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Abstract
This work reports the formation of self-organized Zircaloy-4 (Zr-4) oxide nanotubes in viscous organic ethylene
glycol (EG) electrolyte containing a small amount of fluoride salt and deionized (DI) water via an electrochemical
anodization. The structure, morphology, and composition of the Zr-4 oxide nanotubes were studied using X-ray
diffraction (XRD), scanning electron microscope (SEM), transmission electron microscope (TEM), EDX, and XPS. SEM
results showed that the length of the nanotubes is approximately 13 μm, and TEM results showed that the inner
diameter of the Zr-4 oxide nanotubes is approximately 20 nm with average wall thickness of approximately 7 nm.
XRD and selected area electron diffraction pattern (SAED) results confirmed that the as-anodized Zr-4 oxide nanotubes
have cubic crystalline structure. Both cubic and monoclinic phases were found after annealing of Zr-4 oxide nanotubes.
The tubular structure morphology of Zr-4 oxide nanotubes did not remain intact after annealing which is attributed to
the elimination of F species from the annealed nanotubes.
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Background
Zirconium alloys (Zircaloy-2 and Zircaloy-4) are important
alloys that are widely used as cladding materials for
fuel rods in the light water nuclear reactors due to
their low-neutron absorption cross section, high corrosion resistance, high ductility, and adequate hardness
during normal operating conditions [1-3]. It is well
known that nanostructured materials possess excellent
properties compared to their bulk counterparts because of
their high surface-to-volume ratio. The surface-to-volume
ratio increases when the size of the materials decreases
down to nanometer scale. The enhancement in the critical
heat flux (CHF) has been reported when Zr-4 oxide nanostructures were implied in a pool-boiling experiment compared to the bulk materials as a result of good surface
wettability [4,5]. The nanostructures exhibit superhydrophilic properties, and, thus, heat transfer coefficient and
accordingly CHF can be much increased. Similar increase
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in the electrochemical corrosion resistance (approximately
100 times) has been observed in the anodic Zr-4 oxide
compared to the as-received one [6]. Nanostructures of
different morphologies can be produced on the surface of
zircaloy using a simple, versatile, and cost-effective technique of anodization. The morphology, pore diameter, and
length of the nanostructure can be easily tailored by
tuning the anodization parameters. Anodization is so
far applied to various metals such as Al [7-9], Ti [10,11],
Ta [12], Hf [13], Nb [14], and alloys [15]. Depending upon
the anodizing conditions, nanotubular or nanoporous
structures can be selectively produced on the surface of
materials as a result of anodization.
Many articles about the formation of zirconium oxide
(ZrO2) nanotubes have reported by anodization of Zr
foil in various electrolytes [16-23]; however, very little
attention is given to zircaloy oxide nanotubes to date.
Earlier data indicates that very limited reports have been
available about the oxide layer formation on the surface
of Zr-2 [24-26] and Zr-4 [6] via anodization in various
aqueous electrolytes. Most of the anodic oxide layers
formed on zircaloy were mainly composed of compact
and barrier-type structure with limited thickness; however,
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the formation of some irregular micro- and nanopores
has also been reported in Zr-2 oxide layer [25]. Kim
et al. recently reported the formation of Zr-4 oxide
nanotubes on the surface of Zr-4 in a HF acid-based
aqueous electrolyte using anodization [4,5]. It is known
that HF is highly toxic, extremely corrosive, and hazardous. It always needs fume hood and special tools to
handle it. In addition, HF-based electrolyte always produced nanotubes with very short length due to severe
dissolution [27] which may not be useful in certain
applications.
Here in this article, we used an environmentally benign organic viscous solvent for the synthesis of Zr-4
oxide nanotubes. Zr-4 oxide nanotubes have been prepared in ethylene glycol (EG) electrolyte containing
fluoride salt (NH4F) and deionized (DI) water. Electrolytes based on organic solvents such as EG and glycerol
are highly ideal for growing very long Zr-4 oxide nanotubes like TiO2 nanotubes as reported in our previous
work [10,11]. The fabrication of high aspect ratio Zr-4
oxide nanotubes on the surface of Zr-4 may be useful
for many applications including CHF. Further work on
the anodic oxidation of Zr-4 in different organic-based
electrolytes is in progress for tailoring various aspects
of the oxide layer like adhesion and morphology required
in some specific applications which will be reported in
future publications.
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Methods
The as-received Zr-4 sheets were cut into 20 × 25 ×
0.7 mm3 and cleaned by sonicating in acetone, isopropyl
alcohol, and methanol without mechanical, chemical,
and electrochemical polishing. Subsequently, the Zr-4
sheets were rinsed with DI water and dried in an air
stream at high pressure. The samples were anodized in
EG (99.3 wt.%, extra pure; Junsei Chemical Co., Ltd.,
Tokyo, Japan) electrolyte containing 0.5 wt.% ammonium
fluoride (NH4F, Sigma-Aldrich Corporation, St. Louis,
MO, USA) and 0.2 wt.% DI water. The anodization
process was carried out using a two-electrode system with
platinum gauze (15 × 25 × 0.2 mm3) as a counter electrode
and Zr-4 sheet as a working electrode. The distance between the cathode and anode was fixed at 10 mm. All the
chemicals and materials were used in their as-received
forms without any further purification. Anodization was
conducted at a constant voltage of 40 V for 4 h at room
temperature using a DC power supply. The anodization
induces Zr-4 oxide nanotube arrays on the surface of Zr-4
sheets, and these nanotubes were washed with DI water
many times and dried in air using high pressure. The
as-anodized Zr-4 oxide nanotubes were annealed in air
for 2 h at 450°C at the rate of 3°C/min. The structural
morphology of the nanotubes was examined using a field
emission scanning electron microscope (FESEM, Hitachi
S-4800; Hitachi Ltd., Tokyo, Japan) and high-resolution

