Journal of Physics: Conference

Series
PAPER « OPEN ACCESS You may also like
Nanostructural features of anodic zirconia '—2”:?532”;2‘?;?;21:ﬁé‘ééiéi"éi“?{‘ei”.fiv

. . . alloy in simulated seawater
synthesized using different temperature modes Yanjun Wang, Wenjie Zhao, Yinghao W

. . . - Voltage-Dependent Properties of Titanium
To cite this article: | A Petrenyov et al 2018 J. Phys.: Conf. Ser. 1124 022004 Dioxide Nanotubes Anodized in Solutions

Containing EDTA
Jere Tupala, Marianna Kemell, Helena
Hyvonen et al.

View the article online for updates and enhancements. nanotubular TiO.. coating laver prepared
by anodic oxidation
Elisa Marchezini, Fernanda P Oliveira,
Rafael Lopes et al.

c S| DISCOVER
i - how sustainability
The vi : intersects with

Electrochemical
Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 13.58.232.95 on 21/05/2024 at 09:11


https://doi.org/10.1088/1742-6596/1124/2/022004
/article/10.1088/2051-672X/aac785
/article/10.1088/2051-672X/aac785
/article/10.1088/2051-672X/aac785
/article/10.1149/2.039404jes
/article/10.1149/2.039404jes
/article/10.1149/2.039404jes
/article/10.1088/2053-1591/ab6f35
/article/10.1088/2053-1591/ab6f35
/article/10.1088/2053-1591/ab6f35
/article/10.1088/2053-1591/ab6f35
/article/10.1088/2053-1591/ab6f35
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjss7W5OwpHEsDULrTql5WQKYmawO2ab-IOIUybYuzG1RZsy8BIR0RZX6d2yEyMPbJPJn8CqLSbYYuWIIFvmwKCfTZXE-Fl6VTI7GenneZjII1nauLrSN2LU_os6s1FM6g06U35DG7Brb8Zd5WNMwrgJjMplqDYum1kQSHPiFCniYvmEp7FRg4q1FN_or7k-s7fTjdVb8W1arkA8ZvxwTFTU6VsUn6FiD0qJ6MLLB0c8ViJmJHCk0lCJhYutBjHCG6cv6axd_xGO8wCFe1FykkyAjP2FB2Uv865Dld_qz0Ri5F3apblSFSNMYdxLIh3KdoBJ-SX1ZUaCoI6JidRFUbpHRSiOhl-kg&sig=Cg0ArKJSzAnr4bB4Q70C&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

SPBOPEN 2018 I0P Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1124 (2018) 022004 doi:10.1088/1742-6596/1124/2/022004

Nanostructural features of anodic zirconia
synthesized using different temperature modes

IA Petrenyovl, R V Kamalov', A S Vokhmintsev', N A Martemyanovl,

I A Weinstein'*

'NANOTECH Centre, Ural Federal University, Yekaterinburg 620002, Russia
*Institute of Solid State Chemistry, Russian Academy of Sciences, Yekaterinburg
620990, Russia

Abstract. Nanotubular and nanoporous structures of ZrO, were synthesized by potentiostatic
anodization with varying the temperatures of anode in the range of T, = 0 — 90 °C and
electrolyte in the range of Tg = 20 — 50 °C. It was shown that difference between T, and T
had significant influence on growth rate and morphology type of zirconia nanostructures.
Optimal parameters of thermal modes for nanotubular ZrO, synthesis were discussed.

Introduction

Nanocrystalline ZrO, is a promising material for the development of optoelectronic devices, lasers,
solar cells, memristors [1-3]. Among various methods of synthesis, for instance, self-propagation high-
temperature synthesis, hydrothermal method, laser ablation, etc., anodization of metallic zirconium
found wide application as a simple method for obtaining self-oriented and highly ordered arrays of
nanotubes [4, 5]. Nanotubular structures of different metal oxides are grown in organic electrolytes
containing F-ions [2, 6]. Growth rate of nanostructured anodic oxide layer is governed by kinetic
processes of metal oxidation and dissolution of reaction products and depends on temperature [7]. It is
known that temperature factor affects morphology and defectiveness of ZrO, structure [2], which, in
turn, specifies optical and luminescent properties of the material [5]. At the same time, there is no
information on the growth features of ZrO, nanostructures under conditions of a temperature
difference (AT) between the anode (T,) and the electrolyte (Tg). Therefore, the aim of this work is to
study the effect of AT on the morphological characteristics of anodic zirconia.

