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Metal oxide nanostructures by a
simple hot water treatment
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Surfaces with metal oxide nanostructures have gained considerable interest in applications such
. assensors, detectors, energy harvesting cells, and batteries. However, conventional fabrication
Accepted: 4 July 2017 . techniques suffer from challenges that hinder wide and effective applications of such surfaces.

Published online: 2 August 2017  Most of the metal oxide nanostructure synthesis methods are costly, complicated, non-scalable,

. environmentally hazardous, or applicable to only certain few materials. Therefore, it is crucial to
develop a simple metal oxide nanostructure fabrication method that can overcome all these limitations
and pave the way to the industrial application of such surfaces. Here, we demonstrate that a wide
variety of metals can form metal oxide nanostructures on their surfaces after simply interacting with
hot water. This method, what we call hot water treatment, offers the ability to grow metal oxide
nanostructures on most of the metals in the periodic table, their compounds, or alloys by a one-
step, scalable, low-cost, and eco-friendly process. In addition, our findings reveal that a “plugging”
mechanism along with surface diffusion is critical in the formation of such nanostructures. This work
is believed to be of importance especially for researchers working on the growth of metal oxide
nanostructures and their application in functional devices.
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As nanomaterials find new applications in various fields, metal oxide nanostructures (MONSTRs) are not an
exemption due to their exceptional physical and chemical properties. Recently, MONSTRs have been used in
proof-of-concept electronic'~>, optical®$, and sensing’!* devices; yet, their synthesis techniques endure several
hurdles that limit their large-scale production. So far, various approaches have been used to synthesize metal
oxide nanostructures, including chemical vapor deposition'>-"7, thermal evaporation'®-2, hydrothermal*-%}, and
laser ablation** 2. Each of these methods incorporates challenging aspects such as being limited to only a few
number of materials, costly processing or demanding high temperatures, which have limited their commercial
applications. Therefore, fabricating MONSTRs using a new alternative method with practical features including
applicability to wide range of materials, high-throughput fabrication, catalyst-free growth, low-synthesis temper-
ature, low-cost equipment, and being environment-friendly is highly desirable in order to overcome the limita-
tions of conventional techniques. Recently, a simple hot water treatment (HWT) process has been demonstrated
to produce MONSTRs of aluminum oxide (Al,0;)?, zinc oxide (Zn0O)*” %, and copper oxide (CuQ)?**. There
also has been recent reports on using water vapor for low temperature oxidation®' and crystallization®? of nanos-
tructured metals and oxides, respectively. In the 1970s, the HWT technique had been used to produce metal oxide
thin films mainly with the aim of adhesion improvement between metal joints®; yet there has been no report
on MONSTR formation until recently. HWT overall involves immersing a metal substrate into a hot deionized
(DI) water at temperatures typically >75°C. On the other hand, this simple technique has been overlooked for
its potential capability to form MONSTRs in a scalable, low-cost, and eco-friendly manner. In this study, we
show that HWT can form MONSTRs on most of the metals in the period table as well as some of their alloys
and compounds. In addition, growth mechanisms of MONSTRs formation have been investigated in detail that
revealed a new “plugging” process that involves migration of metal oxide molecules through water and deposition
to farther locations on the surface. The results of this work are believed to pave way to numerous applications of
metal oxide nanostructures produced by a facile HWT method and fundamental understanding of the growth
process involved.

When an oxide-free surface of a metal is immersed in water, metal atoms at the solid/liquid interface tend to
form cations, which can be easily oxidized to a higher oxidation state** *>. For most metals except noble ones, the
oxide formed is thermodynamically more stable than the elemental metal in water. Therefore, the metal surface
will oxidize and will be covered by metal oxide when immersed in water®®*”. The formed metal oxide typically
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Figure 1. Top-view SEM images of various elemental metals and some alloys and metallic compounds after hot
water treatment (HWT) are shown. Sequence of the images are arranged based on the treatment time required
in order to form well-defined metal oxide nanostructures (MONSTRs): from shortest to the longest treatment
time in the order of (a) from left to the right and top to the bottom (b) from top to the bottom.

creates a compact (non-porous) continuous oxide layer, known as a thin film metal oxide, on the surface of a metal
and the formation of such an oxide film has been widely reported as well as the growth mechanism involved® .
However, most of the previous studies focused on metal oxide formation in water at room temperature condi-
tions. Therefore, we investigated the possibility of MONSTR formation at elevated temperatures using HWT.

