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We present a comprehensive roadmap for the precise control of the dimensions and optical properties of

anodically fabricated zirconia nanotubes. The effects of anodization time, applied voltage, solvent

composition, as well as fluoride and water contents are investigated. The length of the resulted nanotubes
10 showed a strong dependence on the concentration and mobility of F~ ions, whilst O> ion content was
found to play a key role in controlling the nanotube wall thickness. A new insight into the formation of
Zirconia nanotubes is introduced and discussed based on the Point Defect Model (PDM). Also, the energy
consumption in the fabrication process of the nanostructured electrodes is modelled based on the involved
thermodynamics and kinetics aspects. The effect of the dimensions of the nanotubes on the optical
characteristics of the arrays was studied using Finite Difference Time Domain (FDTD). The results show
a decrease in transmittance with increasing the length and wall thickness, and decreasing the pore size of
the nanotubes. The reported results provide deep insights into the structure-property relationships of ZrO,

o

nanotubes, which will be of great help in large-scale industrial applications.

1 Introduction

20 With emerging nanoscale technologies, the need for developing
efficient protocols for the synthesis of nanostructured materials
that can be easily transferred to the industry has become dire.
Indeed, such protocols have been established in many fields in
order to satisfy application-specific requirements, including

2 synthesis of nanoparticles,"? nanowires,** nanotubes,’” and other
nanostructures.®'° For instance, efficient solar-driven water
splitting through the use of nanotube photoanodes has been a
challenge since the success of the Honda-Fujishima experiment.'!
Many factors, such as the aspect ratio, surface area, surface

3 roughness, and wall thickness,'>'* form specific criteria that must
be met in order to achieve efficient hydrogen production.

In this sense, the field of metal oxide nanotube synthesis has
gained special attention throughout the past 10 years, owing to
the wide spectrum of applications that depend on their unique

35 properties. zirconium dioxide (ZrO,) nanostructures have
emerged as a very promising member of the metal oxide
nanotube family. The high stability and biocompatibility of ZrO,
nanotubes allow their use as bio-active systems.'*'® In addition,
their wide band gap semiconducting properties can be utilized in

40 multi-functional catalysis.'”""’

One highly efficient and facile method for synthesizing ZrO,
nanotubes is anodic oxidation via selective etching of zirconium
foil in an electrochemical cell.?*?' Such synthesis route has
recently attracted wide attention following its success in the

45 synthesis of the broadly used anodic aluminum oxide membranes

(AAO),”* where the ease of accurately manipulating nanotube
structure and morphology through controlling the process
parameters is possible. Furthermore, it is widely accepted that the
anodization of Zr foils resembles to a great extent that of titanium
s0 foils.2*?*2% To this end, many recent reports attempted to clearly
identify the effect of process variables that enable the fabrication
of well-defined ZrO, nanotubes. Lee et al.?! studied the effect of
applied voltage (10-30V) and anodization time (1-60 min) in a
typical HF-based electrolyte on the properties of the resulted
ss material. Vertically-aligned nanotubes were attained at 20V and
20 min. Schmuki ef al.* reported the formation of highly-ordered
ZrO, nanotube arrays at 20V and an anodization time of 1 hour
using NH,F as the etchant. However, using a very similar
electrolyte/etchant composition, Zhao et al.* reported optimum
60 results at 10V and 3 hrs of anodization time. Xuan-Yong et al.’
studied the effect of fluoride-to-oxygen (F/O) ratio on the
competing processes of chemical etching and anodic oxidation.
As the F/O ratio was increased, the nanotubes became more
structured and crystalline, and the array length increased until a
os certain threshold ratio (0.7), above which the nanotubes
collapsed. However, the substantially high applied voltage in this
study (80V) renders the process inefficient for large-scale use.
Ismail ez al.,*® on the other hand, used a relatively low voltage of
20V to study the effect of fluoride content. Although the
70 crystallinity improved as the amount of NH,F added was
increased, confirming Xuan-Yong’s observations, the length of
the synthesized arrays decreased with increasing fluoride content.
Furthermore, the threshold content at which the nanotubes
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collapsed changed with the decreased voltage. Muratore et al.*
reported a higher optimum F/O ratio of 0.9 when changing the
water content instead of the fluoride ion content. Adding more
water increased the diameters of the resulted nanotubes by an
order of ~20 nm. Although other studies attempt to shed the light
on the combined effect of varying anodization variables,”®*° more
combinatorial studies are needed in order to reach a consensus
with the optimum combination of process variables, thus taking
the first steps towards formulating a market-reliable synthesis
protocol for ZrO, nanotubes.

