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ABSTRACT: Titanium dioxide nanotubes have some unique proper-
ties and have found a wide range of potential applications.
Electrochemical anodization is a popular method for synthesis of
TiO, nanotubes. While the TiO, nanotube morphologies are mainly
controlled by the supplied electrical power and anodization time, energy
inputs into the electrochemical anodization process also affect the
sustainability performance of the technology in future industrial
applications. This paper presents a mathematical modeling approach
for understanding the direct energy consumptions in the electro-
chemical anodization process in which the process is divided into five ; !
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stages including cleaning/drying, oxide layer formation, chemical

diffusion, physical diffusion, and calcinations. Mathematical models based on thermodynamics and kinetics are developed for
each of the above stages and validated using both experimental and literature data. The results demonstrate that about 67% of the
energy input in the electrochemical anodization process is required by the physical diffusion. These models and analyses results
could help understand the internal energy flow pattern within the electrochemical anodization process and aid sustainable
development of the technology for future large-scale industrial applications.
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Sustainability improvement

B INTRODUCTION

Titanium dioxide nanotubes (TiO, NT) have attracted
substantial interest in recent years due to their superior
material properties." The precisely oriented TiO, NT arrays
possess an outstanding charge transport and carrier lifetime
property that has found great potential in a broad array of
industrial applications including photocatalysis for organic
waste decomposition,” photoelectrolysis,*polymer-based bulk
heterojunction photovoltaics,” biomedical applications,” gas
sensing,é doping,7 solar energy harvesting,g’9 and energy storage
devices.'"”"" Current methods for TiO, NT synthesis can be
classified into two main categories based on the synthesis
mechanism: template-assisted methods and nontemplate
methods. In the template-assisted method, there are various
routes to prepare TiO, NT including sol—gel transcription
(wet-chemical technique) method,'* atomic layer deposition
(ALD)," chemical vapor deposition (CVD), electro deposi-
tion, photo deposition, thermosetting, and seeded growth.14
Nontemplate TiO, NT synthesis procedures typically include
the hydrothermal/solvothermal approach'® and electrochemical
anodizing process.'® When compared, the nontemplate
methods have better scale-up potential than the template-
assisted methods because the nontemplate methods are simple
and lower in cost to operate in real industrial-scale
manufacturing. Among the three nontemplate methods,
hydrothermal and solvothermal methods rely heavily on toxic
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chemicals to assist in the reactions to synthesize TiO,
NTs."” ™" But, toxic chemicals could have adverse impacts on
human health and accordingly can lower the sustainability
performance of the technology.”® In comparison, electro-
chemical anodization is a process to synthesize TiO, NT via
oxidation of a metallic titanium substrate in a mixed electrolyte
typically composed of dionized water, ethylene glycol, and
ammonium.”’ The electrochemical anodization process has a
high potential in future industrial-scale productions due to its
relatively low environmental impact, low cost, and fast
oxidation process.

While currently most efforts have been made on the
technology development and precise control of the TiO, NT
morphologies, little attention has been paid to the sustainability
performance of the TiO, NT synthesis process, and no energy
modeling study has ever been conducted on the electro-
chemical anodization of TiO, NT. To understand and
minimize the potential environmental impacts of the
technology from energy perspectives, it is important to model
and understand the energy requirements for the TiO, NT
synthesis process in order to improve its energy efficiency and
the overall sustainability performance. Compared with the bulk
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TiO, manufacturing processes, nanoscale TiO, synthesis
processes are usually much more energy intensive.”* A previous
study showed that NT fabrication could require 13—50 times
more energy than traditional materials on an equal mass basis.”®
In electrochemical anodization, the TiO, NT morphologies are
mainly controlled by the supplied power and the anodizing
time.'® As a result, accurate modeling and precise control of the
energy inputs into the electrochemical anodization of the TiO,
NT process are critical in sustainable development of the
electrochemical anodization technology for future large-scale
industrial applications.

