalic’ row of Table 1 indicate that formula (1) is the best D;
calculation equation for oxalic acid anodization if the electro-
Iyte is specified as only oxalic acid. When all the sulfuric acid
anodization data of Table S1 are substituted into formulas
(1)-(6), the MSE values of the six formulas shown in Fig. 2(d)
and the ‘sulfuric’ row of Table 1 demonstrate that formula (6) is
the best D; calculation equation for sulfuric acid anodization if
the electrolyte is specified as only sulfuric acid. In the event that
all the phosphoric acid anodization data of Table S1 are
substituted into formulas (1)-(6), the MSE values of the six
formulas shown in Fig. 2(e) and the ‘phosphoric’ row of Table 1
display that formula (1) is the best D; calculation equation for
phosphoric acid anodization if the electrolyte is specified as
only phosphoric acid. In the event that all the inorganic acid
anodization data of Table S1 are substituted into formulas
(1)-(6), the MSE values of the six formulas shown in Fig. 2(f) and
the ‘inorganic’ row of Table 1 show that formula (1) is the best D;
calculation equation that is suitable for inorganic acid anod-
ization when the electrolyte is various inorganic acids. In the
event that all the organic acid anodization data of Table S1 are
substituted into formulas (1)-(6), the MSE values for the six
formulas shown in Fig. 2(g) and the ‘organic’ row of Table 1
reveal that formula (1) is the best D; calculation equation that is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Contrastive research between the calculation results of formulas (1)-(6) and the experimental data. (a) Experimental data dots of Table S1
and the linear regression of formulas (1)-(6). (b) Histogram of MSE when the electrolyte type is not specified. (c) Histogram of MSE when the
electrolyte is specified as only oxalic acid. (d) Histogram of MSE when the electrolyte is specified as only sulfuric acid. (e) Histogram of MSE when
the electrolyte is specified as only phosphoric acid. (f) Histogram of MSE when the electrolyte is specified as inorganic acid. (g) Histogram of MSE
when the electrolyte is specified as an organic acid. (h) Normalized radar plot for MSE of formulas (1)-(6) in universal and oxalic, sulfuric,
phosphoric, inorganic, organic acid anodization.
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Table 1 MSE of the calculation results from formulas (1)—(6) against
the experimental measurement D; data of Table S1

Mean squared error

Electrolyte type f (1) f(2) f(3) f(4) f(5) f(6)

Universal 141.6 684.6 801.8 504.0 786.8 1124.1
Oxalic 181.7 276.6 303.1 207.5 271.9 290.6
Sulfuric 10.4 60.8 71.2 15.6 52.5 5.7
Phosphoric 1096.3 6841.2 7788.5 5457.3 7817.1 2536.6
Inorganic 146.8 590.4 680.5 443.8 662.8 708.9
Organic 52.1 22869 2865.3 1527.4 28949 8182.3

suitable for organic acid anodization when the electrolyte is
various organic acids. Fig. 2(h) is the normalized radar plot of
the MSE values for formulas (1)-(6) in universal and oxalic,
sulfuric, phosphoric, inorganic, organic acid anodization,
respectively. This visualization allows for an easy comparison
on the competitive rankings on MSE values from formulas
(1)-(6). For example, along the inorganic axis, the normalized
MSE values indicate the following accuracy ranking of inorganic
acid anodization from best to worst: formula (1) (red curve) >
formula (4) (green curve) > formula (2) (orange curve) > formula
(5) (cyan curve) > formula (3) (yellow curve) > formula (6) (blue
curve). Beyond analyzing the individual axes, the total area
enclosed by each curve on the radar plot provides a measure of
a formula's overall universality. Formula (1) with the smallest
area (red curve) is the most universally accurate across all
electrolyte types. This method is different from the above
method, according to the direction and normalized MSE value
to estimate, but it obtains the same conclusion.

Section summary: According to a series of competitive
screening based on numerous experimental data from various
references, the existing optimal D; calculation formulas are
verified as follows:

D; = 2.5U (universal) (1)

D; = 2.5U (oxalic) (1)

D; = 1.99U + 12.1 (sulfuric) (6)
D; = 2.5U (phosphoric) (1)
D; = 2.5U (inorganic) (1)

D; = 2.5U (organic) (1)

Eqn (1) is the optimal D; calculation formula in almost all
cases. The only exception occurs when sulfuric acid is specified
as the only electrolyte, with eqn (6) performing slightly better
than eqn (1), albeit by a small margin.

3 Pore diameter (D)

D, is the second natural structural parameter of a PAA, and one
of the two most important PAA structural parameters. The
nanoscale-size, self-organized, well-ordered nanopores of a PAA

7632 | RSC Adv, 2026, 16, 7628-7647
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are adjustable objectively.”® This property makes the PAA
membranes become one of the most popular templates for the
growth of nanodots,” nanorods,” nanopillars,”® nanowires,”
and nanotubes,”” which exhibit special performances such as
ferroelectric multi-domains,” SERS,”* anti-biofilm,”” photo-
catalysis,” and wave absorption.””