Herein, we report the effects of a combination of anodization
process variables (time, applied voltage, electrolyte composition,
fluoride and oxide ion contents) on the structure and morphology
of ZrO, nanotube arrays. Also, mathematical models have been
developed to account for the energy consumption during the
fabrication process. Further, the effect of the dimensions of the
synthesized nanotubes on their optical properties is investigated
both experimentally and theoretically.

2 Experimental

Pure zirconium foils (Alfa Aesar, 99.8% purity) were
ultrasonically cleaned in acetone/ethanol and distilled water,
respectively. Anodization was done in a two-electrode cell with
the zirconium foil as the working electrode and platinum as the
counter electrode, in glycerol-based electrolytes containing
variable amounts of formamide, H,O, and NH4F. The anodized
area was fixed at 10x10 mm. The distance between the electrodes
was fixed at 20 mm, and the operation temperature was fixed at
room temperature (approximately 23°C). Time-dependant
anodization tracked on S-minute intervals.
Anodization was performed using an Agilent E3612A DC power
supply. The morphology of the as-anodized samples was studied
using a LEO Supra 55 Field Emission Scanning Electron
Microscope (FESEM). Specimens were annealed in a
LINDBURG Programmable Furnace model N41/M 29667. The
crystal structure of as-anodized and annealed samples was studied
using a PANalytical X'Pert PRO XRD diffractometer. The optical
properties of the anodized foils were measured using a home-
made setup that was installed into a Newport QE-PV-SI QE/IPCE
instrument. Finite Difference Time Domain simulations were
implemented on a computer-written code. The source used was a
Gaussian pulse source having a central frequency (f.) of
1498.96229 THz, and a pulse width (w) of 2997.92 THz. For
detection, two observation planes were positioned at the top and
the bottom of the nanotubes to measure the transmittance and the
absorbance, respectively. A lorentzian model was used for
simulating the permittivity-frequency plot, along with eye curve-
fitting in order to match the simulation model with the
experimental results done on ZrO, nanotubes.

current was

3 Results and Discussion
3.1 Effect of Anodization Conditions

To study the effect of solvent composition on the competing
processes of chemical etching and oxidation, Zr foils were
anodized in glycerol-based electrolytes containing different
formamide (FA) contents, while keeping the NH,F and H,O
concentrations at 1wt% and 4wt%, respectively. Fig. S1 shows

10
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the resulted ZrO, nanotube arrays. Uniform nanotube arrays were
obtained in electrolytes containing FA up to 40%. Note the
changing morphology of the nanotubes from hexagonal in pure
glycerol electrolyte (Fig. S1(a)), to circular nanotubes as FA
content was increased to 10% and 20% (Fig. S1(b,c)), and back
again to hexagonal shape at 30% and 40% FA (Fig. S1(d,e)).
Note also that the most ordered nanotube arrays were obtained in
electrolytes with 20% FA, Fig. 1(a). Notably, the top of the
nanotubes grown in electrolytes with 10 and 30% FA were
covered with debris, which basically consists of detached
nanotubes that may have fallen off the substrate during post-
anodization ultrasonic cleaning. The nanotubes grown
electrolytes containing 40% FA were covered with a 2pm-thick
layer of amorphous material, which indicates corrosion of the top
ends of the nanotubes as a result of the high F~ ion mobility.