For process energy modeling, thermodynamic analysis
including energy and exergy analyses is an effective approach
for understanding the energy flows and reducing exergy losses
in the electrochemistry process. In principle, energy is never
destroyed but always conserved based on the first law of
thermodynamics.”* Exergy is the maximum amount of useful
work available in a process to equilibriate with the reference
state and the quality of energy that provides a rigorous way of
accounting for losses.”® But TiO, nanomaterials are relatively
new, and only a few research works have been published on
some related sustainability studies. For example, Gottschalk
formulated probabilistic material flow models to estimate
environmental release of preparing TiO, NT from cradle to
grave.”® Grubb calculated environmental impact of emissions,
energy requirements, and exergetic losses for TiO, nanoparticle
production based on the altairnano hydrochloride process.””
Theis et al. addressed the manufacturing energy requirement,
embodied energy, material efficiency, and environmental
properties of various nanomaterials including TiO, NT.>®
From the literature, the limited sustainability studies of TiO,
nanomaterials were all conducted on macro-scale analysis, while
only a few analyses on the process level of thermodynamic
energy analysis were conducted. Also, no study was ever
conducted on the direct energy analysis of the electrochemical
anodization process of TiO, nanotubes.

In this paper, a numerical energy analysis of the electro-
chemical anodizing process for the TiO, NT synthesis is
presented with mathematical models and validated results. The
energy model is developed based on thermodynamics and
kinetics for the electrochemical anodization of the TiO, NT
synthesis, including process parameters, defined boundaries,
and operating conditions. In the following sections, the
experimental characterization, model development, and numer-
ical analysis for the electrochemical anodizing process of TiO,
NT are described in detail. The energy requirements for various
stages of the synthesis process are quantified and benchmarked.
The potential of the sustainability improvement is then
discussed based on the energy analysis results. The created
model is validated by the electrochemical anodizing process of
TiO, NT, and the developed model can be extended to other
similar nanomaterial synthesis processes in future.

B METHODOLOGY

For fabricating TiO, nanotubes through electrochemical anodization, a
Ti foil was first washed in ethanol to remove the surface impurities.
The anodization was conducted within a two-electrode electro-
chemical cell using the Ti foil with a 0.25 mm thickness and 99.97%
purity from ESPI as the anode, a platinum foil as cathode, and a
fluoride ion based electrolyte. The electrolyte was 0.4 wt % ammonium
fluoride (NH,F 98%, Aldrich Corp.) and S wt % deionized water
dissolved in ethylene glycol (99%, EMD Millipore). DC electricity is
then supplied to the system with precise controlled power and time to
perform the electrochemical anodization. Overall, the electrochemical
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anodization is a selective etching process in terms of a competition
between several physical and chemical reactions including anodic oxide
formation, chemical dissolution, and complexation. The key processes
involved in the electrochemical anodization of TiO, nanotubes include
the following three steps: (1) An oxide layer growth on the surface of
the metal occurs due to interaction of the metal with oxygen ions.
After the formation of an initial oxide layer, these anions migrate
through the oxide layer reaching the metal/oxide interface where they
react with the metal. Furthermore, an oxide layer grown is dominated
by the migration of ions Ti** and O*~ in the growing compact layer.
The compact anodically formed oxide layer is indicated in Figure la.

TiO; layer

anotube

Nano pore

Figure 1. Schematic of the electrochemical anodizing process and
anodic morphologies: (a) formation of oxide layer, (b) random growth
of pores, (c) self-ordered oxides nanopores, (d) disorganized oxide
NT formation, and (e) ordered nanotube.

