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RESUMEN

Nanotubos de ZrO, se prepararon a través de oxidacién anddica en un electrolito organico de glicerina conte-
niendo fluoruro de amonio. La morfologia de estas matrices de nanotubos puede ser controlada cambiando
los parametros de preparacién, tales como la tension aplicada, la concentracion de iones fluoruro y el tiempo
de anodizacion. Mientras que la tension de la oxidacion es el factor principal que controla el diametro de los
nanotubos, la longitud de los mismos depende principalmente del tiempo de oxidacién, y el tipo de cristal
esta estrechamente relacionado con la temperatura de recocido. También se estudio el desempefio fotocatali-
tico. La actividad fotocatalitica de las muestras se calcul6 por la degradacién de un colorante patron, bajo
iluminacién de luz hal6gena.
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ABSTRACT

ZrO, nanotube arrays were prepared through anodic oxidation in glycerol organic electrolyte containing
ammonium fluoride. The morphology of these nanotube arrays can be controlled by changing the preparation
parameters such as applied voltage, fluoride ion concentration and time of anodization. While the oxidation
voltage is the main factor that controls the diameter of nanotubes, the length of nanotubes is mainly depen-
ding on the oxidation time, and the crystal type is closely related to the annealing temperature. We also stu-
died their photocatalytic performance. The photocatalytic activity of samples was calculated by the degrada-
tion of a model dye, under halogen light illumination.

Keywords: ZrO,, nanotubes, zircaloy-4, anodization, photocatalytic.

1. INTRODUCTION

Zirconia has been widely studied because of its attractive technological properties, including high thermal
and chemical stability, good mechanical strength and wear resistance, excellent dielectric properties (as oxide
of a “valve metal”) and good ion-exchange properties.

Due to their prominent physical and chemical properties, zirconia (ZrO,) ceramic materials have been
widely used in modern engineering and industry fields, such as chemical sensors [1,2], fuel cells [3], thermal

barrier coatings [4], refractory materials [5], catalysts [6-8], biomedical aplications [9-11].
One of the main uses of zirconium alloys is in nuclear technology, as cladding of fuel rods in nuclear reactors,
especially water reactors because of their low capture cross-section for thermal neutrons, high hardness, duc-
tility and good mechanical and corrosion properties. Pods of fuel elements and many of the structural com-
ponents operating in nuclear power reactors are manufactured with Zircaloy-4 (Zry-4), alloy base zircon refe-
rence for the nuclear industry [12,13].

The nanotubes formed on zirconium have close similarities with those produced on titanium [14,15];
similar electrolytes can be used to grow nanotubes on the two metals. The nanotubes on both metals have

Autor Responsable: Patricia Perillo Fecha de envio: 29/12/2014 Fecha de aprobacidn: 10/04/2015

10.1590/51517-707620150003.0064



PERILLO, P.M.; RODRIGUEZ, D.F. revista Matéria, v. 20, n. 3, pp. 627 — 635, 2015.

dimensions related to the growth conditions, with the tube diameter increasing with increase of the anodizing
applied potential [16-18].

In this study, the effect of some experimental parameters as concentration of ammonium fluoride
(NH4F) and voltage on ZrO, nanotubes morphology was investigated. We also studied their photocatalytic
performance by the degradation of methyl red (MR) under halogen light illumination.

2. EXPERIMENTAL DETAILS
3. 2.1. MATERIALS
The material used is Zry-4 which conforms to the ASTM B-352 standard Zry-4 nuclear grade. Table 1 shows

the chemical composition of Zry-4 nuclear grade. This is a completely recrystallized material with a grain of
20 microns in diameter.

Table 1: Chemical composition of Zry-4 nuclear grade used for anodization.

Alloys (%)
Sn Fe Cr O
1.49 0.20 0.11 0.14

Impurities (ppm)
Ni [Hf |Al [Co [Cu |Mn |Mo |Ti |U |W
49 199 (39118 |30 |36 |8 3 115125

The glycerol (anhydrous > 99%), ammoniun fluoride (NH4F) 40%, hydrofluoric acid (HF) > 40%, and
nitric acid (HNO3) 65-68% were of analytical grade and used as received without further purification.