Results and Discussion

In this study, 45 different types of metals that involve several pure elements, alloys, and compounds were treated
by hot DI water in a search for which metals respond to HWT and form MONSTRs. We first investigated the
change in morphology of metal surfaces after HWT was conducted at a water temperature of 75 °C. Those metals
that did not form MONSTRs were treated at longer times, and some at 95 °C. Figure 1 shows the scanning elec-
tron microscopy (SEM) images of those metals that formed MONSTRs on the surface, which corresponds to 30
out of 45 metals studied. In other words, MONSTRs were able to grow on the surface of about 67% of all metals
of this work, which is illustrated in the pie chart of Fig. 2. Most of the nanostructures observed in Fig. 1 were
confirmed to be metal oxides of thermodynamically stable compositions as evidenced by energy dispersive X-ray
spectroscopy (EDS, Table S1) and X-ray diffraction (XRD) analysis (Fig. S1). It is believed that metal hydroxide
phase that could form through hydrolysis, which is typically amorphous®, is insignificant during the growth of
HWT MONSTRs mainly due to the notable hydrogen bubble formation observed for most of the metals studied
(e.g. supplementary video 1 for Al) and well defined textured shapes of the MONSTR crystals (Fig. 1). Images
in Fig. 1 were sequenced in the order based on the treatment times required to form well-defined metal oxide
nanostructures. For example, tin (Sn) forms MONSTRs after 10 min at 75 °C (Fig. 1, elements group, upper left),
while it took 24 hrs for copper (Cu; Fig. 1, elements group, bottom right). Among the alloys and compounds
investigated, aluminum alloys produced MONSTRs at 10 mins and bronze formed nanostructures only after 7 hrs
at 75°C. No MONSTRs were observed at 75 °C for few of the metals even after 24 hrs. These samples were then
treated at 95 °C which resulted in MONSTR formation. For instance, nanostructures were observed on indium
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Figure 2. Bar diagram illustrates approximate minimum HWT times required before distinct MONSTRs can
be observed on the metals of this study. Most of the metals form nanostructures at 75 °C (pointing to the right in
bar diagram) while few others require a higher temperature of 95 °C (left). On the right column, some statistical
data about the response of metals to HWT with respect to metal group (top histogram graph), required
treatment periods for nanostructure formation (middle), and percentage of metals that did or did not respond
to HWT (bottom).

(In) at 95°C after about 10 hrs. Depending on the metal used, several MONSTR shapes can be observed in Fig. 1
including cubes, pyramids, plates, wires, spheres, and leaf-like nanostructures. As will be discussed below, such
different geometries are believed to originate from different crystal structures, surface diffusion, and surface
energy minimization through the formation of certain crystal facets®. In addition, some metals (e.g. Al, Mg, Ni)
formed interconnected MONSTRs, while for others they were well-isolated (e.g. Zn, Mo, In, Cu). The MONSTRs
in all of the metals studied uniformly coated substrates (Fig. S2) that indicate the scalability of HWT technique.

Although the formation of metal oxide thin film at the metal/water interface during HWT has been widely
reported® 4, for the first time, our results reveal that a wide range of metals can also form MONSTRs instead
of thin films by HWT. One possible reason why such a simple process of nanostructure formation has been
overlooked might be due to the focus of earlier studies on metal oxide composition more than the change in
morphology. Another reason might be due to the sample preparation process in those studies, which might not
have removed the native oxide on the surface before HWT that can act as a self-diffusion barrier*® and hinder
the MONSTR formation. As we will discuss below, growth mechanisms of MONSTR formation during HWT
can strongly depend on the existence of non-oxidized metal atoms at the water/metal interface. We also note that
remaining 15 metals out of the 45 that did not respond to HWT at the conditions used in our experiments might
still form MONSTRs at longer treatment times or higher temperatures, which needs further investigation.

The bar diagram in Fig. 2 (left) summarizes the temperature values and critical treatment times used in order
to form MONSTRs on the surface of those 30 metals that responded to HWT. As can be seen, 22 of the 30 metals
were able to form MONSTRs at the lower temperature of 75 °C, while the remaining 8 required 95 °C. This shows
the potential of HWT process as a low temperature method to synthesize metal oxide nanostructures. Also, as
illustrated in the histogram of Fig. 2 (center right), most of the metals studied produced MONSTRs within only
a few hours of the treatment time, which makes HWT as a good candidate for the high throughput fabrication
method. Especially, the metals that are important for industrial applications such as Al, Zn, Mg, Pb, Al alloys, and
steels, formed MONSTRs even within tens of minutes.