(2) Field-assisted dissolution of the oxide occurs at the oxide/
electrolyte interface. Because of the applied electric field, the Ti—O
bond is subject to polarization and is weakened to facilitate dissolution
of the metal cations. Ti*" cations are dissolved into the electrolyte, and
the free oxygen anions migrate toward the metal/oxide interface to
interact with the metal. After the surface is locally activated and pores
begin to grow randomly due to the initial localized dissolution of the
oxide (Figure 1b), the barrier layer at the bottom of the pits becomes
relatively thin and the electric field intensity increases across the
remaining barrier layer, resulting in a further pore growth (Figure 1c).
(3) Chemical dissolution of the oxide by the fluoride acidic electrolyte
takes place during anodization. The formation of nanotube arrays is
the result of the above three simultaneously occurring processes after
the initial stage. Once the rate of TiO, formation is almost equal to the
rate of TiFs’~ formation and dissolution, the nanotubes will grow
steadily as shown in Figure 1d. Finally the ordered nanoporous layers
(Figure 1le) are obtained at an equilibrium state between the
electrochemical etching rate and the chemical dissolution rate on the
top surface of the nanotubes. On the basis of the description of the
above synthesis and anodization process, the complete electrochemical
anodization of the ordered TiO, NT is divided into five stages in order
to model the required energy inputs and to understand the internal
energy flow pattern of the technology from a process-based
thermodynamic perspective: cleaning and drying, formation of oxide
layer, chemical diffusion (related to field-assisted dissolution of oxide
and chemical dissolution of oxide), physical diffusion (related to the
diffusion of fluoride species to the tube bottom or the transport of
reacted TiF¢*~ species), and calcinations.

In this section, specific process-based energy models are built for
TiO, NT synthesis using the electrochemical anodization technique.
For the electricity consumed in cleaning and drying, energy could be
simply measured using a power meter based on the device operations.
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During the formation of the oxidation layer, the major activity is the
migration of ions Ti** and O>~ on the metal Ti surface, so the model is
created based on chemical thermodynamics. After the formation of the
oxidation layer, the anodization is dominated by chemical and physical
diffusions. The energy model for chemical diffusion is created based on
chemical thermodynamics, while electric current potential model for
physical diffusion is created based on kinetics. At the end, an energy
model for the calcination process of amorphous TiO, NT is also
developed. Figure 2 illustrates the system boundary for this analysis,
with Gibbs free energy associated with each process provided in the

figure.
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Figure 2. System boundary and Gibbs free energy associated with each
process.

Model for Chemical Process in Formation of Oxidation
Layer and Chemical Diffusion. The anodization process begins
with an initial oxide layer formed by interaction of the surface Ti*" ions
with oxygen ions in the electrolyte. In the initial stages of the
anodization process, field-assisted dissolution dominates the chemical
dissolution due to the relatively large electric field across the thin oxide
layer. Further oxide growth is controlled by field-assisted ion transport
(O* and Ti*" ions) through the growing oxide. The anode oxidation
of titanium is shown in Figure 3.

Electrolyte

[TiFe]*
A

Figure 3. Schematic drawing of adonization process.””
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Anode:

2H,0 — O, + 4e + 4H" AG; = 6577.22k]

Tiy + 0, = TiO, AG’ = —901.61kj

The overall anode reaction for anodic oxidation of titanium is
represented as

Tty + 2H,0() = TiOy) + 4H' + 4e7  AG{ = 348 kj

Meanwhile, hydrogen gas is released at the cathode that causes the
flotation. The electrode reaction is described as follows:
Cathode:

4‘H+ + 4e” — 2H2(g)

So the overall electrode reaction at this stage can be described as

Tigy + 2H,0 — 2H,,) + TiO,)  AG{ = 439.98k

2(g

After the formation of the oxide layer, the TiO,—Ti interface is
locally activated, and the chemical and physical diffusions occur in the
meantime. Small pores are formed first due to the localized dissolution
of the oxide. Then, these pits are converted into bigger pores, and the
pore density increases as governed by both electrochemical etching
and chemical dissolution. Fluoride ions in the electrolyte have the
ability to form water-soluble TiF4*~, and their small ionic radius makes
them suitable to enter the growing TiO, lattice and to be transported
through the oxide by the applied electric field. After a while, the
individual pores will interfere with each other, balance the available
current, and finally reach a steady state condition, which results in a
growth of the self-ordered nanotube structure. The nanotubes will
grow steadily when the rate of TiO, formation equals the rate of
TiF>~ formation and dissolution. The chemical dissolution process of
the oxide is described as a chemical reaction