For a PAA, the maximum Dj, value is limited by D;, but the born
value of Dj, is not directly determined by D;. Specifically, there are
two kinds of Dj, values for describing the size of PAA nanopores:
the born value of D;, (Dpporm) and the pore-widening value of D,
(Dp-widening)- Dpbom is determined by the anodization voltage
during PAA fabrication. It is the initial D, value after PAA anod-
ization without pore-widening treatments. Dp.widening iS the Dp

74 75

value after pore-widening treatments on the foundation of Dy orm.
It is a post-processing parameter, but not an original parameter.
After anodization is complete, the Dj.yidening €an be easily and
irreversibly adjusted to be any value from the Dpyom to the
maximum (D;) by pore-widening treatments. It should be empha-
sized that in this paper, all of the mentioned D, refer to D, ,om, but
not D p-widening*

It is generally considered that the anodization voltage has
the most dramatic effect on Dp,. D, increases as the anodization
voltage increases. Some research suggests that PAA nanopore
formation is accompanied by volume expansion at the metal-
oxide interface. This volume expansion is given by the Pilling—
Bedworth ratio (PBR), which is expressed as eqn (8):"

Volume of oxide produced

PBR = (8)

Volume of metal consumed

Due to volume expansion, the oxide is pushed in tangential
and upward directions, moving the oxide walls upward, thereby
increasing the height of the pore wall. A higher voltage is
associated with a higher current density, which leads to a higher
volume expansion, resulting in more oxide being pushed in
both tangential and upward directions. Consequently, PAA pore
walls will be squeezed more by the higher voltage, thereby
achieving a larger Dy,

Due to the powerful influence of voltage on D,, many
research groups have proposed their own D, calculation
formulas in different mathematic expressions with U as the
independent variable. Leszek et al. reported a proportionality
constant of 0.9 nm V' between D, and U, and the corre-
sponding formula is shown in eqn (9):*°

D, =09U )

O'Sullivan and Wood presented a relationship between D,
and U with a correlation constant of 1.29 nm V™', as given in
formula (10):”

D, =129U (10)

Palibroda et al. reported the dependence of the PAA pore
diameter on the anodization voltage, as given in formula (11):*

D, = 0.709U + 4.986 (11)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In contrast to the above three linear formulas (9)-(11), Alaa et al
proposed a nonlinear D;, calculation formula, as given in eqn (12):*

(12)

Faced with the various Dj, calculation formulas with different
mathematical expressions, the method for confirming the optimal
Dy, calculation formula is the same as the competitive screening
described above for the optimal D; calculation formula. Extensive
experimental (U, D,) data published by other researchers were
substituted into formulas (9)-(12) to objectively test and contrast
their accuracy. Then, the MSE values between each D,, formula

D, = 14¢"7Y
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calculation result and the corresponding experimental measure-
ment D, data are calculated. A smaller MSE between the experi-
mental measurement values and calculation results indicates that
the formula is more accurate.

Table S2 lists the experimental measurement data of Dy, and the
corresponding U from different ref. 27, 56, 62, 65-68, 70, 78 and
82-89. The (U, D,,) data points of Table S2 are shown as the black
dots in Fig. 3(a), while the regression lines of formulas (9)-(12) are
shown as the red, orange, green and blue curves, respectively. In
Fig. 3(a), visually, the regression line of formula (11) is in better
agreement with the experimental data than the other formulas
when the anodization voltages are higher than 80 V. However,

Universal

)

Oxalic

(—=—Formula (9)
~—o— Formula (10)|
A~ Formula (11)|
(—v—Formula (12)
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400
350{ (€)
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A

Fig.3 Contrastive research between the calculation results of formulas (9)—(12) and the experimental data. (a) Experimental data dots of Table S2
and linear regression of formulas (9)-(12). (b) Histogram of MSE when the electrolyte type is not specified. (c) Histogram of MSE when the
electrolyte is specified as only oxalic acid. (d) Histogram of MSE when the electrolyte is specified as only sulfuric acid. (e) Histogram of MSE when
the electrolyte is specified as only phosphoric acid. (f) Normalized radar plot for MSE of formulas (9)-(12) in universal and oxalic, sulfuric,

phosphoric acid anodization.
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when the anodization voltages are lower than 80 V, the contrast
between the experimental data and regression line of formulas
(9)-(12) is not clear and not visually observed. In order to separately
quantify the errors between the experimental data and the calcu-
lation results of formulas (9)-(12), the U data of Table S2 are
substituted into formulas (9)-(12), and the MSE values between the
results of each formula and the corresponding experimental
measurement Dy, data are then calculated.

In the event that all the data of Table S2 are respectively
substituted in formulas (9)-(12), the MSE values of the four
formulas shown in Fig. 3(b) and the ‘universal’ row of Table 2
demonstrate that formula (11) is the best equation as the universal
D, calculation formula because of its smallest MSE among
formulas (9)-(12), when the electrolyte kind is not specially
considered. In the event that all the oxalic acid anodization data of
Table S2 are substituted into formulas (9)-(12), the MSE values of
the four formulas shown in Fig. 3(c) and the ‘oxalic’ row of Table 2
indicate that formula (9) is the best D, calculation equation for
oxalic acid anodization because of its smallest MSE, if the elec-
trolyte is specified as only oxalic acid. In the event that all the
sulfuric acid anodization data of Table S2 are substituted into
formulas (9)-(12), the MSE values of the four formulas shown in
Fig. 3(d) and the ‘sulfuric’ row of Table 2 indicate that formula (12)
is the best D, calculation equation for sulfuric acid anodization
because of its smallest MSE if the electrolyte is specified as only
sulfuric acid. In the event that all the phosphoric acid anodization
data of Table S2 are substituted into formulas (9)-(12), the MSE
values of the four formulas shown in Fig. 3(e) and the ‘phosphoric’
row of Table 2 show that formula (11) is the best D;, calculation
equation for phosphoric acid anodization because of its smallest
MSE if the electrolyte is specified as only phosphoric acid. Fig. 3(f)
is the normalized radar plot for the MSE values of formulas (9)-(12)
in universal and oxalic, sulfuric, phosphoric acid anodization. It
exhibits the competitive ranking for the MSE values of formulas
(9)-(12) in different electrolyte anodizations at a glance. The green
closed curve surrounds the smallest area, which also indicates that
formula (11) is the best equation for the universal calculation of D,
from a holistic view. The area method is different from the method
of estimating based on the direction and MSE value of each axis,
yet both approaches lead to the same conclusion.

