Heliyon 9 (2023) e20519

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Growth kinetics of crumb-like structure formation on SnO
nanowires during direct oxidation

Vivekanandan Alangadu Kothandan 4P Chang Shao-Fu", Li Zhong-You ",
Chen Shih-Hsun ™"

2 Department of Aeronautical Engineering, Annasaheb Dange College of Engineering and Technology, Ashta, Sangli, 416301, Maharashtra, India
Y Department of Mechanical Engineering, National Yang Ming Chiao Tung University, Hsinchu 300039, Taiwan

ARTICLE INFO ABSTRACT

Keywords: A facile AAO (anodic aluminum oxide) template-assisted vacuum die-casting technique was used
Metal oxide to create Sn nanowires and convert them into SnO, without degrading the wires nanostructure. As
Nanowire

a function of time and temperature, the controlled oxidation on the Sn nanowires of two different
spatial configurations (100 and 250 nm in diameter) revealed distinct oxidation mechanisms. The
250-Sn0O, nanowires exhibits a peculiar crumb-like structure formation over the surface due to
the higher level of Sn atom dislocation. Conversely, the sub-100 nm SnO» nanowires shows a
highly crystalline, homogenous, and defect-free surfaces. The optical properties of the sub-100
nm SnO, nanowires were characterized using UV-Vis spectroscopy. The heat-treated tin oxides
nanowires samples at temperatures of 300, 500, and 700 °C for 7 h exhibited optical energy
bandgaps of 1.8, 2.6, and 3.3 eV, respectively. The observed variation in bandgap is attributed to
the unique phase compositions achieved in each of the heat-treated samples. Moreover, the ob-
tained results showed exceptional structural integrity and optical properties that are inherently
interconnected with the diverse phases achieved under precise heat treatment conditions.

Vacuum die-casting
Anodic aluminum oxide
Bandgap

1. Introduction

In recent decades, nanowires have emerged as versatile materials with applications spanning optoelectronics, thermoelectrics, gas
sensing, and energy storage devices [1-5]. Their unique properties, such as high aspect ratio, large surface-to-volume ratio, and
quantum confinement effects, have made nanowires indispensable for diverse technological advancements [6,7]. The influence of
nanowire size at the nanoscale level induces substantial changes in optical and electronic properties, leading to notable alterations in
bandgap and electrical characteristics [8,9]. Consequently, precise control over material phase composition and phase transition
processes during nanowire synthesis significantly influences their structural, electronic, and mechanical attributes. Achieving optimal
process parameters in nanowire fabrication stands as a pivotal challenge for material engineers [10,11]. This holds particularly true for
semiconductor metal oxide nanowires, wherein kinetic control of oxide formation plays a crucial role in modulating dimensional
crystal growth and nucleation. Notably, the electronic and transport properties of these nanowires are heavily contingent on their
shape and surface charge carriers. Thus, a thorough investigation into the geometry and controlled phase composition of metal oxide
nanowires presents considerable potential for developing innovative materials tailored for future device applications.
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Among semiconductor metal oxides, SnO, has garnered remarkable attention due to its exceptional attributes: a wide bandgap
energy (3.6 eV), high oxidation potential, chemical inertness, non-toxicity, cost-effectiveness, and environmental compatibility
[12-14]. Diverse techniques, including hydrothermal, sol-gel, and template-assisted electrodeposition methods, have been employed
to fabricate SnOy nanowires [15-17]. Within these approach, the Anodic Aluminum Oxide (AAO) template-assisted die-casting
method offers an accessible, cost-effective, and efficient approach for nanowires fabrication. In this process, molten metal is injected
into an electrochemically fabricated AAO template under high pressure, thereby replicating the pore structure geometry [18-20].