In addition, as can be observed in Fig. 3 and metal-groups histogram in Fig. 2, transition, post-transition and
alkaline metals seem to be more reactive to HWT compared to the other groups as expected from the general
behavior of metal-water reaction*. Among transition metals covered by this study (21 metals), 13 of them (Sc, Ti,
V, Mn, Cr, Fe, Co, Ni, Cu, Zn, Mo, Cd, and Ta) responded to HWT and MONSTRs were observed, while the oth-
ers (Zr, Y, Nb, Ag, Hf, W, Pt, and Au) did not show any notable response. For example, HWT at 95 °C for 36 hours
was performed on Pt and W, yet no morphological or compositional changes were detected when characterized
by SEM, XRD, and EDS. Except for Ga, which melts at room temperature and was excluded from this study, the
surface of all post-transition metals (Al, In, T1, Sn, Pb and Bi) showed the formation of nanoscale features after
HWT. Also, Mg and Be from the alkaline earth metal group were included in this study and MONSTRs were
observed on their surfaces after HWT. Amid the lanthanides investigated (Nd, Gd, Tb, Dy, and Er), only Nd and
Er responded to the HWT process. Finally, only Sb from the metalloids studied (B, Si, Ge, As, Sb, and Te) showed
the formation of MONSTRs after HWT.
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Figure 3. Periodic table of elements showing the elemental metals included in this study (bold blue font) and
their response to HWT time and temperature. Green solid circles refer to the metals which responded to the
HWT process and MONSTRs were observed; while red solid circles correspond to the metals that did not shows
any sign of MONSTR formation. Treatment temperatures are represented by square shapes for HWT treatment
at 75°C and triangles shape for 95°C. Treatment time is denoted by solid bars.

Furthermore, we investigated the potential growth mechanisms involved in the formation of MONSTRs.
Formation of planar metal oxide films in water is widely reported in the literature*’->! (Note: As discussed above,
metal hydroxide formation is believed to be insignificant in our work). As shown in Fig. 4b, the process starts
with the formation of a positively charged metal ion that gets released into the water, leaving electrons behind on
the surface. This metal cation still stays close to the water/metal interface due to the negative potential of the solid
surface. Then, electrons on the surface can react with adsorbed oxygen and water molecules to produce hydroxyl
ions. Finally, metal ions in water can react with hydroxyl ions on the surface to form a metal oxide molecule along
with hydrogen®®. Hydrogen is released and oxide molecules can form a flat metal oxide film, but this mechanism
alone cannot explain the metal oxide nanostructures observed in HWT. Here, we propose a new growth mecha-
nism that can lead to the formation of MONSTRs by HWT.

Figure 4c illustrates the important steps of MONSTR formation during HWT. The first step involves the for-
mation of metal oxide molecules on the surface of a metallic substrate (“41 Metal Oxide” in Fig. 4), which follows
a reaction similar to the steps of metal oxide film formation described above (Fig. 4b). In our HWT experiments,
we observed hydrogen gas formation that further supports this first step (supplementary video 1). As a potential
next step during MONSTR growth, metal oxide molecules can diffuse on the surface. However, surface diffusion
is not believed to be the dominant mechanism that explains the nanostructure formation at the relatively low tem-
perature conditions of HWT (<100 °C). A more likely next step is a dissolution-precipitation process called “plug-
ging”? that has been used to describe the corrosion of metals. It involves the release of the metal oxide molecule
(“#2 Release”) from the surface into the liquid followed by transportation through water (“#3 Migration”) and pre-
cipitation (“#4 Re-Deposition”) onto another surface position. Re-deposited molecules can initiate the formation
of isolated nanostructures. However, the random nature of plugging might not be sufficient to explain smooth
crystalline surfaces observed in HWT nanostructures. The re-deposited metal oxide molecules can diffuse on
the surface, which may help in forming smooth individual nanostructures observed in the SEM images of Fig. 1.

These individual steps may be dependent on several important factors. For example, in the metal oxidation
stage, oxidation rate can depend on the detailed water chemistry such as pH level, conductivity, and dissolved
oxygen®. It can also depend metal-specific properties including ionization energy, electronegativity, charge/size
ratio, and energy of oxide formation, which all can play critical roles in the responsivity of a given metal in HWT
in forming MONSTRs. However, we could not observe a clear correlation between any of these individual param-
eters with the critical reaction times observed in the bar diagram of Fig. 2. This indicates that the limiting interme-
diate reaction during metal oxide formation varies from material to material. After the oxidation step, when the
adhesion forces between a metal oxide molecule and metal substrate are weak or there is a liquid movement, the
release step can become easier and make the plugging process more dominant. Especially in the case of low surface
diffusion rates, such plugging process can lead to the formation of fractal-like rough nanostructures. Also, initial
substrate surface chemistry can play a critical role in the nucleation of metal oxide nanostructures. It is believed
that metal oxide molecules may preferentially stick to defect sites (e.g., voids or grain boundaries with dangling
bonds) that can act as nucleation regions. Migration and re-deposition may also depend on external factors such
as liquid flow patterns, substrate morphology, mechanical vibrations, or even external magnetic and electric fields.
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Figure 4. HWT process and steps involved in the formation of MONSTRs. (a) HWT process, (b) metal oxide
formation during HWT at metal/water interface, and (c) steps involved in the formation of MONSTR during
HWT are illustrated. Main nanostructure formation mechanism includes “plugging” and surface diffusion.