It should be emphasized that the existing mainstream D
calculation formulas are primarily expressed as single-variable
functions of U, but voltage is not the sole factor influencing D,
From the perspective of anodization conditions, besides voltage,
many other factors can influence Dj, to different extents, such as
the anodization temperature, electrolyte concentration and

Table 2 MSE of the calculation results from formulas (9)—(12) against
the experimental measurement D, data of Table S2

Mean squared error

Electrolyte type f(9) f (10) f(11) f(12)

Universal 228.8 679.7 189.02 463 669.0
Oxalic 259.7 367.1 282.8 337.3
Sulfuric 60.9 71.2 48.5 40.1
Phosphoric 1371.3 13225.2 20.4 395853.4
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electrolyte type.* By focusing exclusively on voltage but ignoring
other factors, the existing D, formulas inevitably introduce errors,
the extent of which varies across different complex anodization
conditions. For example, the D, distribution is notably broad at
lower voltages in Fig. 3(a). The reason lies not in the lower voltage
itself, but in the inherent limitation of the existing D, formulas,
which rely on voltage as their sole independent variable. The
solution lies in systematically conducting a quantitative investi-
gation into more influence factors on Dy, such as the anodization
temperature, electrolyte concentration, electrolyte type and anod-
ization duration, rather than focusing only on the voltage. Then,
a new D, calculation formula can be proposed with multiple
independent variables that incorporate all key influencing factors,
to replace all existing formulas that rely solely on voltage. The
aforementioned issue exists not only in the Dy, calculation formula,
but more broadly in both the already-discussed D; and the various
structural parameters to be discussed in subsequent chapters. This
currently remains a significant research gap and a crucial research
topic for future studies.

In addition, it is well known that the growth of PAA pores is
a multi-mechanism process. The size of D, is determined by the
combined effect of pore growth and acid electrolyte corrosion
acting simultaneously. Unfortunately, none of the existing D,
calculation formulas are derived from a separate, quantitative
study of the pore growth mechanism and the acid electrolyte
corrosion mechanism. Therefore, none of the existing formulas
can be used to independently explain the impact of either the
pore growth mechanism or the acid electrolyte corrosion effect
on D;,. Any existing D, calculation formula serves to calculate
the aggregate result arising from all factors that influence Dj,.
Separating and quantitatively studying the individual effects of
the pore growth mechanism and the acid electrolyte corrosion
on D, remains an outstanding research gap at present and
a crucial research topic for future studies.

Section summary: according to a series of competitive
screening based on numerous experimental data from other
references, the existing optimal D, calculation formulas are
verified as follows:

D, =0.709U + 4.986 (universal) (11)
D, = 0.9U (oxalic) 9)

D, = 14¢*%Y (sulfuric) (12)

D, =0.709U + 4.986 (phosphoric) (11)

Eqn (11) is the universal D;, calculation formula for common
cases. In the case of one of the two exceptions, when oxalic acid
is specified as the only electrolyte, eqn (9) is slightly better than
eqn (11) with a small advantage. For the other exception, when
sulfuric acid is specified as the only electrolyte, eqn (12) is slight
better than eqn (11) with a small advantage.

4 Pore wall thickness (T,,)

Pore wall thickness is the third natural structural parameter of
a PAA. It affects the mechanical strength of PAA membranes. A
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thicker pore wall thickness is indicative of a more robust and free-
standing PAA membrane. It is widely recognized that in the perfect
hexagonal arrangement of pores, T, can be calculated by formula
(13):*°

= =5t (13)

where D; is the interpore distance with the unit of nm, and D;, is
the (born) pore diameter with the unit of nm. In formula (13),
there are two independent variables, D; and Dj,. According to the
above discussions about D; and D,,, both D; and D, are functions
of U. Thus, T, also can be derived to be a function of U.
Therefore, if substituting the above optimal D; and D;, calcula-
tion formulas into formula (13), the optimal T,, calculation
formulas as a function of U can be obtained.

After substituting the universal D; calculation formula (1) and
the universal D;, calculation formula (11) into formula (13), the
universal Ty, calculation formula is obtained, as shown in eqn (14):

T = 0.8955U — 2.493 (universal) (14)

After substituting oxalic D; calculation formula (1) and oxalic
D, calculation formula (9) into (13), the optimal T, calculation
formula specific to oxalic acid anodization is obtained, as
shown in eqn (15):

T, = 0.8U (oxalic) (15)

After substituting sulfuric D; calculation formula (6) and
sulfuric D, calculation formula (12) into (13), the optimal T,
calculation formula specific to sulfuric acid anodization is ob-
tained, as shown in eqn (16):

Ty = 0.995U — 7¢%%*Y + 6.05 (sulfuric) (16)
Based on derivations, the optimal 7,, calculation formulas
specific to phosphoric acid anodization are the same as the
universal formula (14).
Section summary: according to a series of derivations, the
existing optimal T, calculation formula with U as the only
independent variable is shown as follows:

Tw = 0.8955U — 2.493 (universal) (14)
Ty, = 0.8U (oxalic) (15)

T, = 0.995U — 7¢e%%Y + 6.05 (sulfuric) (16)
T,, = 0.8955U — 2.493 (phosphoric) (14)

Depending on the above optimal T,, calculation formulas for
different electrolytes, the T, of a PAA can be calculated directly
from U, rather than first calculating D; and D,, separately.