Figure 1 FESEM images of the as-anodized Zr-4 oxide nanotubes. The nanotubes were prepared in ethylene glycol (EG) electrolyte
containing a small amount of NH4F and DI water showing the top (a) and cross-sectional (b)-(c) surface morphology. Digital photo of Zr-4 oxide
nanotubes along with Zr-4 substrate (d).
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transmission electron microscope (HRTEM, Tecnai G2
F30; FEI Company, Hillsboro, OR, USA). The crosssectional FESEM images were taken from mechanically
cracked samples. Elemental analysis was done using an
energy dispersive X-ray (EDX) analyzer attached onto the
HRTEM. The crystal structure and phase composition were
identified with the help of glancing-angle X-ray diffractometer (GAXRD, D/MAX 2500 V, Rigaku Corporation, Tokyo,
Japan) with Cu Kα radiation (k =1.5406 Å). X-ray photoelectron spectroscopy (XPS) analysis was carried out
using a spectrometer (Sigma Probe, Thermo VG Scientific,
Waltham, MA, USA) with an Al Kα excitation source operated at 15 kV and 7 mA. The binding energies of all elements were calibrated using the C1s peak at 284.0 eV.

Results and discussion
FESEM images of the as-anodized Zr-4 oxide nanotubes
prepared in EG-based electrolyte are shown in Figure 1a,
b,c. The top surface image (Figure 1a) confirms the
formation of self-organized Zr-4 oxide nanotube. The exact
diameter and wall thickness of Zr-4 oxide nanotubes
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cannot be determined from the SEM image due to the
thick Pt coating layer. The length of the Zr-4 oxide
nanotubes is approximately 13 μm as depicted in the
cross-sectional image (Figure 1b). The high-magnification
cross-sectional image (Figure 1c) reveals the straight
morphology of the nanotubes along with thick Pt coating
layer. Figure 1d shows the digital picture of the asanodized Zr-4 oxide nanotubes. A compact morphology
with good adhesion of the oxide layer with Zr-4 substrate
can be seen in the digital photo. Figure 2 is the TEM images of the as-anodized Zr-4 oxide nanotubes along with
EDX spectrum. The TEM image of the single Zr-4 oxide
nanotube (Figure 2a) shows that the inner diameter of the
nanotube is 20 nm with average wall thickness of approximately 7 nm. Moreover, it also reveals that the wall
morphology of the nanotube is not very smooth like TiO2
nanotubes [10,11]. A small variation in the wall thickness
of Zr-4 oxide nanotube at the same location can be found
in the high-resolution TEM image (Figure 2b). This may
be attributed to the difference in the dissolution rate of
the different elements in the Zr-4 alloy due to F ions. The

Figure 2 TEM images and EDX spectrum of Zr-4 oxide nanotubes. TEM images (a)-(c) showing the formation of Zr-4 oxide nanotubes in EG
electrolyte containing a small amount of NH4F and DI water. EDX spectrum of Zr-4 oxide nanotubes (d).
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Figure 3 TEM images of annealed Zr-4 oxide nanotubes. The disintegration of tubular morphology (a) and increase in crystallinity (b) after
annealing are shown.