The rapid cooling of molten metal within AAO nanochannels confines the metal to the interior, inducing outer oxide formation on
the nanowires. The nanowires generated within the template are typically removed using a chemical etching method. Subsequently, a
kinetically controlled oxidation process is employed to produce metal oxide nanowires. However, it is imperative to acknowledge that
Sn exhibits high sensitivity to thermal oxidation, leading to the formation of various coaxial core-shell metastable phases and sub-
oxides [21-23]. At temperatures exceeding 350 °C, nanowires undergo oxidation, yielding orthorhombic and tetragonal phases of
Sn0O,, unlike bulk Sn which forms stable tetragonal rutile SnO5 under ambient pressure. The presence of the orthorhombic structure
signifies the high internal pressure within the oxide shell during oxygen diffusion. Moreover, the dislocation of Sn atoms in the oxide
core plays a pivotal role in determining the shape and integrity of SnO, nanowires [24,25].

Notably, the existence of different crystalline phases within SnO, nanowires holds a predominant influence over their optical
properties, particularly their optical bandgaps. The distinct electronic structures and lattice arrangements associated with these phases
contribute to variations in the energy required for electrons to transition from the valence band to the conduction band. Consequently,
the optical bandgap of SnO2 nanowires can vary depending on whether they are predominantly in the orthorhombic or tetragonal
phase [26-28]. This phenomenon has implications for the nanowires performance in optoelectronic applications, as their respon-
siveness to different wavelengths of light is closely linked to their optical bandgap characteristics.

Herein, our work aims to address a critical gap in understanding the controlled structure-preserving thermal oxidation of SnO,
nanowires produced through the AAO template-assisted vacuum die-casting method. Specifically, we delve into the influence of Sn
nanowires crystalline phase formation and structural integrity on thermal oxidation processes. Through meticulous examination of
nanowire oxidation at varying temperatures and durations, the formation of unique phases and morphologies has been investigated.
The empirical relation between an optical bandgap and crystalline phase of SnO, nanowires were identified.

2. Experimental procedure
2.1. AAO-template fabrication

To fabricate the AAO template, a two-step anodization process was employed. Commercial grade aluminum foil (99.7% purity)
with dimensions of 5 x 0.3 cm was used as the substrate. Prior to anodization, the aluminum (Al) substrate underwent pre-processing,
including ultrasonic treatment and electropolishing, to achieve a highly polished, uniform, and defect-free surface. The first elec-
trochemical anodization was performed in a 3 wt% oxalic acid solution at a constant voltage of 40 V for 1 h in anodization cell with Al
foil as the anode and an Al sheet as the cathode. After the first anodization, the resulting substrate was immersed in a solution con-
taining 1.8 wt% chromic acid and 6 vol% phosphoric acid for 1 h at a 60 °C. Subsequently, the second anodization was carried out
under the same conditions as the first, applying a constant voltage for 48 h. Following the second anodization, pore widening was
performed by immersing the substrate in a 5 wt% phosphoric acid solution for 1 h. To remove any remaining Al from the substrate, a 5
vol% HCl and 8 wt% CuCl, aqueous solution was used. A similar process was repeated for the production of the AAO template using a
phosphoric acid electrolyte with a constant voltage of 150 V and a second anodization time of 96 h.

2.2. Synthesis of SnO, nanowires

Sn nanowires were generated within the nanochannels of the AAO template using a vacuum die-casting process. The AAO template
was positioned in a vacuum chamber, and fragments of 99.99% pure Sn were uniformly distributed on top. The temperature of the
chamber was gradually increased to 282 °C (melting point of Sn is 231.9 °C) and held for a specific duration. Subsequently, the system
was cooled to room temperature (26 °C) while applying hydraulic pressure (50 kg/cm?) to ensure the uniform infiltration of molten Sn
into the nanopores of the AAO template. The resulting Sn/AAO template was immersed in an aqueous solution (1.8 wt% chromic acid
+ 6 vol% phosphoric acid) for 5 h at 60 °C for the AAO dissolution. After the dissolution, the solution underwent sonication and
centrifugation for 20 min to collect the Sn nanowires. The obtained Sn nanowires were then subjected to a thermal conversion process
in a furnace to form SnO; nanowires. The conversion process involved varying combinations of time and temperature to optimize the
SnO, nanowires.