TiO,() + 6F + 4H" — TiF;” + 2H,0 AG; = 348KJ

The basic premise of electrochemical anodization is the competition
between the formation of the compact TiO, lager and the formation/
dissolution of Ti** in the nanotube TiO, layer.>” After the formation of
the compact TiO, oxide layer, Ti** ions at the metal—oxide interface
will move toward the oxide—electrolyte interface under the applied
electric field, as illustrated in Figure 3. On the basis of chemical
thermodynamics, the overall entropy change and enthalpy change for
the chemical process can be expressed in the following equations, with
units in kJ/mol and kJ/mol K, respectively

Z 1S = Z rSi

ASReaction =

(1)

Products Reactants
o _ o _ o
AH = X rHi = X rH;
Products Reactants (2)

The work rate for the chemical process is expressed as follows, with
units in kJ/mol

W=(HR_%SR)_(HP_%SP)_ 1_? Q+T(')Sgen

(3)
where W is work, Q is heat, S is entropy, H is enthalpy, and y is the
stoichiometric coeflicient. In this electrochemical system, the temper-
ature change is very small and can be ignored, so the process is
considered as constant temperature and pressure, which means (1 —
To/T)Q = 0. The term Sgen represents the entropy rate generated by
irreversibilities within the process. Equation 3 provides the framework
for estimating the minimum work input for this process, ie., when
irreversibilities are zero, TOSgen = 0.7 Therefore, the energy (with units
in kJ/mol) equals the minimum work associated with this chemical
process

E=W

min = (HR - ’I;JSR) - (HP - ’I;JSP) 4)
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Model for Physical Diffusion. The current in the anodization
process decreases because the diffusion of the ionic species (F,
[TiF4]*") controls the formation of the TiO, NTs. In this model,
when the two electrodes are connected, [ TiF¢]*~ ions will be produced
at the cathode, and F~ ions will be consumed at anode. On the basis of
the assumption of the diffusion model by Yasuda,®® the process can be
modeled as three layers: a convection layer on the top, diffusion layer
adjacent to the nanotube, and layer with the nanotube. A schematic
drawing of the diffusion model for the ionic species is illustrated in
Figure 4.

Convection Diffusion

Nanotube layer
layer layer

F-ion

C=Co C=Co

C=0

Figure 4. Schematic drawing of the diffusion model for the ionic
species during anodization.””

Ion diffusion in the electrolyte is linear along a concentration
gradient between the tube bottom and bulk electrolyte. By the
definition of Fick’s law of diffusion, the flux of ions (with units in mol/
m?s) in the diffusion layer (—xy < x < 0) is

oC
= —-—D—
=% (5)
and the flux of ions in the NT layer (0 < x <L) is
aC
= —pD—
J= D (6)

where ] is the diffusion flux, D is the diffusion coefficient, C is the
concentration, x, is thickness of the diffusion layer, L is length of the
NT, and p is the porosity of the NT. The porosity of TiO, NT is
calculated by the volume fraction

p=1- Vrios

7)

VTotal

where V is the volume of component.

Because the diffusion only occurred at the bottom of the NT, the
top dissolution is nearly zero. So the boundary condition (as illustrated
in Figure 4) in this model is defined as follows

Clx < —xp)g = Gy
Cx > L) =0
Clx > L) = Gy
Clx < =xp)pr = 0
The anodic current density I (with unit in A/m?) is described as
pnFDC,

I =InFJl =
L + px,

(8)

where 7 is the number of electrons transported in the process, and F is
the Faraday constant (96485 C mol™).

Based on the electricity principle of energy, voltage, and current, the
electric energy input (with units in kJ/mol) into the physical diffusion
process during time t is calculated as

407

©)

where U is the supplied voltage, and A is the anodized area of the Ti
foil.