Extra evidence of the migration and re-deposition steps taking place in HWT is shown by simultaneously
placing Zn and Cu plates separated from each other (about 2 cm) and performing HWT at 75 °C for 60 minutes
(Fig. S3). During the experiment, we continuously and gently stirred the water to have a uniform laminar flow in
the HWT container. SEM images of the Cu and Zn surface after HWT and corresponding EDS analysis, which
are shown in Fig. S3, reveal the existence of ZnO nanowires not only on the Zn substrate, but also on Cu. In the
process, as was revealed by Fourier transform infrared spectroscopy (FTIR) analysis on a water sample taken
from the HWT experiment, ZnO molecules migrated through the water and re-deposited on the Cu surface.
This further supports the important contribution of the migration step as part of the plugging mechanism in the
formation of MONSTRs during HW'T.

As for the surface diffusion step, mobility of the re-deposited oxide molecules are expected to depend on
surface energy of the crystal facets that they land on. Their surface diffusion will be higher on the low surface
energy planes that drives re-deposited molecules to move towards the edges and further extends size of the facet.
Therefore, low surface energy crystal planes can grow faster and determine the final shape of the MONSTR. For
this purpose, we first identified the crystal structures of MONSTRs based on XRD analysis (Figs S1 and S5), most
of which are thermodynamically stable oxide phases. We then divided nanostructure shapes into four different
categories including spherical, wire-like (e.g. wires and rods), 2D polygonal (leaf-like shapes such as plates, disks,
and sheets), and 3D polygonal (e.g. cubes and pyramids) geometries. Bar diagram in Fig. S5 compares the relation
between crystal structure and MONSTR shape. It is observed that most of the monoclinic, tetragonal, and ort-
horhombic oxides result in 2D polygonal nanostructure shapes. This indicates a dominant surface diffusion rate
on a prominently low-surface energy crystal plane for these crystal structures. On the other hand, there does not
seem to be a correlation between nanostructure shape and crystal structure for the cubic and hexagonal oxides
we studied. This might be due to the competing and more comparable surface diffusion rates on different crystal
planes of cubic and hexagonal metal oxides.

In addition, we performed HWT on a roughened Zn plate by sandblasting and compared the results to those
on a relatively smooth polished Zn. As shown in Fig. S6, we observed that ZnO MONSTRs preferentially grew
on the tops of the hills, while the growth was much uniform on the polished plate. This might be due to relatively
long mean-free-path of ZnO molecules that can depend on several factors including their concentration in the
water. Molecular oxide concentration can decrease at later stages of the HWT growth because of the limited
supply of metal ions blocked by the oxide formed at earlier stages. For example, based on FTIR measurements
(Fig. S3) on the HWT solution sample from later stages of the ZnO growth, we observed low concentrations of
~3.28 x 1072 mol/cm? that corresponds to an approximate distance of ~0.4 pm among ZnO molecules. Such a
separation among ZnO molecules is comparable to the micrometer-to-submicrometer-scale surface features on
the rough Zn substrate. Therefore, long mean-free-path of oxide molecules can lead to preferential deposition on
hill-tops instead of valleys due to a “shadowing effect”, which is observed in physical vapor deposited thin films
and nanostructures® .
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It is also important to keep the balance between the water temperature and the dissolved oxygen during HW'T.
Although at higher water temperatures, the rate of metal cations being released to water increases due to the
enhanced surface activation, on the other hand, the dissolved oxygen levels decrease. This can then lead to a
reduction in hydroxide ions levels due to lower oxygen concentration. Therefore, the formation of metal oxide
molecules and MONSTRs might be limited at relatively high water temperatures. In other words, higher HWT
temperatures can be desirable to activate the metal surface to form cations; yet, it does not necessarily mean that
metal oxide nanostructures will form faster compared to lower temperatures. This might require the need for
additional oxygen by means such as O, purging into the water in order to increase MONSTR growth rates. In
addition, we also performed experiments with the lid of the HWT beaker closed to isolate the water from ambi-
ent air and intentionally reduce the dissolved oxygen levels. We observed that MONSTR formation significantly
reduced which further shows the importance of the metal oxide formation step in the proposed growth mecha-
nisms described above.

Another factor that can affect the cation formation is the surface state that can be enhanced by means such
as acid pre-treatment. For example, we treated Cu with nitric acid (HNO;) prior to HWT and observed that the
critical time of MONSTR formation decreased from 24 hrs down to 8 hrs. In addition, surface pre-treatment can
increase dangling bonds that can enhance the re-deposition step in the MONSTR growth mechanism (Fig. 4).
For some materials, simple pre-treatment methods like mechanical sanding might be sufficient to activate the
surface. We observed a notable increase in the MONSTR density on the surface of Zn when the base metal was
sandblasted before the HWT. On the other hand, cation formation can be hindered due to impurities either in
the bulk or at the surface of the base metal. Such impurities can act as inert species toward HWT and prevent the
reaction of water with the underlying metal, or they can be more reactive than the base metal and form a protec-
tive oxide layer at the top.