Fig. 1(b) shows the variations of the lengths, diameters, and
wall thicknesses of the nanotube arrays fabricated in electrolytes
containing different FA contents. Note the increase in the
nanotube length with increasing the FA content in the electrolyte
from 10% to 30% followed by a plateau until 40% FA. At 50%
FA, the Zr foil was cut into two pieces at the electrolyte/air
interface. The nanotube wall thickness showed a similar behavior
to the change in length. Nanotube diameter, on the other hand,
showed a much earlier plateau (near 10%). Figure S1(f) shows
the time-dependant anodization current curves for samples
anodized in electrolytes containing different FA contents. Once
the Zr foil is immersed in the electrolyte, the current increases
until an insulating passive layer builds up (typically an oxide),
resulting in a gradual decrease in current until reaching a steady
state. The steady state current (/gs) shows an ohmic dependence
on the applied voltage (V) and the combined resistance of a bi-
layer passive film as predicted by the second generation of the
Point Defect Model,* i.e.

in

(M

v
Iss = RoLtRBL
where R,; and Rp; are the resistances of the outer and barrier
layers, respectively (see Section 3d). In addition, the initial
anodization current increases as the FA content increases, as
expected, due to the increased ion mobility” in the electrolyte
owing to the lower viscosity of FA as compared to glycerol. In
order to study the effect of different combinations of F~ and O*
ion contents, Zr foils were anodized in glycerol-based electrolytes
containing 20% FA and different F~ contents (0.5, 1, and 2 wt%),
as well as different water contents (2, 3, and 4 wt%). Fig. 1(c)
shows a representative FESEM image of the nanotubes grown in
glycerol-based electrolyte containing 20% FA, 2 wt% NH,F and
2 wt% H,0. Fig. S2 (in the supporting information) shows the
FESEM images of the as-grown nanotube arrays under the
various F~ and O* ion contents. ZrO, nanotubes with hexagonal
cross sections were observed for all etchant-water contents except
for the nanotubes grown in electrolytes containing 1wt% NH4F
and 4wt% water. Furthermore, ZrO, nanotubes grown in
electrolytes with 1wt% NH4F and 2wt% water, as well as 2wt%
NH,4F and 2wt% water showed long-range order throughout the
substrate (Fig. 1(c)). It is important to note the presence of
amorphous debris exclusively on the arrays anodized in all
electrolytes containing 0.5wt% NH4F (Fig. S2).

Fig. 1(d) is a 3-D plot showing the variation of nanotube
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diameter with respect to H,O and NH4F contents. Increasing both
F and O ion concentrations in the electrolyte resulted in an
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Fig. 1 (a) FESEM images of as-grown ZrO2 nanotube arrays via anodic oxidation for 3hrs @50V in glycerol electrolytes containing 20vol% FA, 4wt%
H20 and 1wt% NHA4F (b) Variation of the ZrO2 nanotube dimensions with FA content. (c) Same as panel (a) but with 2wt% H20 and 2wt% NHA4F. (d) 3-
D plot illustrating the effect of varying H20 and NH4F content in the electrolytes on the as-anodized ZrO2 nanotube diameters. (¢) Same as panel (a) but
under applied voltage of 30V. (f) Variation of ZrO2 nanotube dimensions with anodization time. Inset shows a representative FESEM image of the sample
anodized for 2 h

increase in nanotube diameter. As the F™ ion content increased,
nanotube length decreased, similar to the anodization of titanium
foils.”’ Increasing O™ ion content, on the other hand, resulted in an
increase in the nanotube length.

Anodization time was also varied for samples anodized in
glycerol-based electrolytes containing 20% FA, with constant
4wt% H,O and 1wt% NH4F contents. Fig. 1(e) shows a
representative FESEM image of the fabricated nanotubes after 3
hours of anodization. The full set of FESEM images for the
nanotubes fabricated at various time intervals is shown in Fig. S3.
Note that circular nanotubes were obtained for all anodization
durations. Note also the presence of detached nanotubes/debris on
the surfaces of the foils anodized for 2 hours. The nanotube
growth rates shifted from 16pm/h for anodization time of 1 h to
8.5 um/h for anodization time of 2hrs. This dramatic shift in the
growth rate can be related to the nanotube detachment during the
anodization process, where new nanotube arrays replace the
detached ones, resulting in shorter nanotubes than expected. The
nanotube growth rate of 8.3um/h remained almost constant for
the remaining anodization times (up to 16 h). Fig. 1(f) shows the
effect of increasing anodization time on the dimensions of the
resulted ZrO, nanotubes. The effect of anodization time on the
nanotube length is fairly linear, as expected at the relatively slow
etching rate in the 20% FA electrolyte. In addition, increasing
anodization time has an effect on the nanotube diameter similar to
that of increasing FA content in the electrolyte, such that more
ions would reach the anode at the longer time span (or at higher