5 Barrier layer thickness (T})

Applications of PAA structures are limited sometimes, such as
when using PAA nanochannels as templates to grow nanowires

© 2026 The Author(s). Published by the Royal Society of Chemistry
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by electrochemical deposition. As reported, in a system of
electrochemical deposition, one of the most critical limitations
is the non-conductive property of the PAA barrier layer. The high
electrical resistance generated by the barrier layer isolates the
metallic base from the electrochemical deposition bath. In
other words, an electrochemical contact would be necessary for
electrochemical deposition inside the PAA pores. For reasons
similar to the above mentioned, barrier layer removal is very
important for actual PAA applications in some special fields.
Hence, in order to remove a barrier layer accurately with as little
damage as possible to the PAA nanochannel structure, the Tj,
value of a PAA needs be predicted and calculated precisely in
practice.

Ty, is the fourth natural structural parameter of a PAA.
Digby described PAA barrier layer growth using the point
defect model.”* Based on this model, oxygen ion vacancies
diffuse from the oxide-metal interface to solution-oxide
interface. In contrast, aluminum ion vacancies diffuse from
the solution-oxide interface to oxide-metal interface. The
key contribution to the PAA barrier layer growth is supplied
by the oxygen anion. It is demonstrated that about 60% of T},
is formed at the oxide-metal interface by migration of 0>~
and OH™ ions inwards, and the remaining 40% of T, is
formed at the solution-oxide interface by migration of AI**
ions outwards.*”

It is well documented that T, is proportional to U.
However, different researchers have proposed different
values for the proportionality coefficient between T}, and U.
Lee and Park reported that T}, increases with U, as shown in
formula (17):%

Ty=U (17)

Thompson et al. proposed a 1.05 nm V™' ratio relationship
between T}, and U, as shown in formula (18):*

Ty, = 1.05U (18)

Kjyohito et al. gave a 1.1 nm V' proportionality coefficient
between T}, and U, as shown in formula (19):*
Ty =1.1U (19)

Sachiko et al. defined a 1.14 nm V™! ratio between T}, and U,
as shown in formula (20):*°
T, =1.14U (20)

Sousa et al. presented a 1.3 nm V' phenomenological
constant between T}, and U, as shown in formula (21):*°
Ty =13U (21)

Dmitri et al. claimed the anodizing ratio of 1.4 nm V™' to
determine T3, by U, as shown in formula (22):”
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In addition to the linear relationship between Ty, and U, T,, and
D; have also been reported as the independent variables that are
needed to calculate Ty,. In the opinion of Ebihara et al, T,
formed during oxalic or sulfuric acid anodization is different
and can be calculated by T, as respectively shown in formulas
(23) and (24):**

T, = 1.12 x T, (oxalic) (23)

T, = 1.33 x T, (sulfuric) (24)
where T, is the pore wall thickness with the unit of nm. Nielsch
et al. suggested that T}, is proportional to Dj;, as shown in
formula (25):°

D;

Ty >

I

(25)

where D; is the interpore distance with the unit of nm.
Apparently, the T}, calculation formulas of eqn (17)-(25) have
different independent variables: U is the independent variable
of formulas (17)-(22), T, is the independent variable of
formulas (23) and (24), and D; is the independent variable of
formula (25). It is difficult to directly contrast the accuracies of
all the formulas. However, formulas (23)-(25) can be reformu-
lated to use U as their independent variables. This is possible
because both T,, and D; are functions of U in essence, according
to the previous discussions. Thus, when the oxalic T,, calcula-
tion formula (15) is substituted into formula (23), a new Ty,
calculation formula with U as its independent variable suitable
for oxalic acid anodization is obtained, as shown in eqn (26):

T, = 0.896U (oxalic) (26)
Substituting the sulfuric T, calculation formula (16) into (24)
yields a new T}, calculation formula with U as its independent
variable suitable for sulfuric acid anodization, as shown in
eqn (27):
T, = 1.32335U — 9.31 %72V + 8.0465 (sulfuric) (27)
When the universal D; calculation formula (1) is substituted
into formula (25), a new universal T, calculation formula with U
as its independent variable is obtained, as shown in eqn (28):

T, = 1.25U (universal) (28)
Substituting the sulfuric D; calculation formula (6) into (25)
yields a new Tj, calculation formula with U as its independent
variable specific to sulfuric acid anodization, as shown in eqn
(29):
Ty, = 0.995U + 6.05 (sulfuric) (29)
After all the independent variables of formulas (23)-(25) are
unified by U to obtain formulas (26)-(29), all the new formulas
have the same independent variable as formulas (17)-(22).
Thus, the accuracy of formulas (17)-(22) and (26)-(29) can be
tested and compared together. For competitively screening the
optimal Tb calculation formula, numerous experimental (U, T},)
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data published by other researchers are substituted into
formulas (17)-(22) and (26)—(29). Then, the MSE values between
each T, formula calculation result and the corresponding
experimental measurement 7}, data are calculated to objectively
test and contrast the accuracy of formulas (17)-(22) and
(26)-(29). A smaller MSE value indicates that the formula is
more accurate.