Control of HWT-MONSTR properties such as size, geometry, separation, and crystal structure can potentially
be achieved by changing the growth factors discussed above. For example, MONSTR size can simply be controlled
by the HWT time up to a certain point where there is still supply of cations from the base metal. Geometry is
strongly related to the crystal structure as discussed before. Therefore, the question can be how we can control the
crystal structure. Parameters such as dissolved oxygen can affect the type of metal oxide phase and indirectly lead
to different nanostructure shapes. Finally, separation can be controlled by the amount of substrate surface defects
or through pre-existing surface bumps, on which MONSTRs can preferentially grow due to the shadowing effect.

We note that migration of metal oxide molecules through water might potentially raise health hazard concerns
especially in situations where metals are in direct contact with hot water. In addition, due to the general growth
mechanisms discussed above, MONSTRs can form on everyday metal tools even in the presence of unpuri-
fied water that can further increase the hazardous risks. For this purpose, we performed some preliminary tests
on a copper pot that was used to heat tap water at 75 °C. The pot surface was polished before the experiment
to mimic scrub-cleaning that removes pre-existing copper oxide layer and can activate the surface. Figure S7a
shows the SEM image of copper oxide nanostructures that formed after 18 hours. Although not well developed,
these MONSTRs can still come off from the surface of the pot when scrubbed again during the cleaning process,
which can eventually contaminate water resources. Another example we looked into is an aluminum foil wrapped
around hot food. The steam coming from the food can condense on the surface of Al foil, form a hot water
droplet, and essentially create the conditions of MONSTR formation by HW'T. Figure S7b shows the images of
aluminum oxide nanostructures that emerged on the surface of an Al foil after being exposed to a steam source
for 25 minutes. In such cases, it is quite likely that metal oxide molecules can get mixed into the heated water and
consumed by humans or animals, which requires a detailed investigation.

Conclusion

In conclusion, we presented a new hot water treatment to synthesize metal oxide nanostructures that is applicable
to a wide range of metals including elemental ones as well as alloys and compounds. The HWT method is a sim-
ple, low-temperature, scalable, low-cost, and eco-friendly method that overcomes most of the limitations of other
conventional synthesis techniques to produce MONSTRs. Therefore, this unique technique can pave way to the
utilization of MONSTRSs in several applications such as gas sensors, photodetectors, solar cells, supercapacitors,
and batteries that can immensely benefit from high surface area metal oxides. HWT process simply includes
the immersion of a metal piece into hot DI water without any chemical additives such as metal salt, reducing, or
oxidizing agents. Out of the 45 different elemental metals, alloys, and compounds, 30 of them responded to HWT
at temperatures either at 75 °C or 95 °C within time periods ranging from tens of minutes to several hours, which
lead to the clear formation of MONSTRs on the metal surface. In addition, we investigated the growth mecha-
nisms involved in the formation of MONSTRs during HWT. Our findings reveal that a plugging process that
includes the release, migration, and re-deposition of metal oxide molecules through water is critical in addition to
surface diffusion during the MONSTR growth. Furthermore, our preliminary tests show that HWT can also pro-
duce MONSTRSs even in unpurified water such as tap water, for example on the surface of a copper cooking pot.
We also observe that hot water droplets condensing from steam on the surface of a metal can form MONSTRSs, for
example, on aluminum foil wrapped around a steaming hot food. Therefore, there is a need for detailed research
on the potential health hazards of metals interacting with hot water.

Method

We studied the following elemental, alloy, and compound metals: Titanium (Ti), nickel (Ni), molybdenum (Mo),
cadmium (Cd), zinc (Zn), tin (Sn), magnesium (Mg), lead (Pb), indium (In), copper (Cu), aluminum (Al), man-
ganese (Mn), iron (Fe), cobalt (Co), scandium (Sc), neodymium (Nd), dysprosium (Dy), selenium (Se), vana-
dium (V), bismuth (Bi), zirconium (Zr), silver (Ag), silicon (Si), platinum (Pt), germanium (Ge), chromium (Cr),
tantalum (Ta), gold (Au), thallium (T1), niobium (Nb), beryllium (Be), yttrium (Y), hafnium (Hf), antimony
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(Sb), tungsten (W), erbium (Er), terbium (Tb), tellurium (Te), and gadolinium (Gd) with purity of 99.95%, Al
alloys (#6061 and #5052), bronze (88% Cu and 12% Sn), brass (60% Cu and 40% Zn), stainless steel (#304), and
plain steel. Some metals were excluded from this study because of their incompatibility with the HWT process,
such as metals with low melting points < 50 °C, the ones in liquid and gas state in ambient conditions, metals that
react explosively with water even at low temperatures, and those that are artificially synthesized. First, pieces of
metal samples were polished with ultrafine sanding paper of 5000 grits to remove native oxides and other organic
contaminations, then cleaned by ultra-sonication in acetone, isopropanol, and DI water each for 10 min. Samples
were imaged by SEM to confirm planar nanostructure-free surfaces before the HWT process (Fig. S3). In addi-
tion, we characterized the substrate surface composition before HWT through EDS analysis (Table S2), which
shows an elemental metal surface without any indication of notable surface contamination.