FA content in the electrolyte). A steady state is reached near 4 h,
which can be related to an equilibrium state between chemical
etching and anodic oxidation at the top of the array. In contrast to

IS
S

increasing FA content, however, the wall thickness is decreasing

as the anodization time increases, indicating a lower oxide layer
growth rate as compared to the rate of chemical etching. This can
be explained in terms of the added 072 jons as FA content
increases in the electrolyte.”’” This increase may be the reason
ss behind the increasing wall thickness (i.e. the increasing oxide
layer on the walls) as the FA content increases. The absence of
excess O at a constant FA content, would favor the rate of
chemical etching as anodization period increases. Thus, wall
thickness would be expected to decrease as well.
so  ZrO, nanotube arrays were also synthesized using different
applied anodization voltages (10-50V) while keeping all other
Fig. S4 shows the grown
nanotubes at 10 and 30V. While no nanotube structures were
observed at 10V, increasing the voltage resulted in the formation

anodization parameters intact.

o
a

of nanotube arrays with larger tube diameters of 25 and 82 + 1

nm for 30 and 50V, respectively. The nanotubes synthesized at 30
and 50V had a nearly-identical wall thickness of 10.5 + 1 nm.
The tube length, however, showed an increase until an applied
potential of 30V reaching a length of 40 + 0.2 um, in agreement
o with Wang and Luo.?” This increase in length was followed by a
shallow decrease to 24 £+ 0.2 um as the applied voltage increased

to 50V.

This journal is © The Royal Society of Chemistry [year]
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3.2 Proposed Anodization Model

Herein, we present a model for the synthesis of ZrO, nanotubes
via anodic oxidation that fits the obtained results in this and other
studies. According to the second and third generations of the
Point Defect Model (PDM II-III),***>* high oxidation state
metals, such as Zr, form a bi-layer passive film composed of a
barrier layer, and an outer layer where film/electrolyte
interactions occur. The growth of both layers depends on the
constant generation and annihilation of cation interstitials and
anion vacancies. Macdonald er al** studied the impedance
characteristics of Zr metal immersed in aqueous de-acrated
solutions, and concluded the formation of an oxide outer layer, on
top of a defective oxide barrier layer. In a later study, Macdonald
and Engelhardt™ studied the bi-layer passive film forming on Zr
in hydride-rich solutions, and concluded the formation of a
hydride instead of an oxide barrier layer, owing to the faster
diffusion kinetics of hydrogen as compared to oxygen. In this
sense, F~ ions are almost twice as fast as O% ions.>> Therefore, it
is reasonable to assume the formation of a fluoride barrier layer
when Zr metal is immersed in fluoride-rich electrolytes.

As immersing the Zr foil into the electrolyte, a defective
fluoride layer starts to build up into the metal surface as a result

of the constant generation of fluoride vacancies at the
foil/electrolyte interface, i.c.,

Zr = Zryy + 2Vp + 2e” 2)
Vi + NH,F - Fp + NHJ (aq) 3)

On the other hand, field-assisted dissolution of the barrier layer
occurs causing the decrease in the barrier layer thickness (i.e. de-

passivation),27’30 ie.,

ZrF, + A4F~ + 2H* - H,ZrF, )

In reaction 4, the formation of fluorozirconic acid (H,ZrFy) is
the most probable route for Zr metal in fluoride-containing
aqueous solutions.***” The net thickness of the steady state
fluoride barrier layer depends on the fluoride concentration,
voltage, pH, and the standard rate constants of the passivation/de-
passivation reactions.’ Indeed, the formation of a fluoride-rich
layer at the oxide/metal interface has been reported for Zr,*® as
well as Tantalum.**° Meanwhile, cation interstitials, ejected
from the foil’s surface, diffuse through the barrier layer towards
the Dbarrier layer/electrolyte interface. They then get
hydrated/oxidized via the anions in the electrolyte, forming
oxides (outer layer),* i.e.,