Table S3 presents experimental measurement data of T}, and
the corresponding U from different ref. 56, 62, 93 and 99-104.
The (U, T},) data points of Table S3 are shown as the black dots
in Fig. 4(a), and the regression lines of formulas (17)-(22) and
(26)-(29) are shown as the black, pink, red, orange, yellow,
green, olive, cyan, blue and violet curves, respectively. In order
to separately quantify the errors between the experimental data
and the calculation results of formulas (17)-(22) and (26)-(29),
the U data of Table S3 are substituted into formulas (17)-(22)
and (26)—(29). Then, the MSE between the result of each formula
and the corresponding experimental measurement 7}, data is
calculated.

In the event that all the data of Table S3 are respectively
substituted in formulas (17)-(22) and (26)-(29), the MSE values
of the ten formulas shown in Fig. 4(b) and the ‘universal’ row of
Table 3 demonstrate that formula (19) is the best equation as
the universal T}, calculation formula due to its minimal MSE
among formulas (17)-(22) and (26)-(29), when the electrolyte is
not specially considered. In the event that all the oxalic acid
anodization data of Table S3 are substituted into formulas
(17)-(22) and (26)-(29), the MSE values of the ten formulas
shown in Fig. 4(c) and the ‘oxalic’ row of Table 3 indicate that
formula (19) is the best T}, calculation equation specific to oxalic
acid anodization, if the electrolyte is specified as only oxalic
acid. In the event that all the sulfuric acid anodization data of
Table S3 are substituted into formulas (17)-(22) and (26)-(29),
the MSE values of the ten formulas shown in Fig. 4(d) and the
‘sulfuric’ row of Table 3 exhibit that formula (19) is the best Tj,
calculation equation specific to sulfuric acid anodization, if the
electrolyte is specified as only sulfuric acid. In the event that all
the phosphoric acid anodization data of Table S3 are
substituted into formulas (17)-(22) and (26)-(29), the MSE
values of the ten formulas shown in Fig. 4(e) and the ‘phos-
phoric’ row of Table 3 show that formula (20) is the best Ty,
calculation equation specific to phosphoric acid anodization, if
the electrolyte is specified as only phosphoric acid. Fig. 4(f) is
the normalized radar plot for the MSE of formulas (17)-(22) and
(26)-(29) in universal and oxalic, sulfuric and phosphoric acid
anodization. It exhibits the competitive ranking for the MSE of
(17)-(22) and (26)-(29) in different electrolyte anodization at
a glance. Furthermore, the red closed curve surrounds the
smallest area, which also indicates that formula (19) is the best
equation for the universal calculation of T}, from a holistic view.
This area-based evaluation method differs from the estimating
performance based on the MSE value of each axis, yet both
approaches lead to the same conclusion.

Section summary: according to a series of competitive
screening based on numerous experimental data from various
other references, the existing optimal 7}, calculation formulas
are verified as follows:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 MSE of the calculation results from formulas (17)-(22) and (26)-(29) against the experimental measurement Ty, data of Table S3

Mean squared error

Electrolyte type f(17) f (18) f(19) f (20) f(21) f (22) f (26) f(27) f (28) f (29)
Universal 51.8 33.6 27.5 31.4 124.7 246.3 128.7 3373.8 82.1 45.9
Oxalic 37.2 27.1 26.7 33.4 122.9 229.8 89.7 47.5 84.2 311
Sulfuric 9.2 5.5 4.6 5.7 26.7 53.4 25.0 6.6 17.2 21.9
Phosphoric 684.5 392.4 237.6 212.7 991.6 2192 1731 93533 597.1 524.2
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T, = 1.1U (universal) (19)
Ty, = 1.1U {oxalic) (19)

T, = 1.1U (sulfuric) (19)
T, = 1.14U (phosphoric) (20)

Formula (19) is the optimal T}, calculation formula in almost
all cases. The only exception is for phosphoric acid anodization,
where formula (20) performs slightly better.

6 Pore channel length (L), also
known as the porous layer thickness
(To)

The pore channel length is the porous layer thickness of a PAA.
Thus, L, and T}, are the same structural parameter. They are
both the fifth natural structural parameter of a PAA. L, and T},
are closely related with practical applications of through-hole
PAA. A through-hole PAA can be obtained by opening-hole
process, which is typically carried out in a phosphoric acid
solution.”® During the opening-hole process, the barrier layer of
a PAA membrane is immersed in a phosphoric acid solution
and subjected to chemical etching until removed completely.

L, and T, are very important parameters for through-hole
PAA applications in different fields. A thick T}, is an advanta-
geous property for separation applications, because it helps to
maintain the mechanical integrity of through-hole PAA filter
membranes during processing, handling and filtering. This
allows a through-hole PAA to tolerate a higher pressure-
difference between two sides of a through-hole PAA filter
membrane during the filtration process, thereby increasing the
separation rate and efficiency. However, a short L, and thin T,
are required when a through-hole PAA is used as a mask for
sputtering deposition, because a L, that is too long and a T}, that
is too thick will prevent the deposited materials from smoothly
reaching the target substrate. Therefore, accurate calculations
for L, and T}, of a PAA are very important for practical applica-
tions. Hwang et al. proposed that the L;, of a PAA is proportional
to the anodization duration (D). The linear relationship can be
formulated as eqn (30):*

L, =125.53D — 147.75 (30)
where Lj, is the pore channel length of PAA and is equal to T}, in
units of nm, and D is the anodization duration in units of min.
They also emphasized that the linear relationship cannot be
maintained when the anodization is carried out for an exces-
sively long duration. The subsequent research demonstrates
that the thickness of a PAA is not in a strictly linear relationship
with the anodization duration. The appearance of a limiting
thickness will be observed when an anodization duration is
excessive. In fact, the thickness of a PAA membrane is usually
less than 200 pm in most of the literature reports. For a PAA
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membrane prepared with a short or moderate duration, its pore
channel length can be calculated by formula (30). However, for
a PAA membrane prepared by an excessive anodization dura-
tion, formula (30) is not accurate. A longer duration indicates
a bigger error.