Model for Calcination Process. In this analysis, energy flow of a
highly idealized calcination process is studied. The calcination process
is modeled as an ideal steady-state open system with no heat inputs or
losses, and the pressure and temperature increases are reversible.
Basically, the conversion rate of the calcination process is very low;
therefore, the chemical exergy change is very small when compared
with the required physical exergy change and accordingly can be
considered negligible. As a result, the NTs calcination process can be
treated simply as raising the temperature from standard condition to
reaction temperature of an air gas stream that is modeled as ideal gas
in an open system. In this open system, volume is constant, so the
pressure can be calculated through the classic ideal gas law. The
minimum physical exergy (with units in kJ/mol) required to create the
necessary conditions of the TiO, NT calcination process is as follows

E=UXIXAXt

T p
by = cP(T -T) - ¢,Ty In ?0 + T,R In ;0 (10)
where by, is specific physical exergy, c, is the heat capacity, and T and
P, are the temperature and pressure at standard conditions,
respectively. On the basis of the Shomate equation, the liquid phase
heat capacity can be calculated by using the average temperature T.
Because this process is modeled as a reversible process (TS, = 0),
the energy of calcination process is equal to the minimum work.

E:bPth

(11)

where m is the mass of the generated TiO, NT.

Model for Drying Process. The drying process transfers both
heat and mass, while wet air is considered as one phase homogeneous
system with only two components governed by ideal gas law for fluid
mixtures.>’ The energy conservation equation of drying process is
presented as follows:

L ) V2
Q -Ww= Z moutlet(houdet + %)

. ‘/iile
- z minlet(hinlet + Tt] (12)

The energy required to transfer moisture during the drying process
(inside the drying box) can be quantified by the following equation

Q = m(hinlet - hnutlet) (13)

B RESULTS

To validate the developed energy analysis model based on
thermodynamics and kinetics, experiments are performed by
collecting the actual experimental data during a complete
electrochemical anodization process. The electrochemical
anodization experiments were conducted at 30 V DC using a
Ti foil as the anode, a Pt foil as the canthode, and a fluoride ion-
based electrolyte. The electricity consumption in the whole
process is directly monitored using a power meter. For the
process parameters and materials’ physicochemical properties,
data from the literature are used in the analysis. A summary of
the major data for this energy analysis results is presented in
Table 1 below.

Among the five analyzed stages, the energy data for cleaning
and drying is directly measured in the experimentation, while
the data for all the other four stages in Table 1 is calculated
using the developed mathematical models based on the actual
experimental process parameters and data. Energy analyses for
the other four stages are described afterward with more details.
Detailed calculations for the required energy inputs in each of

dx.doi.org/10.1021/sc400304h | ACS Sustainable Chem. Eng. 2014, 2, 404—410
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Table 1. Major Data of Energy Analysis for Electrochemical
Anodization

entropy heat reversible work energy
stages (kJ/mol K)  (kJ/mol) (kJ/mol) (kJ/mol)
cleaning/drying 73129.13 73129.13
formation of —0.096 84.19 439.98 439.98
oxide layer
chemical 18.71 - 11406.21 11406.21
diffusion
physical - - - 423373.43
diffusion
calcination - - 7.907 124189.54

the electrochemical anodization processes are included in the
Supporting Information.

On the basis of the model in the Model for Chemical Process
in Formation of Oxidation Layer and Chemical Diffusion
section, the overall entropy change, enthalpy change and
minimum work are calculated. The absolute entropy and
enthalpy values for each substance in this chemical reaction is
retrieved from the NIST CSTL standard reference data
program in specific phase (solid, gas, and liquid) under the
standard conditions (T = 25 °C, P = 1 bar). Rutile titan oxide is
used in this calculation. Therefore the entropy change per mol
obtained for the formation of the oxide layer is —96.42 J/mol K
based on eq 1, while the enthalpy change per mol is —468.71
kJ/mol based on eq 2. The minimum work change per mol
associated with the process is 439.98 kJ/mol as calculated by eq
4.