Zr = Zr;" + 4e” 5)
Zr{" + H,0 -» 2H* + Zro** (6)
Zr0?%* + H,0 - 2HY 4+ Zr0, 7

In addition, field-assisted dissolution (reaction 8) and chemical
etching (reaction 9) create pits on top of the metastable outer
layer, i.e.,

Zr0, + 2H* > Zr0?** + H,0 ®)

Zr0, + 6F~ + 4H* - [ZrFs)*~ + 2H,0 ©)

%
=3
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Fig. 2 (a) A schematic illustrating the anodization of Zr foils in fluoride-
rich electrolytes. (b) EDX spectra of the bottoms of detached nanotubes
showing a F” ion at% almost double that of Zr.

Fig. 2(a) schematically depicts our proposed model. The
thickness of the outer layer can surpass that of the barrier layer by
4 orders of magnitude, which is typical for anodization of valve
metals.*® Field-assisted dissolution of the outer layer results in
surface irregularities, where fluoride ions then locally decrease
the thickness of the layer through pitting action on the rough
surface’' causing an increase in the electric current across it. This
triggers more oxide precipitation at the areas where outer layer
thickness is decreased.”® The latter also occurs on the inner walls
of the pores,*! resulting in the formation of well-defined nanotube
structures.

Thus, the abundance of F~ and 0% ions is crucial for the
formation of ZrO, nanotubes with high structural integrity. When
0.5wt% NH4F was used in the anodization electrolyte, F~ ion
content was too low to form well-defined nanotubes, especially at
low water contents, and a poorly-structured layer of amorphous
debris covered the nanotube arrays (Fig. S1). On the other hand,
when the F ion content was too high, increased F~ ion diffusion
towards the metal/barrier layer interface leads to the detachment
of the outer nanotubular layer, as previously observed with
Tantalum,**° leading to a decreased nanotube length as
mentioned above. Indeed, EDX analysis of the bottoms of the
detached nanotube arrays (Fig. 2(b)) showed a non-stoichiometric
layer of ZrF,. Increasing FA content caused the acceleration of
both F~ and O ions, thus shifting the reactions equilibria
forward, and increasing the rate of nanotube formation.

With respect to increasing the voltage, PDM-II** predicts the
dependence of the steady state barrier layer thickness (Lgs) on the
applied voltage, i.e.,
Lssoci[l—a—‘%"]V (10)
such that ¢ is the electric field strength, a is the polarizability of
the barrier layer/outer layer interface, a, and a, are the transfer
coefficients of the passivation and de-passivation reactions. Eq.
10 entails the increase in the fluoride barrier layer thickness as
the applied voltage increases. As a result, at high enough voltages
(above 30V), the impedance of the barrier layer becomes no
longer negligible with respect to that of the outer layer. This may
hinder the diffusion of cation interstitials throughout the barrier
layer, thus decreasing the kinetics of nanotube formation into the
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Fig. 3 XRD spectra of (I) as-anodized nanotube arrays, and (I1I-1V) as-
annealed nanotube arrays (500°C — 4 h) synthesized in glycerol
electrolytes containing 0%, 20%, and 40% FA, respectively.
M=Monoclinic Phase; T=Tetragonal Phase.

outer layer, and resulting in shorter nanotubes for higher applied
potentials.

3.3 Crystallization of the Nanotubes

The nanotube arrays synthesized in electrolytes containing
different FA contents were annealed at 500°C in air. X-ray
diffraction patterns of as-anodized and annealed nanotube arrays
are shown in Fig. 3. The as-anodized nanotubes are amorphous,
with some peaks appearing at 35°, 37°, 48°, and 64° characteristic
of the (002), (101), (102), and (003) facets of hexagonal Zr
metal.> These peaks possibly originated form the substrate. In
addition, a trace broad peak lies in the region between 28° and
32°. After annealing, this broad peak is de-convoluted showing
three distinct peaks at 28°, 30°, and 31°, which correspond to the
(111) facet in the monoclinic oxide phase (28° and 31°) and the
(111) facet in the tetragonal oxide phase (30°) (27,28). Smaller
peaks appear near 50°, which correspond to the (220) and (022)
facets in the monoclinic oxide phase,” as well as the (112) facet
in the tetragonal oxide phase”” Note the absence of the
characteristic tetragonal phase at 30° in the annealed samples
originally grown in electrolytes containing 40% FA. Thus, XRD
patterns confirm the formation of ZrO, nanotubes with
dominating monoclinic phase.