Section summary: The L, and T}, calculation formula for
a short or moderate anodization duration is eqn (30):

L,=T,=12553D — 147.75 (30)
where L, is the pore channel length in units of nm, T, is the
porous layer thickness in units of nm, D is the anodization
duration in units of min. However, formula (30) is not accurate
for a PAA fabricated with an excessive anodization duration.

7 Oxide layer thickness (T,)

T, is the sixth natural structural parameter of a PAA. It is the total
thickness of an integral PAA membrane and is, in fact, equal to the
sum of Ty, and Tp,. Beyond traditional applications, research in the
last decade has revealed that an intact PAA with a barrier layer can
be used as nanofluidic devices by taking advantage of its ionic
current rectification property, such as ultrasensitive capture,'®
detection,'* and controlled release of drugs'”” have been demon-
strated. The T, calculation formula is given by eqn (31):
To=Ty+ Ty (31)
where T, is the oxide layer thickness in units of nm, T}, is the
barrier layer thickness in units of nm, and T}, is the porous layer
thickness in units of nm. Since T, is the function of U, as shown
as formulas (19) and (20), and T, is the function of D, as shown
as formula (30), formula (31) can be further derived to be a new
T, calculation formula with U and D as the independent vari-
ables. After substituting formulas (19) and (30) into (31), a new
T, calculation formula with anodization conditions as inde-
pendent variables suitable for universal and oxalic, sulfuric acid
anodization is obtained and expressed as eqn (32):

T, =11U+ 125.53D — 147.75 (32)
After substituting formulas (20) and (30) into (31), the new T,
calculation formula with anodization conditions as indepen-
dent variables suitable for phosphoric anodization is obtained

and expressed as eqn (33):
To = 1.14U + 125.53D — 147.75 (33)

Section summary: according to a series of derivations, the T,
calculation formulas with anodization conditions as indepen-
dent variables are as follows:

Ty =1.1U + 125.53D — 147.75 (universal) (32)

Ty =1.1U + 125.53D — 147.75 (oxalic) (32)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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T, = 1.1U + 125.53D — 147.75 (sulfuric) (32)

T, = 1.14U + 125.53D — 147.75 (phosphoric) (33)

Eqn (32) is the optimal T, calculation formula in almost all
cases. The only exception is when phosphoric acid is specified
as the only electrolyte; in this case, eqn (33) is slightly better
than eqn (32).

8 Pore density (p)

p is the seventh PAA structural parameter, which is not a natural
one but is artificially defined. For a well-ordered PAA with
a standard hexagonal lattice, p is defined as the total number of
pores on 1 cm® of surface area.®® The formula of p is derived
according to the definition of the pore density, given by eqn
(34):°

2% 10"
P V3 x D;?

where p is the pore density in units of cm 2, and D; is the
interpore distance in units of nm.

The derivation process of eqn (34) is as follows. There must
be one and only one pore in the center of each hexagonal
lattice cell of a PAA, as shown in the PAA surface schematic
(Fig. 5). This means that the number of pores and lattice cells
is equal on a PAA. Therefore, the PAA pore density is essen-
tially the lattice cell density of a PAA. The lattice cell density
equals 1 em” divided by the surface area of one hexagonal
lattice cell, and this area can be calculated using D;. D; is the
distance between two adjacent nanopore centers, as shown by
the red line connecting lattice cells a and b in Fig. 5. It is
equivalent to the distance between two parallel sides of
a hexagonal lattice cell, as shown by the red line in lattice cell c
of Fig. 5. A standard hexagonal lattice cell can be equally
divided into six equilateral triangles, as shown by the six olive
triangles in lattice cell d of Fig. 5. This means that the area of
a lattice cell is six times the area of an equilateral triangle. As
shown by the olive triangle in lattice cell e of Fig. 5, the area of
an equilateral triangle is given by eqn (35):

(34)

OO

W&o
o
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1 1. (2 1 1 (D)’ D?
As=2hi= ~h(=h) = — = _(_') D7
f2 2 (ﬁ ) \/3J V3 \2 43 (35)
The area of a hexagonal lattice cell is given by eqn (36):
2
Ay =64, = \/§2D' (36)

According to the definition of pore density, the p (which is
the lattice cell density, in fact) calculation formula is obtained
and given by eqn (37):

1 cm? 10" nm? 2 x 10
p= = 3 = 3 (37)
Ay V3D, 2 V3 x D,
5 om

Going a step further, since D; is the function of U as shown in
formulas (1) and (6), formula (37) can be further derived as two
new p calculation formulas with U as the independent variable
by substituting formulas (1) and (6) into it. After substituting
the optimal universal D; calculation formula (1) into formula
(37), the universal p calculation formula is obtained, as shown
in eqn (38):

1.85x 103
pP= —7n

e (universal)

(38)

After substituting the D; calculation formula (6) specific to
sulfuric acid anodization into formula (37), the p calculation
formula specific to sulfuric acid anodization is obtained, as
shown in eqn (39):

1.15 x 10"

(o001 121 (Ui

p= (39)

Based on further derivation, eqn (38) is also the optimal
calculation formula for oxalic, phosphoric, inorganic, and
organic acid anodization.