Similar to the calculation of energy requirements in the
formation process of the oxide layer, the energy analysis for the
chemical diffusion process is mainly built on the chemical
reactions as described in the Model for Chemical Process in
Formation of Oxidation Layer and Chemical Diffusion section.
The process is mainly dominated by the formation and
dissolution of TiF,>~. Phase rutile titan oxide and titanium
fluoride is used in this calculation. The entropy change per mol
obtained for the chemical diffusion process is 18705.81 J/mol
K, and the minimum work rate is 11406.21 kJ/mol. The energy
rate in the chemical diffusion process is 11406.21 kJ/mol.

The energy analysis of the physical diffusion process is
modeled for the three layers (convection layer, diffusion layer,
and nanotube layer) using eqs 5—9. In Figure 3, x, is
determined as 10300 nm, C, is calculated as 2.5 X 10~ mol/
cm® by empirical experiment, D is set as 107%cm?/s, and n is 4.
As a result, the nDC, value obtained for fluoride ions in a 0.5 wt
% NH,F solution is 1.0 X 10~ mol/cm s. In the nanotube
layer, the NT diameter is 35 nm, wall thickness is 9 nm, and
length is 1100 nm under 30 V experimental condition, so the
porosity of TiO, NT in this experiment is 43.6% as calculated
by eq S. The anodic current density is 75 mA/cm? as calculated
by eq 6. The energy requirement during the diffusion process in
2 h with a § cm® Ti anodized area is 81 kJ as calculated by eq 7.
The obtained energy rate for physical diffusion process is
423373.43 kJ/mol.

The calcination process is to gradually crystallize the
amorphous TiO, into anatase phase under moderate temper-
atures (200—600 °C). The crystallization process in this
experiment is performed at 450 °C for 2 h, in a Thermolyne
F48000 furnace with a power rating of 240 V—7.5 A—1800 W.
The exergy analysis of the NTs crystallization process is
conducted by raising the temperature of an air gas stream from
273 to 723 K (specific heat capacity of dry air at 400 °C is 1.068
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kJ/kg K, density is 0.524 kg/m? and molecular mass is 28.97 g/
mol).*” The liquid phase heat capacity is calculated as 30.94 J/
mol K using the Shomate equation at T = 498 K. In this system,
the volume is constant, so the pressure can be calculated by
classic ideal gas law. The minimum physical exergy required to
create the conditions necessary to crystallize TiO, NT is 7.907
kJ/mol based on eq 8. The energy rate of calcinations process is
124189.54 kJ/mol, while the energy is 23.76 KJ as calculated by
eq 9.

To quantify the direct energy consumption in actual TiO,
NT production, the energy requirements in the five main stages
to synthesize 1g of TiO, NT is illustrated in Figure S. For the

Energy(kJ/g)

6000.00
5301.05

5000.00
4000.00
3000.00

2000.00 1554.97

907.07
1000.00
5.51 142.67
0.00
cleaning/drying formation of
oxide layer

chemical calcination

diffusion

physical
diffusion

Figure S. Direct energy consumption of synthesizing 1g of TiO, NT.

total amount of energy input into the electrochemical
anodization process, the largest amount of energy input is
required by the physical diffusion process, totaling $301.05 kJ/
g, accounting for 67% of the total energy requirement, while the
formation of the oxide layer only requires 5.51 kJ/g of energy.
This is mainly because the anodization process is dominated by
the formation/dissolution of Ti** in the nanotube TiO, layer
rather than the formation of the compact TiO, layer; therefore,
the energy requirement for the formation of the oxide layer
process is really small. When compared, the cleaning/drying
and calcination processes also require significant portions of the
energy input, using 11.46% and 19.65% of the total energy,
respectively.

B DISCUSSION

In general, TiO, nanotubes can be synthesized via different
processes and pathways. The energy consumptions of these
processes could be very different depending on the technology
being used and the process parameters. While electrochemical
anodization is a popular technique used in the TiO, NT
synthesis, the supplied energy is important in determining both
the morphologies of the TiO, NT structure and the
sustainability performance of the technology in industrial
applications. This paper aims to investigate and understand
the direct energy requirements of electrochemical anodization
synthesis of TiO, NT only.