3.4 Energy Considerations

To formulate a market-reliable synthesis protocol for ZrO,
nanotubes, the total energy used for their synthesis should be
calculated. Herein, we calculated the energy required for the
individual processes occurring inside the electrolyte during the
synthesis process. To this end, the anodization process can be
divided into two major processes: (1) the chemical synthesis and
dissolution of the oxide layer, and (2) the physical diffusion of

ions near the electrolyte/anode interface. The chemical process
represented by the formation of the bi-layer passive film at the
anode, as well as the evolution of H, at the cathode can be
combined in an overall reaction as follows:

w0 2Z7r(s) + 2H,0(1) + 2NH,F(aq) = ZrF,(s) + Zr0,(s) +

2H,(g) + 2NH{ (aq) (1n

Following Li’s model,** the minimum work (W) associated
with the chemical synthesis can be described as:

W = (Hg = TSg) — (Hp — TSp) (12)

ss which gives roughly 498.533 kJ/mol* for anodization of Zr foils.

This represents the amount of energy needed for the overall
reaction to occur when reversible reactions are ignored. On the
other hand, the dissolution of the barrier and outer layers is
described by reactions 3 and 8, respectively. Considering the two

s reactions as different routes for the formation of the [ZrFg*

complex, the total energy of formation for both reactions is
395.616 kJ/mol.*>**

The electrical energy required for the physical diffusion of ions
near the electrolyte/anode interface under applied potential V for

ss time ¢ can be given by:*

E=VxAxXIxt (13)
__ nmPFDC,
I= L+Px, (14)

where 4 is the electrode surface area, P is the porosity of the
nanotube array, F is Faraday’s constant, D is the diffusion

o coefficient of ions inside the electrolyte, and C, is the

concentration of F~ ions inside the bulk electrolyte away from the
diffusion layer. L and x, are the array thickness and diffusion
layer thickness, respectively. Finally, n is the number of
exchanged electrons in the overall process. The porosity of the

¢s nanotube samples was calculated for nanotubes with circular

cross section (Fig. 1(c)) to be 44.9%. Following Li’s approach,*’
the diffusion coefficient for F~ ions inside the electrolyte was
taken to be 10 cm?¥/sec, and x, was to set to be 10.5 um. With
the nanotube length of 24 pm, and C, of 3.4x10™* mol/cm’, the

70 energy required for the physical diffusion of F~ ions near the

anode surface is about 110,799.436 kJ/mol.

Thus, the total energy required for the synthesis of ZrO,
nanotubes via anodization of Zr foils is estimated as 111,693.6
kJ/mol, with the physical diffusion of ions inside the electrolyte

75 being the most energy-consuming step in the anodization process.

3.5 Optical Properties

To investigate the optical characteristics of anodized ZrO,
nanotubes, Finite Difference Time Domain (FDTD) calculations
were performed, along with experimental characterization for

so transmittance and absorption of the nanotubes. FDTD is a well-

known computational technique that allows the investigation of
the optical properties of the nanotubes through observing the
propagation of electromagnetic waves throughout the lattice.
Along the simulation process, the values for the fields throughout

ss each computational grid are updated, rendering FDTD a very

useful tool for the optimization of material optical properties.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) A schematic showing the model built for the FDTD
calculations, (b) A plot showing the incident, reflected, and transmitted
electromagnetic fields in the time domain. (¢) Dependence of the relative
permittivity of ZrO, on the frequency of the incident field. (d,e) A
comparison between the measured and simulated transmittance and
absorption, respectively, for ZrO, nanotubes having a length of 18um, a
diameter of 64nm, and a wall thickness of 12nm. (f,g) Simulated data for
transmittance and absorption of nanotubes having different lengths. (h)
Simulated data for transmittance of nanotubes having different wall
thicknesses.