Then, cleaned metals were immersed in glass beakers filled with ultrapure hot DI water and placed on a hot
plate (Fig. 4a), and were treated for time periods ranging from 10 min and up to 24 hrs. We defined the critical
time of MONSTR formation (Fig. 2) as the period beyond which the geometry and density of nanostructures
did not significantly change further. Finally, samples were dried with nitrogen and delivered for morphological,
crystallography, and chemical composition analysis by SEM (JEOL SEM7000FE), XRD (Bruker D8-Discover),
and EDS (EDAX), respectively. FTIR was performed on a water sample taken from the HWT experiment on Zn
plates in order to study the presence of ZnO molecules in water. Based on our preliminary results on Al, Zn, and
Cu, 75°C was chosen to be the standard water temperature for the HWT experiments of this study. However,
those metals that did not form well-defined MONSTRS at 75 °C were treated at a higher temperature of 95°C.
HWT process was performed at different durations of 10-min steps for 10-60 minutes, and if no nanostructures
were observed then treatment time was extended to hours scale with 2-hour steps for 2—6 hrs and 4-hour steps
for 8-24hrs.

References

1. Fei, P. et al. Piezoelectric Potential Gated Field-Effect Transistor Based on a Free-Standing ZnO Wire. Nano Letters 9, 3435-3439
(2009).

2. Lee, M.-]. et al. Low-Temperature-Grown Transition Metal Oxide Based Storage Materials and Oxide Transistors for High-Density
Non-volatile Memory. Advanced Functional Materials 19, 1587-1593 (2009).

3. Ming, W, Xiang-Zheng, B., Sturm, J. C. & Wagner, S. Complementary metal-oxide-semiconductor thin-film transistor circuits from
a high-temperature polycrystalline silicon process on steel foil substrates. IEEE Transactions on Electron Devices 49, 1993-2000
(2002).

4. Norris, B. J., Anderson, J., Wager, J. E. & Keszler, D. A. Spin-coated zinc oxide transparent transistors. Journal of Physics D: Applied
Physics 36, L105-L107 (2003).

5. Wang, X. et al. Piezoelectric Field Effect Transistor and Nanoforce Sensor Based on a Single ZnO Nanowire. Nano Letters 6,
2768-2772 (2006).

6. Lancelle-Beltran, E. et al. All-Solid-State Dye-Sensitized Nanoporous TiO2 Hybrid Solar Cells with High Energy-Conversion
Efficiency. Advanced Materials 18, 2579-2582 (2006).

7. Law, M. et al. ZnO—AlL,0; and ZnO—TiO, Core—Shell Nanowire Dye-Sensitized Solar Cells. The Journal of Physical Chemistry B
110, 22652-22663 (2006).

8. Zhang, Q., Dandeneau, C. S., Zhou, X. & Cao, G. ZnO Nanostructures for Dye-Sensitized Solar Cells. Advanced Materials 21,
4087-4108 (2009).

9. Hepel, M. & Hazelton, S. Photoelectrocatalytic degradation of diazo dyes on nanostructured WO3 electrodes. Electrochimica Acta
50, 5278-5291 (2005).

10. Khaleel, A., Kapoor, P. N. & Klabunde, K. J. Nanocrystalline metal oxides as new adsorbents for air purification. Nanostructured
Materials 11, 459-468 (1999).

11. Mahata, P, Aarthi, T., Madras, G. & Natarajan, S. Photocatalytic Degradation of Dyes and Organics with Nanosized GdCoO;. J.
Phys. Chem. C 111, 1665-1674 (2007).

12. Pena, M. E,, Korfiatis, G. P, Patel, M., Lippincott, L. & Meng, X. Adsorption of As(V) and As(III) by nanocrystalline titanium
dioxide. Water Research 39, 2327-2337 (2005).

13. Yu, J. & Yu, X. Hydrothermal Synthesis and Photocatalytic Activity of Zinc Oxide Hollow Spheres. Environmental Science &
Technology 42, 4902-4907 (2008).

14. Zhang, L., Kanki, T., Sano, N. & Toyoda, A. Development of TiO2 photocatalyst reaction for water purification. Separation and
Purification Technology 31, 105-110 (2003).