Samples and experimental methods

Synthesis routine was performed in a cell with two-circuit thermostatic control (Figure 1) at a constant
voltage of 60 V. First circuit maintained the temperature of the anode within the range 10 — 50 °C;
second circuit maintained the temperature of the electrolyte within the range of 25 — 50 °C. The value
of AT = T — Ty was ranged from -25 to 50 °C. A 120 pum thick zirconium foil (99.9 %) served as the
anode. The cathode was a stainless steel plate. Zr foil was pretreated in a solution of acids containing
HF/HNO3/H,O (1:6:20), washed with distilled water and dried in air. ZrO, was synthesized by two-
stage anodization. The first stage was conducted during 2 hours in the electrolyte (ethylene glycol with
adding 0.5 wt. % NH4F and 5 wt. % H,0). After removing the primary oxide layer second anodization
was carried out under the same conditions.
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Figure 1 (a, b). Scheme of electrochemical cell for Zr anodization with (a) AT > 0; (b) AT < 0;
1 — thermocouples, 2 — anode (Zr foil), 3 — cooling/heating system, 4 — cathode (stainless steel), 5 —
electrolyte, 6 — distilled water tank, 7 — stirrer, 8 — heater, 9 — radiator, 10 — thermoelectric cooler.

Morphological parameters of the synthesized samples of nanostructural ZrO, were studied using the
Carl Zeiss SIGMA VP scanning electron microscope (SEM). SEM images were processed using
SIAMS 700 software, inner (d;,) diameters of nanotubes and nanoporous, outer (d,,) diameter of
nanotubes, oxide layer thickness (%) were evaluated.

Results and discussions

Figure 2 shows the SEM images of anodic ZrO,, synthesized at different temperature modes. Reports
show that the morphological changes of zirconia layer occurred under the variation of AT. For
instance, Figure 2a,b shows nanotubular structure corresponding to AT = -15 °C. The synthesized
oxide layer has 4 =3 um and consists of self-ordered nanotubes with d;, = 35 nm and dg, = 55 nm. It
is noted that the nt-ZrO, structure is formed when To< Tg. When AT = 0 °C the oxide layer is
characterized with random nanoporous structure with h = 6 um and d,, = 25 nm, see Figure 2¢c. Any
regularity of the structure practically disappears (Figure 2d) and the oxide layer becomes more
disordered at AT > 15 °C. These structures are referred to the nanoporous type. The oxide layers are
thicker about 2-3 fold than the nanotubular ones. Estimations of the morphological characteristics for
all synthesized structures are given in the Table 1.

Table 1. The parameters of synthesized nanostructures of anodic ZrO,.

Temperature, °C Geometric parameters

N AT T, e h+02pm g";m . fg“r’lm Structure type
1 0 20 34 27 75

2 <0 10 25 5.1 35 55 nanotubular
3 20 25 52 30 45

4 0 25 25 5.9 25 45 nanotubular
5 50 50 6.2 25 - nanoporous
6 50 35 8.2 - -

7 >0 70 40 9.1 - - nanoporous
8 90 40 9.9 - -
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Figure 2 (a, b, ¢, d). SEM images of the surface (a, ¢, d) and lateral view (b) of zirconia layer
synthesized at (a, b) AT =-15 °C, (¢) at AT =0 °C, (d) AT =50 °C.