HRTEM image and SAED pattern (inset of Figure 2b)
demonstrate that the as-anodized Zr-4 nanotubes are
partially crystalline like TiO2 nanotubes [28]. Zr-4 oxide
nanotube is closed at the bottom end (Figure 2c); however,
the bottom wall morphology is also not very smooth and
round like TiO2 nanotubes [10,11]. The EDX spectrum of
the as-anodized Zr-4 oxide nanotubes (Figure 2d) generally shows the peaks of major elements like Zr and O
along with C and Cu which resulted from the TEM grid.
The morphology of Zr-4 oxide nanotubes after annealing
was also examined by TEM, and the results are displayed
in Figure 3. It can be seen from the TEM images that the
tubular morphology and integrity of the Zr-4 oxide nanotubes shown in Figure 2 have deteriorated after annealing.
This is mainly due the elimination of F species from Zr-4
oxide nanotubes after thermal annealing process [29]. Our
XPS results (Figure 4) clearly demonstrate this fact. A
complete change in the morphology from ZrO2 nanotubes
to nodular nanostructure was reported by Lee et al. [29]

Figure 4 Wide-scan XPS spectra of the as-anodized and
annealed Zr-4 oxide nanotubes.

after the elimination of the F species from anodic ZrO2
nanotubes by heat treatment. Similarly, the removal of F
species from anodic TiO2 nanotubes leads to the formation of truncated [30,31] and concatenated TiO2 nanoparticles after annealing process [32,33]. F species usually
remained trapped in the anodic metal oxide nanotubes
layer during anodization in F-containing electrolytes
which can be easily removed by heat treatment [29,32-35].
Figure 3b shows the HRTEM of a single Zr-4 oxide nanotube along with SAED pattern (the inset image). It indicates that the crystallinity of the Zr-4 oxide nanotubes was
enhanced after annealing. Figure 5 shows XRD patterns of
the as-received Zr-4 sheet as-anodized and annealed Zr-4
oxide nanotubes. All peaks in the XRD patterns are
indexed and labeled according to their crystalline planes.
It can be seen that XRD pattern of the as-received Zr-4

Figure 5 XRD patterns. As-received Zr-4 sheet (a). As-anodized (b) and
annealed (c) Zr-4 oxide nanotubes. XRD patterns of the Zr-4 oxide
nanotubes clearly show that the as-anodized nanotubes were crystalline
in cubic phase which is transformed into monoclinic after annealing.
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(Figure 5a) mostly gives peaks of zirconium metal (JCPDS
card no. 05-0665) which is consistent with literature [6].
The XRD pattern of the as-anodized sample (Figure 5b)
clearly reveals the formation of crystalline cubic phase
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(JCPDS card no. 05-0665). It is reported that the cubic
phase predominantly appeared in the as-anodized zirconium metal [17,18,22] and Zr-2 [25]. The presence of Sn
in zircaloy usually stabilized the cubic ZrO2 phase [25].