15. An, W.-],, Thimsen, E. & Biswas, P. Aerosol-Chemical Vapor Deposition Method For Synthesis of Nanostructured Metal Oxide Thin
Films With Controlled Morphology. J. Phys. Chem. Lett. 1,249-253 (2010).

16. Wu, J.J. & Liu, S. C. Low-Temperature Growth of Well-Aligned ZnO Nanorods by Chemical Vapor Deposition. Advanced Materials
14,215-218 (2002).

17. Wu, J.-J. & Liu, S.-C. Catalyst-Free Growth and Characterization of ZnO Nanorods. The Journal of Physical Chemistry B 106,
9546-9551 (2002).

18. Papaefthimiou, S., Leftheriotis, G. & Yianoulis, P. Electrochromic phenomena in transition metal oxide thin films prepared by
thermal evaporation. Ionics 4, 321-329 (1998).

19. Xing, Y. J. et al. Thermal evaporation synthesis of zinc oxide nanowires. Applied Physics A 80, 1527-1530 (2003).

20. Wang, Y. G,, Jin, A. Z. & Zhang, Z. Cu/SiO,_, nanowires with compositional modulation structure grown via thermal evaporation.
Applied Physics Letters 81, 4425-4427 (2002).

21. Greene, L. E. et al. Low-Temperature Wafer-Scale Production of ZnO Nanowire Arrays. Angewandte Chemie International Edition
42,3031-3034 (2003).

22. Park, D.-H,, Lim, S.-T. & Hwang, S.-]. A soft chemical route to multicomponent lithium transition metal oxide nanowires as
promising cathode materials for lithium secondary batteries. Electrochimica Acta 52, 1462-1466 (2006).

23. Zhang, W. & Zhao, J. Synthesis, structure, and property of a uranium-potassium-organic coordination polymer containing infinite
metal oxide sheets. Journal of Molecular Structure 789, 177-181 (2006).

24. Hahn, Y. B. & Umar, A. Metal Oxide Nanostructures and Their Applications: Applications (Part-1). (American Scientific Publishers,
2010).

25. Kumar, M. In Advances in Nanomaterials (eds Mushahid Husain & Zishan Husain Khan) 203-230 (Springer India, 2016).

26. Saifaldeen, Z. S., Khedir, K. R., Cansizoglu, M. E, Demirkan, T. & Karabacak, T. Superamphiphobic aluminum alloy surfaces with
micro and nanoscale hierarchical roughness produced by a simple and environmentally friendly technique. Journal of Materials
Science 49, 1839-1853 (2013).

SCIENTIFICREPORTS|7:7158| DOI:10.1038/s41598-017-07783-8 7


http://S3
http://S2

www.nature.com/scientificreports/

27. Khedir, R,, Khedir*, Z. S. S., Taha, D. & Rosure, B. Abdulrahman, and Tansel Karabacak. Growth of ZnO Nanorod and Nanoflower
Structures by Facile Treatment of Zinc Thin Films in Boiling De-Ionized Water.

28. Tan, W. K. et al. Formation of highly crystallized ZnO nanostructures by hot-water treatment of etched Zn foils. Materials Letters 91,
111-114 (2013).

29. Khedir, K. R. et al. Robust Superamphiphobic Nanoscale Copper Sheet Surfaces Produced by a Simple and Environmentally Friendly
Technique. Advanced Engineering Materials 17, 982-989 (2014).

30. Hassan, L. B., Saadi, N. S. & Karabacak, T. Hierarchically rough superhydrophobic copper sheets fabricated by a sandblasting and
hot water treatment process. The International Journal of Advanced Manufacturing Technology, 1-8 (2017).

31. Lamberti, A. et al. Sponge-like ZnO nanostructures by low temperature water vapor-oxidation method as dye-sensitized solar cell
photoanodes. Journal of Alloys and Compounds 615, Supplement 1, S$487-5490 (2014).

32. Lamberti, A. et al. Ultrafast Room-Temperature Crystallization of TiO2 Nanotubes Exploiting Water-Vapor Treatment. Scientific
Reports 5,7808 (2015).

33. McCarvill, W. T. & Bell, J. P. The effect of time and type of water pretreatment on the bond strength of epoxy-aluminum joints.
Journal of Applied Polymer Science 18, 335-342 (1974).

34. Fundamentals of corrosion. J. C. Scully. 194 S., 75 Abb. Preis sh 20/-. 1966, Oxford. Pergamon press. Materials and Corrosion/
Werkstoffe und Korrosion 17, 1009-1009 (1966).

35. Atkins, P. (Oxford University Press (OUP), 2014).

36. In Corrosion Technology (CRC Press, 2002).

37. Fickett, A. P. Electrochemical systems, John S. Newman, Prentice-Hall, Inc., Englewood Cliffs, New Jersey(1973). 432 pages. AIChE
Journal 19, 879-879 (1973).