Fig. 4(a,b) illustrates the model used in the FDTD analysis.
Following the work of Ong et al.,*® normal incidence of the
electromagnetic waves in the negative Z direction was assumed.
The model was built for highly-oriented ZrO, nanotubes having
circular cross-section with an average length of 18pum, an outer
diameter of 64nm, and a wall thickness of 12nm. The cell used
was surrounded by a matching layer to absorb any reflected
electromagnetic waves outside the tubes at all frequencies and
angles of incidence.

ZrO,, being a dispersive material, necessities the accurate
calculation of the material's permittivity in order to be able to
investigate the optical properties of the nanotubes. For this
purpose, density functional theory (DFT) calculations were first
performed, using the exchange-correlation functional of Perdew-

25

w
s

%
=

Burke-Ernzerhof (PBE), to obtain the dielectric function for pure
zirconia. Fig. 4(c) shows the real (¢’) and imaginary (¢’) parts of
the dielectric function together with the operating frequency i.e.

(15)
(16)

Fig. 4 panels (d,e) show the strong agreement of the measured
transmittance and absorbance with the simulated results. Note
that the absorbance (4) was measured according to the following
relation:

A =[1og ()]

such that p, and p; are the transmitted and incident fields,
respectively. Due to the small reflection from the nanotube tops
in comparison with the transmitted field, this reflection can be
neglected.*® Fig. 4(f) shows a decrease in the transmittance of the
incident field for longer nanotubes, in agreement with other
reports in literature.***” This is attributed to the increase of the
absorption on the incident field with increasing nanotube length,
Fig. 4(g). In addition, Fig. 4(g) shows that the incident field with
energy larger than 3.5 eV is totally absorbed by the nanotubes;
such observation can be used to get a rough estimate of the ZrO,
nanotube band gap.

Because the wall thickness of the nanotubes is very crucial
when designing photoactive systems, the effect of increasing wall
thickness on the optical properties of the ZrO, nanotubes was
studied using the proposed FDTD model. Fig. 4(h) shows the
change in transmittance of the nanotubes as the wall thickness of
the nanotubes get thicker, while keeping the outer diameter and
the tube length fixed. As shown, the transmittance decreases with
increasing the wall thickness of the nanotubes, due to the
decrease in the volume of the air column inside the nanotubes,
thus increasing the effective index of refraction.*

g =n?—k?

e =2nk

an

4 Conclusion

In this article, a roadmap for the effect of synthesis parameters on
the morphology and optical properties of ZrO, nanotubes was
presented. Increasing formamide and water contents in the
electrolyte, as well as anodization time and voltage till 30V
resulted in an increase in the nanotube lengths and diameters,
which was attributed to the increased reaction kinetics. Although
increasing F~ ion concentration led to increased nanotube
diameters, it resulted in a decrease in the length. Similar results
were obtained with increasing the anodization potential above
30V. Nanotubes synthesized in OZrich electrolytes exhibited
thicker tube walls as compared to those synthesized in
electrolytes with lower formamide concentrations. The optimum
process conditions were defined as follows: for highly-ordered
ZrO, nanotubes with circular morphology, Zr foils were anodized
for 3hrs at 50V in a glycerol-based electrolyte containing 20%
FA, 1wt% NH4F, and 4wt% H,0O. To obtain nanotubes with
hexagonal morphology, etchant and water contents were 2wt%. A
model for the anodization of Zr foils was proposed based on the
Point Defect Model such that a fluoride barrier layer grows into
the metal, on top of which an oxide outer layer precipitates. The
effect of nanotube dimensions on their optical properties was
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studied using FDTD. A good agreement between theoretical and
the experimental results allowed for the accurate prediction of the
optical properties. Unlike absorption, transmittance of the
nanotubes was shown to decrease with nanotube length and wall
s thickness. The results presented herein provide the general
framework for the synthesis of optically-active ZrO, nanotubes.
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