Figure 6 High-resolution XPS spectra. (a) F, (b) C, (c) Zr, (d) O, (e) Sn, (f) Fe, and (g) Cr of the as-anodized and annealed Zr-4 oxide nanotubes.
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The presence of Sn in the Zr-4 oxide nanotubes has been
confirmed by the XPS results (Figure 6e). The cubic phase
is mostly transformed into baddeleyite monoclinic phase
(JCPDS card no. 37-1484) after annealing; however, few
peaks of the cubic phase can be also found in the XRD
spectrum (Figure 5c). The XRD results indicate that the
annealing process enhanced the crystallinity of the Zr-4
oxide nanotubes. Thus, on the one hand, the annealing
process enhanced the crystallinity of the Zr-4 oxide nanotubes while on the other hand, it disintegrates the tubular
morphology. The chemical compositions of the asanodized as well as the annealed Zr-4 oxide nanotubes
were determined using XPS. The XPS results of the asanodized and the annealed Zr-4 oxide nanotubes are
shown in Figures 4 and 6. Figure 4 shows the widescan (survey) spectra, while Figure 6a,b,c,d,e,f,g shows
the high-resolution spectra of the Zr-4 oxide nanotubes. The wide-scan spectra of the as-anodized as well
as the annealed Zr-4 oxide nanotubes (Figure 4) reveal
the dominant peaks of Zr and O, which confirm the
formation of Zr-4 oxide. F and C peaks can also be
seen in the survey spectra; however their intensities
were tremendously reduced after annealing process as
shown in the high resolution spectra (Figure 6a,b). It is
known that anodization of metals in F-containing electrolytes always resulted of F- trapping in the oxide
layer as F ions are in competition with O ions during
the growth of metal oxide layer in anodization [32,34].
This has been confirmed from our XPS results (Figure 6a)
of the as-prepared Zr-4 oxide nanotubes, which shows
that a huge amount of F species has been incorporated in
the Zr-4 oxide nanotubes during anodization; however,
the amount of F was greatly decreased after the annealing
process (Figure 6a). The peak located at 684.5 eV in the
high-resolution spectra of F1s (Figure 6a) can be assigned
to the Zr-4 oxide-fluoride-type compound [36]. The presence of C species (C1s peak) in the as-prepared Zr-4 oxide
nanotubes (Figure 6b) is due to the use of organic electrolyte for anodization of Zr-4. The intensity of C peak was
greatly reduced after annealing process (Figure 6b). The
high-resolution spectra of Zr before and after annealing
are shown in Figure 6c. It shows two dominant peaks
located at 183 and 185 eV. The XPS peaks located at 183
and 185 eV can be assigned to Zr3d5/2 and Zr3d3/2 respectively, exhibiting the fully oxidized state of Zr4+. These
results are in good agreement with the reported literature
[21,37]. The high-resolution spectra of oxygen in the
as-prepared and the annealed Zr-4 oxide nanotubes
are depicted in Figure 6d. It shows a single dominant
peak located at 530.0 eV which can be attributed to the
lattice oxygen of ZrO2. In addition, a broad shoulder
peak in the energy range of 533 eV can be seen in
the annealed Zr-4 oxide nanotubes. This peak can be
attributed to the presence of hydroxyl species bond
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[35,37]. Figure 6e gives the high-resolution XPS spectra of
Sn in the as-anodized and the annealed Zr-4 oxide
nanotubes. The spectra clearly show two prominent
peaks located at 486.5 and 495 eV which can be
assigned to Sn3d5/2 and Sn3d3/2 respectively [38,39].
The high-resolution XPS spectra of Fe and Cr are
shown in Figure 6f,g, respectively. The XPS spectra of
these elements show broad peaks, demonstrating that
these elements are present in the Zr-4 alloy in trace
amount. The XPS peak of each element (Fe and Cr) is
marked in the respective spectra which correspond to the
oxide state of the respective elements [36]. The intensities
of these peaks are very low due to their low concentration
of these elements in the Zr-4.

Conclusions
In summary, self-organized Zr-4 oxide nanotubes were
fabricated on Zr-4 sheet in EG electrolyte containing a
small amount of NH4F and DI water via anodization at
room temperature. SEM and TEM results showed that
the length of Zr-4 oxide nanotubes is approximately
13 μm; the inner diameter is approximately 20 nm with
wall average thickness of approximately 7 nm. The wall
morphology of Zr-4 oxide nanotube is not very smooth
and homogeneous. The XRD results confirm the formation of a single cubic crystalline phase in the as-anodized
form and co-existence of cubic as well as monoclinic
phases after annealing. The structural morphology of the
Zr-4 oxide nanotubes was disintegrated after annealing
due to the elimination of F species.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
GA conceived the original idea, carried out most of the experiments, and
drafted the manuscript. YJP helped in the anodization experiments. HJK
arranged the materials and chemicals and carried out the morphology
characterization. SOC supervised the research process and provided
constructive opinions to improve the quality of the research. All authors read
and approved the final manuscript.
Acknowledgements
This work was supported by the National Research Foundation (NRF) of
Korea (No. 2013M2A8A1041415).
Author details
1
Department of Nuclear and Quantum Engineering (NQE), Korea Advanced
Institute of Science and Technology (KAIST), 373-1 Guseong, Yuseong,
Daejeon 305-701, Republic of Korea. 2Nanomaterials Research Group, Physics
Division, PINSTECH, Islamabad, Pakistan.
Received: 4 August 2014 Accepted: 29 September 2014
Published: 4 October 2014
References
1. Billone M, Yan Y, Burtseva T, Daum R: Cladding Embrittlement during
Postulated Loss of Coolant Accidents. NUREG/CR–6967 ANL–07/04. Argonne:
Nuclear Engineering Division, Argonne National Laboratory.
2. Chemelle P, Knorr DB, Sande Van Der JB, Pelloux RM: Morphology and
composition of second phase particles in Zircaloy-2. J Nucl Mater 1983,
113:58.