38. Yang, Q. et al. Metal oxide and hydroxide nanoarrays: Hydrothermal synthesis and applications as supercapacitors and nanocatalysts.
Progress in Natural Science: Materials International 23, 351-366 (2013).

39. Liao, H.-G. et al. Facet development during platinum nanocube growth. Science 345, 916-919 (2014).

40. Rider, A. N. & Arnott, D. R. Boiling water and silane pre-treatment of aluminium alloys for durable adhesive bonding. International
Journal of Adhesion and Adhesives 20, 209-220 (2000).

41. Stralin, A. & Hjertbergc, T. Improved adhesion strength between aluminum and ethylene copolymers by hydration of the aluminum
surface. Journal of Applied Polymer Science 49, 511-521 (1993).

42. Utsunomiya, H., Ueno, S. & Fujihara, S. Fabrication of Nanostructured Zinc Oxide Films on Plastic Substrates by Pyrolysis Method
and their Application to Dye-Sensitized Solar Cells. Key Engineering Materials 582, 206-209 (2013).

43. Vedder, W. & Vermilyea, D. A. Aluminum + water reaction. Transactions of the Faraday Society 65, 561 (1969).

44. Shanmugan, S., Mutharasu, D. & Kamarulazizi, I. Synthesis and Properties of Nano Structured SnO2 Thin Films Prepared by Hot
Water Oxidation of Metallic Sn Thin Film. Materials Focus 3, 48-54 (2014).

45. Rath, A, Dash, J., Juluri, R., Rosenauer, A. & Satyam, P. Temperature-dependent electron microscopy study of Au thin films on Si (1
00) with and without a native oxide layer as barrier at the interface. Journal of Physics D: Applied Physics 44, 115301 (2011).

46. Gibbs, D. S. & Svec, H. J. Metal-Water Reactions. I. The Reaction between Calcium and Water Vapor*. Journal of the American
Chemical Society 75, 6052-6054 (1953).

47. Holze, R. R.C. Alkire and D.M. Kolb (eds): Advances in electrochemical science and engineering, vol. 8, Wiley-VCH, Weinheim,
2003, 378 p., 159€; ISBN 3-527-30211-5. Journal of Solid State Electrochemistry 11, 434-436 (2005).

48. Marcus, P. & Maurice, V. In Materials Science and Technology: A Comprehensive Treatment 131-169 (Wiley-Blackwell).

49. Marcus, P. & Maurice, V. In Oxide Ultrathin Films 119-144 (Wiley-Blackwell, 2012).

50. Schultze, J. W. & Lohrengel, M. M. Stability, reactivity and breakdown of passive films. Problems of recent and future research.
Electrochimica Acta 45, 2499-2513 (2000).

51. Strehblow, H.-H. & Maurice, V. In Corrosion Mechanisms in Theory and Practice, Third Edition 235-326 (Informa UK Limited, 2011).

52. Svoboda, R. & Palmer, D. A. In 15th International Conference for the Properties of Water and Steam, Berlin, Germany.

53. Maurice, V. & Marcus, P. Passive films at the nanoscale. Electrochimica Acta 84, 129-138 (2012).

54. Demirkan, M. T,, Trahey, L. & Karabacak, T. Low-density silicon thin films for lithium-ion battery anodes. Thin Solid Films 600,
126-130 (2016).

55. Karabacak, T. Thin-film growth dynamics with shadowing and re-emission effects. NANOP 5, 052501-052501-052518 (2011).

Acknowledgements

The authors thank UALR Center for Integrative Nanotechnology Sciences for helping with SEM imaging, Emad
Badradeen for his help in XRD measurements, and Mathew Brozak for proofreading the manuscript. This work
was supported by NASA (grant number: NNX09AW22A) and NSF (grant numbers: EPS-1003970 and 1159830).

Author Contributions

N.S.S. and L.B.H. conducted the experimental work. T.K. supervised the research, and with N.S.S., developed
the theoretical model. N.S.S. and T.K. wrote the manuscript. All authors discussed and commented on the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07783-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7158| DOI:10.1038/s41598-017-07783-8 8


http://dx.doi.org/10.1038/s41598-017-07783-8
http://creativecommons.org/licenses/by/4.0/

	Metal oxide nanostructures by a simple hot water treatment

	Results and Discussion

	Conclusion

	Method

	Acknowledgements

	Figure 1 Top-view SEM images of various elemental metals and some alloys and metallic compounds after hot water treatment (HWT) are shown.
	Figure 2 Bar diagram illustrates approximate minimum HWT times required before distinct MONSTRs can be observed on the metals of this study.
	Figure 3 Periodic table of elements showing the elemental metals included in this study (bold blue font) and their response to HWT time and temperature.
	Figure 4 HWT process and steps involved in the formation of MONSTRs.