2.2. Synthesis

The anodization was conducted in a two electrode electrochemical cell with a platinum foil as cathode and
Zry-4 foil as anode at a constant potential. All anodization experiments were carried out at room temperature
and the solutions were stirred using a magnetic stirrer. Zry-4 specimens were cut into (15 mm x 10 mm x 0.4
mm) samples. Prior to the experiments, the samples were pickled in a solution of 10 vol.% hydrofluoric acid,
45 vol.% nitric acid and 45 vol.% distiled water for 1 min to remove inorganic contamination from the fabri-
cation process, afterwards rinsed with deionized water (DI) and finally dried in a nitrogen stream.

The growth of the nanotube arrays has been obtained using a glycerol solution at two concentrations
of ammonium fluoride [19]. The back side and edges of the samples were masked with an epoxi lacquer lea-
ving an area of 1 cm? in contact with the solution. The electrolyte was maintained at room temperature.

Anodizing was carried out at 20, 40, 60, 80 and 100 V, applying a ramp during 3 min from 0 to the
desire voltage and finally holding the constant voltage from 30 min to 3 h using a 2612A Keithley system
sourcemeter.

The distance between the two electrodes was kept at 2 cm in all the experiments. Then the nanotube
films were annealed in air at different temperatures for 2 hours.

2.3 Characterization

The samples were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD). Scan-
ning electron microscopes (Zeiss Supra40 Gemini and Fei model Quanta 200) were employed for the
morphological characterization of the ZrO, nanotubes samples and analysis of pictures were performed by
ImageJ.

X-ray diffraction (XRD) patterns were recorded at room temperature with Cu Ko radiation of 0.15418
nm in a diffractometer (PANalytical model Empyrean) having theta-theta configuration and a graphite se-
condary-beam monochromator, using a generator voltage of 40 kV and current of 40 mA. The data were co-
llected for scattering angles (20) ranging from 20° to 65° with a step of 0.026° for 2 s per point.
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2.4. Photocatalytic activity

The photocatalytic experiments were carried out by periodically measuring photodegradation of MR aqueous
solution under visible light illumination of the ZrO, samples immersed in the dye solution. For this, a MR
solution of 7 mg/L was poured into a glass beaker. The volume of solution used was 15 ml. The dye solution
without samples was used as reference. The solution in the beaker was continuosly stirred at 300 rpm. The
surface area of the nanotubes tested was 1 cm? A 500 W halogen lamp was used as the visible light irradia-
tion (the emission maximum at A,.x = 560 hm and less than 0.3% the emitted fall in the UVA). The reflector
lamp has a parabolic geometry in order to generate a paralell beam of light. The horizontal distance between
ZrO, nanotubes and light source was 30 cm. Prior to the illumination the solution was kept for 30 min in the
dark to achieve the equilibrium of adsorption and desorption. Afterwards the samples were irradiated. A
cooling fan at the top and sides of the lamp removed the lamp heat.

The absorbance of MR solution was measured by a UV-Vis spectrophotometer (UV-1800, Shimadzu,
Japan) and the MR concentrations were used to determine the pseudo-first order reaction rate constant (k,
min*) and degradation efficiency (%) by using the following equations [20,21]:

In Co/C = In Ay/A= kt 1)
Degradation efficiency (%) = C-Co/ Co x 100 = A- A¢/Ag x 100 2

Where C is the concentration of MR after t min. of reaction and C, is the initial concentration. The
parameter Ay and A are the absorbance of the MR solution in the 432 nm wavelenght at initial and any time
respectively. The k value was calculated from slope of the plot between In (A¢/A) and time (t).