In order to discuss the influence of the temperature factor (AT) on the morphological features of the
nanostructured oxide layer formation, major anode processes should be considered. The formation of
the ZrO, nanostructure is connected to the ratio of the rates of the two competing processes: the anodic
oxidation of Zr metal (v,,) at the metal/oxide interface and the dissolution of oxidation products (Legcr)
at the oxide/electrolyte interface [4, 8, 9] (see Fig. 3).
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Figure 3. Schematic of the processes occurring during anodization of Zr foil in fluoride
containing electrolyte at oxide/electrolyte and metal/oxide interfaces.
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On one side, metallic zirconium is oxidized (la) at the metal/oxide interface. Water molecules are
decomposed on the anode surface under the high voltage bias and H and O ions (1b) are generated.
Oxygen ions interact with the metal to form the zirconium oxide (Ic). On the other side, the
dissolution process due to the formation of a soluble complex [ZrF¢]* ion is governed by the
migration of Zr*" and F~ ions in the oxide layer under the applied electric field (2a) and (2b) and by
chemical etching of the oxide due to the presence of F~ ions in the electrolyte (2c¢). Described
processes can be represented by the following reactions:

Zr — 71 + de (1a)

2H,0 — 4H + O™ (1b)
Zr+2H,0 — ZrO,+ 4H' + de (Ic)
Zr*" + 6F — [ZrF¢]* (2a)

710, + 6F +4H" — [ZrF¢]* + 2H,0 (2b)
710, + 6HF — [ZrF¢]* + 2H,0 + 2H" (2¢c)

On the basis of the described mechanism, the rates of the reactions will be determined by the transport
of Zr*", F u O” ions. Since the temperature influences generation and mobility of ions significantly, a
change of T, and/or T values leads to a shift of the equilibrium between the two competing
processes. Therefore, when TAT (Ta>Tg) — UOXT and Uemhi. In this case, the oxidation process
dominates and leads to the increase in the growth rate of the oxide layer. In turn, when JAT (Ta<Tg)
—> Vox¥, @ Ve T, the oxidation process slows down and the dissolution is intensified.

By analyzing the data given in the Table 1, we can summarize the following. The /4 thickness of the
oxide layer increases from 3 to 10 um with an increase in AT from -20 to 50 °C. This fact indicates the
shift of anode process in the favor of oxidation. Thus, the higher the anode temperature, the thicker
oxide layer can be obtained. However, in this case, the structure becomes more defective and
disordered (Fig 2c).

The nanotubular structure of anodic zirconia was formed in the interval of -20 °C < AT < 0°C. The
inner tube diameter of d;, = 30 nm remains constant within the error. This fact corresponds well with
the works [10, 11], since d;, value mainly depends from the applied voltage [12] and composition of
electrolyte [9], that are unchanged in our experiment. The outer diameter d,, and the wall thickness
(dou — din)/2 increase with the lowering of T due to suppression of the dissolution process, because of
the strong dependence of the solubility of anodization product ions on temperature; this is in
agreement with the studies [2, 12]. It should be mentioned that electrolyte temperature remained
practically constant when AT < 0 °C what gives a reason to conclude that only the anode temperature
influenced the morphology of the oxide layer. In this case, the migration of ions in the solid phase is
probably most crucial for dissolution process in comparison with wet chemical etching. Therefore,
anode temperature is a key factor to control the morphology of zirconium oxide layer.

Conclusion

The electrochemical installation with two conditioning circuits was designed. Nanotubular and
nanoporous structures of zirconia were synthesized by potentiostatic anodization of Zr foil in the
fluoride containing electrolyte. It was shown that the morphology parameters of the grown oxide layer
significantly depend on the temperature of anode and electrolyte. Nanotubular type structure was
observed at anode temperature range from 0 to 20 °C and at electrolyte temperature of 25 °C,
nanoporous zirconia with different ordering degree was grown at 0 < AT <15 °C (partially ordered)
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and at AT > 15 °C (disordered). Anodizing rate or the thickness of the oxide layer were increased by
AT raise. It is shown that the decreasing of T, leads to rise of the outer diameter of nanotubes. The
mechanisms of the nanostructured anodic zirconia growth were discussed with allowing for processes,
occurring during anodization at oxide/electrolyte and metal/oxide interfaces.
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