Analyzing and understanding the direct energy requirements
of the electrochemical anodization can help control the energy
inputs in terms of the desired morphologies and reduce its
energy consumptions in future industrial-scale applications. For
the five stages analyzed during the electrochemical anodization,
three processes (oxide layer formation, physical diffusion, and
chemical diffusion) are inseparable in the anodization process.
From the mathematical modeling process, it is shown that these

dx.doi.org/10.1021/sc400304h | ACS Sustainable Chem. Eng. 2014, 2, 404—410
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three processes operate with totally different thermodynamic/
kinetic mechanisms and require different energy inputs, which
are actually controlled by the supplied voltage, current, and
time in the anodization process. The models and results
established in this study are valuable in correlating the process
energy requirement of each stage with its process parameters
and will play a critical role in the future to optimize the supplied
voltage, current, and time in these three processes to meet the
requirements of the desired TiO, NT morphologies. In
particular, the energy consumption in the physical diffusion
process could be minimized, while meeting the requirements of
oxide layer formation and chemical diffusion, in order to reduce
the process energy consumption.

It must be pointed out that the models, results, and
conclusions in this study are based on laboratory-scale
conditions. It is highly possible that the synthesis pathways
and processes could be different on the mass production of
TiO, nanotubes in future large-scale industrial applications, but
the fundamental mechanism of the electrochemical anodization
of TiO, nanotubes should be same for this technology. It is
believed that the energy models, results, and conclusions
presented in this paper could provide a numerical way to
calculate the direct energy consumption in the electrochemical
anodization process and can be used by process designers and
technology developers for future process optimization and
improvement to support sustainable scale-up of the technology
for large-scale industrial applications.

Though the process energy requirement is important, it is
only part of the life cycle of the TiO, NT product. In order to
understand the direct energy consumption of the electro-
chemical anodization process within the life cycle framework of
the TiO, NT product, we also conducted an upstream life cycle
energy analysis to quantify the energy consumptions of the
materials and activities required to produce 1 g of TiO, NT.
The life cycle energy data are retrieved from GaBi 6
professional database and literature, which are provided in
Section S of the Supporting Information. The life cycle energy
data show that the total energy consumption of raw material
extractions and productions (includes Ti foil, ethylene glycol,
deionized water, and ammonia fluoride) required in the
experiment was approximately 3577.766 kJ. In this point, the
direct energy consumption in the electrochemical anodization
process only accounts for 3.4% of the total upstream energy
consumption. The significant life cycle energy consumption
would require further research in understanding and improving
the total energy consumption of TiO, NT during those
upstream processes.

B CONCLUSION

In this paper, we report a mathematical energy modeling of the
electrochemical anodization process on TiO, NT synthesis. To
facilitate the energy modeling, the anodization process is
divided into five stages including cleaning/drying, oxide layer
formation, chemical diffusion, physical diffusion, and calcina-
tions. The energy input into cleaning and drying is directly
measured based on the device power and operating time.
Mathematical models are developed for the other four stages
based on detailed process parameters and defined boundaries.
The models are finally validated through experimentation on an
electrochemical anodization process at 30 V DC. The
experimental data and literature data are used in the developed
mathematical models to calculate the energy inputs into each
process of the anodization technology. The energy analysis
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results of the five stages are presented and benchmarked. It
demonstrates that 67% of the energy input is required by the
physical diffusion process. The initial cleaning/drying and final
calcination processes use 11.46% and 19.65% of the total
energy, respectively. However, the oxidation layer formation
process only requires 0.07% of the total energy. The developed
energy models and analyses results are useful for understanding
the direct energy requirements of the electrochemical
anodization process and could support future scale-up of the
technology for large-scale industrial applications.

B ASSOCIATED CONTENT
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Data used in the analysis and detailed calculations for each of
the anodization processes. This material is available free of
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