3. RESULTS

3.1. Influence of anodization voltage

In order to find the suitable conditions for the synthesis of ZrO, nanotube arrays, we studied the effect of
applied voltage while keeping the content of NH,F constant. Fig.1 shows the SEM images of the prepared
samples in glycerol containing 1.2 wt.% NH,4F after anodization at applied voltages of 40, 60, 80 and 100 V.
With the increasing of the applied voltage to 100 V (fig 1d) the surface has an irregular and disordered ap-
pearance with bundled and collapsed nanotubes.

a) | I TP DRI
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N = nm* = -
L EMT = 300KV WD = 80mm Mag= 5000KX  SignalA=intens [ EHT.= 900K WD =:62mm Magr 25000KX _ SignalA=intens [

Figure 1: SEM images of ZrO, nanotubes prepared at different voltages (a) 40 V (top view); (b) 60 V (top view); (c)
80 V (bottom view); (d) 100 V (top view).
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Fig. 2 is a side view of nanotubes prepared at 60 V. The length of nanotubes reached up to 3.6 um after 3 h of
anodization.

Figure 2: Side view of ZrO, nanotubes obtained at 60 V.

It is well known that the voltage is an important parameter to control the tube diameter and wall
thickness [22,23]. The higher the applied voltage, the stronger the electric field applied on the substrates [24,
25]. As shown in Fig. 3 an increase of applied voltage produced even larger nanotubes with diameters from
45 nm to 70 nm for 0.6 wt.% NH,F and 85 to 260 nm for 1.2 wt.%NH,F. The wall thickness is almost the
same with increasing of applied voltage from 40 to 100 V.
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Figure 3: Diameter average and wall thickness of nanotubes as a function of applied voltage containing a) 1.2 wt.%
NH4F b) 0.6 wt.% NH,F.

As shown in Fig.1 it was found that the optimum voltage for the formation of nanotubular ZrO, struc-
tures was 60 V with 1.2 wt% NH,F solution and 3 h anodization time.

3.2. Effect of NH4F concentration

In a second series of experiments, concentration of NH4F was changed from 0.6 to 1.2 wt.%, and variations
of diameter size of nanotubes were studied. Fig. 4 shows the morphology of ZrO, nanotubes obtained from
these experiments. By increasing the NH,4F content, the diameter of nanotubes increases from 60 to 85 nm at
60 V applied voltage (fig 4 a,c). Fig 4b,d correspond to a side view of the same nanotubes.

A o EKT = 3.00 kv w0« 39mm Mag=10000KX  Signol A=inters [ ||"300nm’ EHT = 3.00 kv WD » 53mm Mag=10000KX  Signal A= lnkens
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Figure 4: SEM images of ZrO, nanotubes prepared with a constant anodizing voltage of 60 V using (a) 0.6 wt.% NH,F
(top view); (b) 0.6 wt.% NH,4F (side view); (c) 1.2 wt% NH4F (top view); (d) 1.2 wt% NH,F (side view).

The average wall thickness of the resulting nanotube arrays seems to roughly remain the same with an
average wall thickness of 15 nm (0.6wt.% NH4F) and 20 nm (1.2 wt% NH,F, respectively (Fig 3 a,b).

3.3. Current/time transient at constant voltage

Fig. 6 shows the current transients (I-t curve) recorded during the anodization process. In the first stages of
the anodization process, the current increases rapidly owing to the increases of the voltage applied. Then the
current drops drastically owing to the formation of a thin oxide layer formed on the surface of the Zry-4 sheet.

As a result fine pits or pores are formed at the surface Fig 6 (a). Under sufficient applied voltage mag-
nitude, field-assisted oxidation occurs at the ZrO,/Zr interface, where the oxygen ions (O,") are transported
from the solution to the oxide layer.

Fig 6 (b) corresponds to the point where the nanotubes structure is formed. Fig 6 (c) refers to the point
where the layer is more uniform and regular.

Afterwards, the current density decays and then reaches the stable-state, which is a signal that the for-
mation of pore reaches equilibrium with the dissolution. Fig 6 (d). After anodization of 3 h, a nanotubular
structure is formed. In summary, the ZrOznanotube formation in F~ containing electrolytes is the result of a
competition between an electrochemical oxide formation and chemical dissolution of oxide by fluoride ions
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Figure 6: Curve of current density vs time during anodization

The reactions can be depicted as follows [28]:
i) Oxide growth at the surface of the metal due to the interaction of metal with O of OH " ions.