2.3. Fabrication of SnO, nanowire device

The synthesized SnO, nanowires were transferred onto a SiO; substrate patterned with Au electrodes for interconnections. Focused
Ion Beam (FIB) was selectively used to deposit Pt metal, enabling the binding of the SnO, nanowires to an Au electrode using a
trimethyl-zyl-cyclopentadienyl-platinum (CHs); Pt (CpCH3) injector. The as-prepared nanowire device was then used to measure the
optical characteristics of SnO,.
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2.4. Characterization

The microstructural analysis of the AAO templates, Sn nanowires, and SnO, nanowires was conducted using field-emission
scanning electron microscopy (FESEM, JSM-6900F) and high-resolution transmission electron microscopy (HRTEM, JEM-2010).
The rate of phase transformation was determined using the BRUKER D2 PHASER-X-ray diffraction (XRD) instrument. Furthermore,
the FEI Versa 3D HR-Dual Beam instrument was utilized for the fabrication of single SnO5 nanowire devices.

3. Result and discussion
3.1. Morphological and microstructural analysis

Typical Sn nanowires grown in the AAO template replicate the nanochannel pore structure, where the diameter of the pore channel
is adjusted by acid electrolytes [29]. The honeycomb nanostructures of the high aspect ratio AAO-template were fabricated in oxalic
and phosphoric electrolytes; the averaged pore dimensions are about 100 nm and 250 nm, respectively, as shown in Fig. 1(a)-(c). The
AAO-template was used as a nanomold in the vacuum die-casting method. High pressure and a temperature of 282 °C for 30 min were
adopted for melting the bulk Sn to flow homogeneously into the high aspect ratio nanochannels. While the molten Sn flows deeper into
the nanochannels, it subsequently cooled down to room temperature to generate nanowires. The Sn nanowires were extracted from
AAO-templates by a chemical etching process as shown in Fig. 1(d) and 1(e and f) further show the magnification images of single
nanowire with diameters of 250 nm (250-Sn) and 100 nm (100-Sn), respectively. The as-prepared nanowires possess a straight and
orderly structure, and are enveloped by an oxide shell formed during the AAO dissolving process, as shown in Fig. 1 (g). This oxide
shell enables the Sn nanowires to retain their shape at higher temperatures, facilitating liquid phase reactions.

To achieve high-quality tin oxide (SnO,) nanowires, the as-synthesized Sn nanowires underwent heat treatment at different
temperatures and durations in an air oven. The resulting phase transformation and crystallographic features were determined using
XRD analysis, as depicted in Fig. 2. Fig. 2(a and b) illustrates the XRD patterns obtained from Sn nanowires with diameters of 100 nm
and 250 nm, respectively. The nanowires were subjected to heat treatment in the temperature range of 200-700 °C for a duration of 7
h. The Sn nanowires that were grown in the AAO nanochannel exhibited a strong 200 peak, which was attributed to crystallization
along the [100] direction (Fig. 2(a) and b). The reason for the high crystallinity is the nucleation growth of the Sn atom in the AAO pore
structure caused by the confinement effect. Besides, the variation of the 200 and 101 diffraction signals denotes the concentration of
the Sn atom confinement difference in the pore wall. Typically, nanowires with larger diameters (250-Sn) have a stronger diffraction
peak at 200 (Fig. 2(b)) than thinner ones (100-Sn).

In Fig. 2 (a & b), the Sn metallic nanowires shown no change in phase constitution after experiencing solid-state heat treatment at
200 °C for 7 h. When Sn nanowires are oxidized above their melting point (231.9 °C), all three suboxides of Sn phases coexist. As the
temperature rises to 400 °C, the intensity of the romarchite SnO peak disappears while the strength of the Sn3O4 peak increases, and
the SnO; tetragonal structure begins to appear. Whereas the intensity of Sn is reduced, revealing the change in crystallinity and the
growth of new phase nucleation in the nanowires. Thus, the relatively slow growth of the tin oxides (Sn3O4 and SnO,) indicates that the
oxidation is kinetically controlled. During the oxidation process, the oxide growth initiates from the surface grain boundaries of the
nanowires and diffuses inward towards the metallic Sn, which completely transforms at 500 °C to form SnOs tetragonal phase. When
oxidation was carried out at 700 °C, the strong SnO, tetragonal phase and orthorhombic phase co-exist. Particularly, the 250-SnO4
nanowire elucidates a predominant sharp peak compared to the 100-SnO; oxidation at 700 °C. It can be concluded from the existence
of the orthorhombic phase that the molten tin rapidly cooled in the template, forming an outer oxide layer and an inner metallic tin due
to the high pressure generated in the core-shell during the oxidation [26].