Ali et al. Nanoscale Research Letters 2014, 9:553
http://www.nanoscalereslett.com/content/9/1/553

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.
13.

14.
15.

16.
17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

Ahmad M, Akhter JI, Ali G, Akhtar M, Choudhry MA: Characterization of
electron beam modified surface of Zircaloy-4. J Alloys and Compd 2006,
426:176–179.
Ahn HS, Lee C, Kim H, Jo HJ, Kang SH, Kim J, Shin J, Kim MH: Pool boiling
CHF enhancement by micro/nanoscale modification of Zircaloy-4
surface. Nucl Eng Des 2010, 240:3350–3360.
Lee C, Kim H, Ahn HS, Kim MH, Kim J: Micro/nanostructure evolution of
Zircaloy surface using anodization technique: application to nuclear fuel
cladding modification. App Sur Sci 2012, 258:8724–8731.
Li J, Bai X, Zhang D, Li H: Characterization and structure study of the
anodic oxide film on Zircaloy-4 synthesized using NaOH electrolytes. App
Surf Sci 2006, 252:7436–7441.
Ali G, Ahmad M, Akhter JI, Maqbool M, Cho SO: Novel structure formation
in porous anodic alumina fabricated by single step anodization process.
Micron 2010, 41:560.
Ali G, Ahmad M, Akhter JI, Maaz K, Karim S, Maqbool M, Yang SG:
Characterization of cobalt nanowires fabricated in anodic alumina
template through AC electrodeposition. IEEE Trans Nanotech 2010,
9:223–228.
Ali G, Maqbool M: Fabrication of cobalt-nickel binary nanowires in a
highly ordered alumina template via AC electrodeposition. Nano Res Lett
2013, 8:352.
Ali G, Yoo SH, Kum JM, Kim YN, Cho SO: A novel route to large-scale and
robust free-standing TiO2 nanotube membranes based on N2 gas
blowing combined with methanol wetting. Nanotechnology 2011,
22:245602–245606.
Ali G, Chen C, Yoo SH, Kum JM, Kim YN, Cho SO: Fabrication of complete
titania nanoporous structures via electrochemical anodization of Ti. Nano
Res Lett 2011, 6:332–339.
Sieber I, Kannan B, Schmuki P: Porous tantalum oxide prepared by
electrochemical anodic oxidation. Electrochem Solid-State Lett 2005, 8:J10.
Tsuchiya H, Schmuki P: Self-organized high aspect ratio porous hafnium
oxide prepared by electrochemical anodization. Electrochem Commun
2005, 7:49.
Sieber I, Hildebrand H, Friedrich A, Schmuki P: Formation of self-organized
niobium porous oxide on niobium. Electrochem Commun 2005, 7:97.
Yasuda K, Schmuki P: Control of morphology and composition of
self-organized zirconium titanate nanotubes formed in (NH4)2SO4/NH4F
electrolytes. Electroch Acta 2007, 52:4053–4061.
Tsuchiya H, Schmuki P: Thick self-organized porous zirconium oxide
formed in H2SO4/NH4F electrolytes. Electroch Commun 2004, 6:1131–1134.
Tsuchiya H, Macak JM, Taveira L, Schmuki P: Fabrication and
characterization of smooth high aspect ratio zirconia nanotubes. Chem
Phys Lett 2005, 410:188–191.
Tsuchiya H, Macak JM, Sieber I, Schmuki P: Self-organized high-aspect-ratio
nanoporous zirconium oxides prepared by electrochemical anodization.
Small 2005, 1:722–725.
Berger S, Faltenbacher J, Bauer S, Schmuki P: Enhanced self-ordering of
anodic ZrO2 nanotubes in inorganic and organic electrolytes using
two-step anodization. Phys Stat Sol (RRL) 2008, 2:102–104.
Berger S, Jakubka F, Schmuki P: Formation of hexagonally ordered
nanoporous anodic zirconia. Electroch Comm 2008, 10:1916–1919.
Shin Y, Lee S: A freestanding membrane of highly ordered anodic ZrO2
nanotube arrays. Nanotechnology 2009, 20:105301.
Hahn R, Berger S, Schmuki P: Bright visible luminescence of self-organized
ZrO2 nanotubes. J Solid State Electrochem 2010, 14:285–288.
Wang LN, Li LJ: Fabrication and mechanical properties of anodized
zirconium dioxide nanotubular arrays. J Phys D Appl Phys 2011, 44:075301.
Cox B: Factors affecting the growth of porous anodic oxide films on
zirconium. J Electrochem Soc 1970, 117:654–663.
Conte A, Borello A, Cabrini A: Anodic oxidation of Zircaloy-2. J App
Electrochem 1976, 6:293–299.
Ploc RA, Miller MA: Transmission and scanning electron microscopy of
oxides anodically formed on Zircaloy-2. J Nucl Mater 1977, 64:71–85.
Gong D, Grimes CA, Varghese OK, Hu W, Singh RS, Chen Z, Dickey EC:
Titanium oxide nanotube arrays prepared by anodic oxidation. J Mater
Res 2001, 16:3331.
Ali G, Kim HJ, Kum JM, Cho SO: Rapid synthesis of TiO2 nanoparticles by
electrochemical anodization of a Ti wire. Nanotechnology 2013, 24:185601.
Lee WJ, Smyrl WH: Zirconium oxide nanotubes synthesized via direct
electrochemical anodization. Electroch Solid-State Lett 2005, 8:B7–B9.