2H,0 — O, + 4H" + 4e~ 3)
Zr+ 0, — Zr0, 4)
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i) In the presence of fluoride ions, Zr** ions arriving at the oxide/solution interface are resolved to ZrFs*
ZrO, + 4H" +6F — [ZrFg]* + 2H,0 (5)

3.4. XRD analysis

The as-prepared samples possessed amorphous structures, while both monoclinic and tetragonal phases were
found after annealing at a temperature between 400°C and 650 °C. In the case of zirconia, there are three
familiar phases namely monoclinic phase, tetragonal phase, and cubic phases.
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Figure 7: XRD patterns of ZrO, annealed at different temperatures.

At 400°C, the diffraction peaks are indexed as the tetragonal phase (JCPDS Card No. 42-1164) (011),
(-111), (-220), (111) ) at 26 =30.15° while peaks of monoclinic zirconia (JCPDS Card No. 37-1484) (101),
(110) at 26 = 28.22, and 26 = 31.5 also appear. At 650°C, a main peak for the monoclinic phase increased,
while a peak of tetragonal zirconia decreased. Monoclinic (M) and tetragonal (T) zirconia coexisted when
annealed between 400 °C and 650 °C and the content of monoclinic phase increases gradually with increas-
ing temperature of calcination. When the annealing temperature increases, the tetragonal phase decreases and
dissapears over 650°C [29].

3.5. Photocatalytic activity

The photoactivity of the catalysis of ZrO, nanotubes prepared at anodizing voltage of 60 V using 1.2 wt.% NH,F
was evaluated by the heterogeneous degradation of MR aqueous solution [30] under visible light irradiation,
and the results were shown in fig. 8 a. When the sample was irradiated for 120 min the degradation percent-
age of MR reached 25 %. The blank (absence of photocatalys) experiment was also carried out and less than
1% of MR removal was observed for 120 min irradiation.

Fig 8 b shows the kinetic behaviour of photocatalytic degradation of MR by ZrO, nanotubes. The plot
of In (Co/C) vs. Irradiation time exhibits a straight line and the slope is equal to the pseudo first order rate
constant k. The observed linear relationship indicates that the MR decomposition follows a first order kinetic
reaction [31].The estimated value of the pseudo first order rate constant was 0.0026 min .
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Figure 8: Photocatalytic activity of ZrO, nanotubes a ) degradation percentage b) pseudo first order kinetic curve

The photocatalytic mechanism for degradation of organic pollutants can be explained [32]. Under vis-
ible light illumination, electrons (e”) migrate from the valence band to the conduction band. Meanwhile,
holes (h™) will be left at the valence band. The holes can oxidize donor molecules (D) whereas the conduction
band electrons can reduce appropriate electron aceptor molecules (A). A characteristic feature of semicon-
ducting metal oxides is the strong oxidation power of their holes h*. They can react in an one-electron oxida-
tion step with water to produce the highly reactive hydroxyl radical (OH"). Both the holes and the hydroxyl
radicals are very powerful oxidants, which can be used to oxidize most organic contaminants.

4. 4. CONCLUSIONS

Zirconia nanotube arrays were prepared using direct anodization of Zry-4 in glycerol containing NH4F. The
diameter of the nanotubes was about 85 nm with a length of up to 3.6 pm when anodization took place at 60
V for 3 h. Monoclinic and tetragonal zirconia coexisted when annealed at 400 °C and 650 °C. The photocata-
lytic ability of the nanotubes was assessed. The top degradation rate reached 25% after 120 minutes. It ap-
pears that MR could be degraded under visible illumination in the presence of ZrO, nanotubes.

In the present work it is indicated that Zry-4 is propitious for the preparation of ZrO, nanotubes. Fur-
ther studies on growth control of ZrO, nanotubes are necessary for tailoring the oxide layer in some specific
applications such as critical heat flux in nuclear power plants.
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