100nm 20 nm

Fig. 1. Top-view SEM images of AAO templates fabricated in (a) oxalic acid and (b) phosphoric acid electrolytes, and (c) cross-sectional morphology
of AAO template prepared in phosphoric acid, (d) the Sn nanowires extracted from AAO template, (e) single nanowire extracted from oxalic AAO
template and (f) phosphoric AAO template (g) Enlarged TEM image of single Sn nanowire covered by oxide shell.



V. Alangadu Kothandan et al. Heliyon 9 (2023) 20519

(a) % SnO,(T) % SnO,(0) I SnO® Sn;O, 4 Sn (b) 'l " *SnO,(T)  »% SnO,(0) "' SnO®Sn;0,4Sn
T %, : 700°C T | 700°C
* A \* ** \* * x * Ak . . o )\ ® 2s & \e* * *w " *
Pt S s N e e e e———e ] NI N SN AN
y00™( 00(
- (
Sl AN A A0C] S e s 400°C |
E iV N S 300°C Z ; 300°C
S ST e 3 )\ \ - Y \
= | 200°C E - SR S
- - A - e [ | | 200°C
. |
— | b "’
8 . 5 M 1 . .
) ° N « As-prepared Sn . As-prepared Sn
| * of . [ 1 [+ .
N ! A v M 1 )| G W § S
T T T T T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2Theta(degree) 2Theta(degree)
- 1 +SnOL(T) * Sn0,(0) | bulk
) iy | (&) | -
( . jl 1 l y . 250nm
saan et TN B A = SEese s i 8 L 100nm
e \ '
NN
RN A ‘ .
) Y, 1\‘,‘\ \ 7 hr r .
5 AW L A o = -
5 N : : : Rl T P R el s ‘ 7' - k * | | ']
‘B b 2 |— o TN | S, | 5/, ) (||, (S| S—
5] P . 7]
£ AT 5 hr 5 |
= T N X 2 |
Pyl - "
ATy . A
AV 3 hr - A - BUAN =
Y T\ /
1,1 RS Lo .
TN Ty 1 | hr —\.\__./\./"\—/&_,/\—‘ v SRR, | - & R SR
e M N N ]
T T T T T T T 1 T ' Y !
20 25 30 35 40 45 50 55 60 20 30 40 50 60 70 80
2Theta(degree) 2Theta(degree)

Fig. 2. XRD patterns obtained for (a) 100 nm and (b) 250 nm diameter SnO, nanowires oxidized at different temperatures for 7 h. The spectra (c)
varied with oxidation times of 100-SnO, at 700 °C for 1-12 h, and (d) XRD pattern of SnO, bulk, 100-SnO,, and 250-SnO, nanowires heat treated at
700 °C for 7 h.

In order to determine the crystallographic structure of 100-SnO5 nanowires, the oxidation at 700 °C over various time intervals of
1-7 h was carried out. The oxidation time difference reveals a significant impact on the crystallinity of the SnO, as shown in Fig. 2(c).
For 7h heat treated samples, the SnO, nanowire exhibits a predominant tetragonal peak, which illustrates the formation of a stable
phase. Furthermore, Fig. 2(d) depicts the peculiar phase composition of bulk, 100, and 250-SnO, nanowires after 7 h of oxidation at
700 °C. The SnO; nanowires exhibit both orthorhombic and tetragonal phase structures, whereas the bulk SnO, shows a tetragonal
phase. In SnO2 nanowires, the weak orthorhombic phases are identified; however, the greater concentration of Sn atoms in 250-SnO;
prevents their formation. A broad diffraction signal of 100-SnO, nanowires illustrates the lower crystallinity or higher defect density
during the oxidation process. The core-shell oxide formation may occurs due to the rapid cooling of Sn nanowires, revealing the
orthorhombic SnO;, structure growth in the nanowires. To understand the formation mechanism, the topological influence of oxidation
on Sn nanowires has been studied using TEM analysis.