Section summary: According to a series of derivations, the
existing optimal p calculation formulas with U as the indepen-
dent variable are shown as follows:

p= %leon (universal) (38)
p= %leow (oxalic) (38)
p— % (sulfuric) (39)
p= 18%11013 (phosphoric) (38)
p= 1851%1013 (inorganic) (38)
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1.85 x 1013
pP= "5

i (organic)

(38)

Eqn (38) is the optimal p calculation formula in almost all
cases. The only exception is for sulfuric acid anodization, where
formula (39) offers a slight advantage over formula (38).

9 Porosity (o)

o is the eighth PAA structural parameter, which is also a second
artificially defined parameter. It is defined as the ratio of the
total surface area occupied by all pores to the total surface area
of a PAA. It is a derived structural parameter, which is calculated
from D; and D,. For a well-ordered PAA with a closely packed
hexagonally arranged lattice of pores without widening hole
treatment, ¢ can be calculated by formula (40)::>766463

T D\’ (Dp)2
= —x|—=—) =0907 x [
7 2V3 (Di> D;

where o is the porosity and a dimensionless parameter, D; is the
interpore distance in units of nm, and D,, is the pore diameter in
units of nm.

The derivation process of eqn (40) is as follows. There must
be one and only one pore in the center of each hexagonal lattice
cell of a PAA, as shown in the PAA surface schematic of Fig. 5.
This means that for a perfect well-ordered PAA, ¢ can be
calculated using the circular pore area and the hexagonal lattice
area from the same single lattice cell. It equals the ratio of the
circular pore area to the hexagonal lattice area. The circular
pore area (A.) can be calculated using eqn (41):

D,\> ™
ac=w() = G0

(40)

(41)

The hexagonal lattice area (4y,) has already been given by eqn
(36) in the previous discussion. Thus, the formula (40) can be
derived from A./A}, as shown in the calculation process in eqn
(42):

o= j—;: \%(Lp)z %x (%1:)2 ~0.907 x (%’)2 (42)
- (D)

Going a step further, since both D; and D, are a function of U,
as shown in formulas (1), (6), (9), (11) and (12), formula (40) can
be further derived into simplified ¢ calculation formulas with U
as the only independent variable. After substituting the
universal D; calculation formula (1) and universal D, calculation
formula (11) into formula (40), the universal ¢ calculation
formula is obtained, as shown in eqn (43):

(0.709U + 4.986)°

g=-—————"(universal)

6.891U7 (43)

After substituting the oxalic D; calculation formula (1) and
oxalic D, calculation formula (9) into (40), the oxalic o
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calculation formula is obtained as a constant equal to 11.75%,
as shown in eqn (44):
o = 11.75% (oxalic) (44)
This result is similar to the 10% porosity rule for PAA.*® After
substituting the sulfuric D; calculation formula (6) and sulfuric
D, calculation formula (12) into formula (40), the ¢ calculation
formula specific to sulfuric acid anodization is obtained, as
shown in eqn (45):
177.8 004U

o= ——"""  (sulfuric)

(199U + 12.1) (45)

Moreover, based on further derivation, eqn (43) is the
optimal calculation for phosphoric acid anodization.

Notably, both ¢ and p (discussed in the previous section) are
artificially defined structural parameters of PAA, rather than
natural ones. They cannot be directly measured experimentally,
but must be derived through calculations based on other
structural parameters. Despite many references concerning o
and p, all reported values for ¢ and p are calculated from D; and
Dy, and are not measured experimentally.>”#-64¢ In scientific
research, the accuracy of a theoretical model or formula needs
to be determined through experimental verification, specifically
by examining how well its calculated outcomes fit the measured
data. Without experimentally measured ¢ and p data for prac-
tical validation, assessing the consistency and accuracy of their
formulas is inherently meaningless, whether or not other
structural parameters like D; and D, are used for cross-
reference. The key to resolving the issue of consistency and
accuracy assessment for the ¢ and p formula lies in whether
a new measuring technique can be developed to effectively
measure the experimental data of ¢ and p in the future. Given
the current lack of experimental measurement data for ¢ and p,
their existing calculation formulas can only be regarded as the
correct results of logical theoretical derivation. The develop-
ment of an experimental measurement technique for ¢ and p
remains a significant research gap at present and a meaningful
research topic for future work.

Section summary: according to a series of derivations, the
existing optimal ¢ calculation formulas with U as the only
independent variable are shown as follows:

~(0.709U + 4.986)* .
o= T XTINIE (universal) (43)
a = 11.75% (oxalic) (44)

1 . 0.04U
g= Lz (sulfuric) (45)
(1.99U + 12.1)
(0.709U + 4.986)" .

0=-—————" (phosphoric) (43)

6.891U2

Eqn (43) is the universal ¢ calculation formula for common
cases. The first exception is for oxalic acid as the electrolyte,
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where formula (44) is slightly better than formula (43). The
second exception is for sulfuric acid as the electrolyte, where
formula (45) is slightly better than formula (43).

D; =2.5U
D, =2.771U0
D; =2.8U
Interporedistance Dy =275U =52 (H,C,04)
2.00U +14.5 (U=20V)

D= (H,C,0,)
281U —1.70 (U=20V)

D =1.99U + 12.1 (H,SO,)

D, = 09U
D, = 129U

Dy = 0.709U +4.986
D, = 14¢"%Y

Pore diameter

D;—D,
2

Pore wall thickness{ Ty =

T,=U
Ty = 1.05U
T, = 11U
T, = 1.14U
T, = 13U
T, = 1.4U
T, = 1127, (H,C,0,)
T, = 1337,  (H,SO,)
D
2

Barrier layer thickness

n

Ty

Porous layer thickness{ T}, = L, = 125.53D — 147.75
Oxide layer thickness{ T, = Ty, + T

2104
r= V3D;?