Page 7 of 7

30. Alivov Y, Fan ZY: A method for fabrication of pyramid-shaped TiO2
nanoparticles with a high {001} facet percentage. J Phys Chem C 2009,
113:12954–12957.
31. Alivov Y, Fan ZY: A TiO2 nanostructure transformation: from ordered
nanotubes to nanoparticles. Nanotechnology 2009, 20:405610.
32. Ali G, Yoo SH, Kum JM, Raza HS, Chen D, Cho SO: Formation of hierarchical
TiO2 nanoporous structure from free-standing TiO2 nanotubes layers.
J Nanopart Res 2012, 14:1047.
33. Fang D, Luo Z, Huang K, Lagoudas DC: Effect of heat treatment on
morphology, crystalline structure and photocatalysis properties of TiO2
nanotubes on Ti substrate and freestanding membrane. App Surf Sci
2011, 257:6451–6461.
34. Ali G, Kim HJ, Kim JJ, Cho SO: Controlled fabrication of porous double-walled
TiO2 nanotubes via ultraviolet-assisted anodization. Nanoscale 2014, 6:3632.
35. Regonini D, Jaroenworaluck A, Stevens R, Bowen CR: Effect of heat
treatment on the properties and structure of TiO2 nanotubes: phase
composition and chemical composition. Surf Interface Anal 2010,
42:139–144.
36. Moulder JF, Stickle WF, Sobol PE, Bomben KD: Handbook of X-ray Photoelectron
Spectroscopy. Eden Prairie: Physical Elect. Inc.
37. Park DJ, Park JY, Jeong YH: Microstructural analysis and XPS investigation
of nodular oxides formed on Zircaloy-4. J Nucl Mater 2011, 412:233–238.
38. Shen Y, Yamazaki T, Liu Z, Meng D, Kikuta T, Nakatani N, Saito M, MoriMi V:
Microstructure and H2 gas sensing properties of undoped and Pd-doped
SnO2 nanowires. Sens Actuators B 2009, 135:524–529.
39. Wang Y, Ma C, Sun X, Li H: Preparation and characterization of SnO2
nanoparticles with a surfactant-mediated method. Nanotechnology 2002,
13:565–569.
doi:10.1186/1556-276X-9-553
Cite this article as: Ali et al.: Formation of self-organized Zircaloy-4
oxide nanotubes in organic viscous electrolyte via anodization.
Nanoscale Research Letters 2014 9:553.

Submit your manuscript to a
journal and beneﬁt from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁeld
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