Fig. 3 exhibits TEM images of separated nanowires and their SAED patterns after 7 h of oxidation at 700 °C. The sub-100 nm
diameter nanowire in Fig. 3(a) and (b) has remarkably smooth and uniform preferential direction. The corresponding SAED pattern
marked in Fig. 3(c) shows the lattice fringes of SnO, along the crystal planes (110), (200), and (220) in the direction [001]. The
obtained results confirm the existence of tetragonal and orthorhombic phases of 100-SnO; nanowire. Whereas the 250-SnO5 nanowire
in Fig. 3(d) and (e) shows an irregular dent or oxide burst formation in the nanowire. The diffraction pattern, in Fig. 3 (f), indicates
(110), (101), (200), and (211) planes associated with the tetragonal phase and the accumulation of inferior orthorhombic crystal
structures, which is consistent with the XRD results. Based on TEM analysis, the circumference of the Sn nanowires has a significant
impact on their shape and integrity of SnO5 nanowires after oxidation at 700 °C. The low-diameter SnO2 nanowires exhibit superior
geometry and structural fidelity during oxidation which may result in enhanced electronic properties.

The Sn nanowires obtained through the AAO-assisted die casting process are surrounded by an oxide shell, the thickness of which is
primarily determined by the wet-etching time. In the case of 250-SnO3 nanowires, the larger volume induces higher expansion stress
during oxidation, leading to localized perturbations within the confined region of the oxide shell (Fig. 3(c)). This is in contrast to the
thinner nanowires (Fig. 3(d)). SEM images in Fig. 4(a) and (b) exhibit distinct appearances of 100 and 250-SnO3 nanowires after being
oxidized at 700 °C for 7 h. The excessive stresses cause liquid Sn to breach the 250-Sn oxide, resulting in oxide growth or referred to as
oxide burst. However, sub-100 nm SnO, nanowires with a lower concentration of Sn atoms exhibit high homogeneity, precision, and
shape integrity in the template-assisted vacuum die-casting fabrication process. Therefore, the 100-SnOy nanowires were further
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Fig. 3. (a) TEM image of 100-SnO, nanowires, (b) magnified image of a single nanowire from 100-SnO5 nanowires, and (c) selected area diffraction
pattern for 100-SnO; nanowires. (d) TEM image of 250-SnO5 nanowires, (e) magnified image of a single nanowire from 250-SnO5 nanowires, and (f)
selected area diffraction pattern for 250-SnO, nanowires.

Fig. 4. SEM images of (a) 100-SnO, and (b) 250-SnO, nanowires.

employed to determine the optical energy bandgap.

3.2. Optical property of SnO2 nanowires

The optical properties of 100 nm tin oxide nanowires were investigated using UV-vis spectroscopy. In Fig. 5(a), the absorbance
variation with wavelength is shown for tin oxide nanowires oxidized at 300, 500, and 700 °C. This spectrum provides valuable in-
formation about the optical energy bandgap of the tin oxide nanowires. It is noteworthy that the absorption signal shifted towards
higher energy levels with an increase in oxidation temperature. This shift can be attributed to surface voids, agglomeration of Sn
atoms, and the phase transformation of the tin oxide nanowires due to different oxidation temperature.
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Fig. 5. Absorption spectra of SnO, nanowires under different oxidation treatment conditions (a) and (b-d) bandgap determination of 100-SnO,
annealed at 300, 500, and 700 °C for 7 h.