. { T (Dp) ?
Porosityq ¢ = — (=2
2v3 \ D

Pore density{

© 2026 The Author(s). Published by the Royal Society of Chemistry
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10 Summary and outlook

There are eight key structural parameters for PAA in total:
interpore distance (D;), pore diameter (D), pore wall thickness
(Tw), barrier layer thickness (1), porous layer thickness (7p) also
known as pore channel length (L), oxide layer thickness (T,),
pore density (p) and porosity (v), respectively. In current pub-
lished research studies, the most common calculation formulas
of the eight key PAA structural parameters are summarized and
organized as follows:

According to a series of competitive screening for the most
common calculation formulas of the eight PAA structural
parameters, the optimal formulas of each structural parameter
for various electrolyte systems are confirmed. After further
using U to unify the independent variables of the existing
optimal formulas, the universal equation set for the PAA
structural parameter calculation with U as the unified inde-
pendent variable is formulated as follows:

D;=2.5U
Dy = 0.709U + 4.986
T, = 0.896U — 2.493
T, = 11U
T, =L, = 125.53D — 147.75
T, = 1.1U + 125.53D — 147.75

Universal PAA equation set

1.85 x 1013
p = T
~(0.709U + 4.986)°
7= 6.89107

where U is the anodization voltage with units of V, and D is the
anodization duration in units of min. The universal PAA equa-
tion set demonstrates high accuracies across most situations. It
is a reliable equation set that can be widely used for all PAA
structural parameter calculations.

The specialized equation set for the PAA structural param-
eter calculation with U as the unified independent variable is
formulated as follows:
where U is the anodization voltage in units of V, and D is the
anodization duration in units of min. The specialized equation
set for the PAA structural parameter calculation will provide
more accurate calculation results, if the anodization of a PAA is
specified in a specific electrolyte.

The proposal of an equation set for the PAA structural
parameter calculation confirms the existing optimal PAA
structural parameter calculation formulas for mild anodization.
It provides a systematic and accurate theoretical model and
mathematical tool for designing and calculating PAA structures,
according to practical requirements in scientific research and
engineering applications.

It should be emphasized that this review provides a system-
atic summary and competitive screening of the most widely
adopted existing formulas for calculating PAA structural
parameters. The formulas screened here represent those
regarded as the most universal and accurate up to now.
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Ty

Specialized PAA equation set
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D;=2.5U (oxalic)
D; =1.99U +12.1 (sulfuric)
D; D; =2.5U (phosphoric)
D; =2.5U (inorganic)
D; =2.5U (organic)

D, =09U (oxalic)
D, = 142V (sulfuric)

D, =0.709U +4.986 (phosphoric)

T, =0.8U ( oxalic)
Tw = 0.995U — 7%V +6.05 (sulfuric)
T, = 0.896U — 2.493 (phosphoric)

Ty, =1.1U (oxalic)
Ty, = 1.1U  (sulfuric)
T, = 1.14U ( phosphoric)

{L, =T, =12553D — 147.75

T, =1.1U +125.53D — 147.75 (oxalic)
To =1.1U + 125.53D — 147.75  (sulfuric)
T, =1.14U + 125.53D — 147.75 (phosphoric)

1.85 x 1013
b
1.15 x 10"

p = m (sulfuric)

1.85 x 1013
P =77

(oxalic)

iz (phosphoric)
1.85x 1013 | .
P= (inorganic)
1.85 x 1013 .
P=— (organic)

o =11.75% (oxalic)

177.8¢%04V .
o= m (sulfuric)

0.709U + 4.986) .
- : 6.89102 ) (phosphoric)
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However, this does not imply that they are absolutely universal
or accurate in an objective sense. Significant potential remains
for improving the universality and accuracy of the existing
formulas, as clearly demonstrated by the MSE statistics for the
Dj, Dp, and Ty, calculation formulas in Tables 1-3, respectively.
The most critical problem of the existing mainstream PAA
structural parameter calculation formulas is that these existing
mainstream formulas are primarily expressed as single-variable
functions of U, but that voltage is not the sole factor influencing
the PAA structural parameters. Besides voltage, many other
conditions such as the anodization temperature, electrolyte
concentration, electrolyte type and anodization duration also
influence various PAA structural parameters to different
extents.*>*>1%® For example, the anodization temperature is
almost the second most significant factor influencing the PAA
structural parameters, after voltage. The structural parameters
affected by temperature include Dy, Ty, Tt, Tp, T, and o. While
the impact of temperature on the PAA structural parameters has
been qualitatively mentioned in numerous studies, it is unsat-
isfactory that systematic quantitative investigations dedicated
to temperature effects, particularly those regarding local
temperature, are scarcely reported. Existing calculation
formulas for PAA structural parameters neither incorporate
temperature as a variable nor specify their applicable temper-
ature ranges, which constitutes a serious limitation in the
existing proposed formulas. Therefore, besides the anodization
voltage, the systematic and quantitative investigation of other
key anodization conditions (such as the anodization tempera-
ture, electrolyte concentration, electrolyte type, and anodization
duration) that influence the structural parameters of PAA
remains a significant research gap at present and a meaningful
research topic for future work.

The second point to emphasize is that all calculation
formulas mentioned in this review are suitable for PAA prepared
by mild anodization. However, it is important to note that hard
anodization is another important method for fabricating
PAA,'*"° and these formulas are not wholly suitable for the
resulting PAA of hard anodization. A detailed discussion of the
formulas applicable to hard-anodized PAA will be presented in
our next forthcoming topical review.
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