Fig. 5(b)-(d) represent the optical energy bandgap of 100 nm tin oxide nanowires from the («hv)2—(hv) plots. Tin oxide nanowires
heat-treated at 300, 500, and 700 °C for 7h exhibited optical energy bandgaps of 1.8, 2.6, and 3.3 eV, respectively. These results clarify
that increasing the oxidation temperature led to an increase in the tin oxide nanowire bandgap energy. The tin oxide nanowire forms
distinct phases at different oxidation temperatures, which has been clearly illustrated in XRD analysis. At 300 °C, tin oxide nanowires
exhibit Sn and SnO phases, leading to a reduction in the bandgap due to the metallic phase. At 500 °C, the stable sub-oxides of the metal
disappear, initiating the growth of the tetragonal structure of SnO,. Subsequently, at 700 °C, there is a predominant growth of the SnO5
tetragonal phase and an accumulation of the orthogonal phase, resulting in an increased bandgap energy of 3.3 eV. The obtained result
reveals that the phase composition of the tin oxide nanowires has a significant impact on the bandgap energy. Predominantly, the
electronic states at the edges of the conduction and valence bands can be adjusted through oxidation, widening the forbidden band.
This, in turn, enhances electron transfer by shifting more positions to a negative value of the conduction band [36]. The empirical
analysis highlights the significance of tin oxide nanowires, as the resulting bandgap energy can be tailored through phase formation in
the kinematically controlled oxidation process. Table 1 presents a comparative analysis of the optical bandgaps of SnO, nanoparticles
fabricated through various techniques. In these different synthesis methods, such as AAO/Sol-gel, Electrospinning, and
Template-assisted deposition, the tetragonal SnO, phase emerges as the predominant crystal structures [28-32]. It implies that the
weak orthorhombic phase in SnO, nanowire is responsible for the 3.3 eV optical bandgap energy when compared to other works. Thus,
the AAO template-assisted vacuum die-casting process enables the production of precise phase controllable tin oxide nanowires for
applications in optoelectronics.

4. Conclusion

In summary, SnO; one-dimensional nanomaterials have been successfully fabricated using the AAO template-assisted vacuum die-
casting technique and kinematically controlled oxidation. SEM analysis illustrates the shape integrity of SnO3 nanowires of sub 100 nm
and 250 nm diameters heat-treated at 700 °C. The SnO5 protuberance or crumb-like structure growth on the surface for nanowires with
higher diameter, while the sub 100 nm shows high crystalline homogeneous growth due to the low Sn atom dislocation during
oxidation. TEM analysis confirms the amorphous, polycrystalline SnO, nanowires manufactured. The UV-Vis spectroscopy analysis
determined the optical property of the SnO5 nanowires, illustrating a absorption in the UV range. The heat treated tin oxide nanowire
samples at 300, 500, and 700 °C for 7h exhibited optical energy bandgaps of 1.8, 2.6, and 3.3 eV, respectively. The observed variation
in bandgap is attributed to the distinct phase compositions achieved in each of the heat-treated samples. Overall, the outcomes of this
study highlight the potential of the vacuum die-casting template method to produce SnO3 nanowires with adjustable optical properties
through precise control of phase and structural integrity.

Author contribution statement
Alangadu Kothandan Vivekanandan: Conceived and designed the experiments; Wrote the paper.

Shao-Fu Chang; Zhong-You Li: Performed the experiments; Analyzed and interpreted the data.
Shih-Hsun Chen: Contributed reagents, materials, analysis tools or data; Wrote the paper.



V. Alangadu Kothandan et al. Heliyon 9 (2023) 20519

Table 1
Comparison of optical band gap of SnO, nanowires fabricated from various template assisted techniques.
Nanoparticles Synthesis method Band gap (eV) Reference
SnO, 1D Nanostructure AAO/Sol-gel 3.6 [30]
SnO, 1D nanostructures Electrospinning/sol-gel method 3.3-3.8 [31]
SnO, nanorods AAO/immerse and filtration technique 3.9 [32]
SnO, nanowires AAO/Liquid phase deposition 3.2-3.8 [33]
SnO2 nanofibers Electrospinning 3.3 [34]
SnO, nanowires Chemical template/Sol-gel 2.4 [35]
SnO, nanowires AAO/Vacuum die-casting technique 1.8-3.3 Current work
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